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Abstract 

On the path towards the commercialisation of wave energy, there are still certain 

developmental challenges to be tackled by industry and academia. One of these challenges 

is the grid integration of wave farms along with the development of the offshore electrical 

networks for the farms. These networks are distinct from those of offshore wind farms on 

certain features – connection layouts, electrical interface equipment (subsea connectors), 

power ratings and cable lengths amongst many others. These differences apart from some 

challenges unique to wave farms make the corresponding research attractive.     

CorPower Ocean AB has been developing a 250 𝑘𝑊 point-absorber type Wave Energy 

Converter (WEC) and the thesis investigates the afore-mentioned challenges with a stage-

wise analysis of wave farms comprising the CorPower WECs. Prior research on electrical 

networks for CorPower WECs is limited and in this regard the objective is to gain a 

preliminary insight into the electrical architecture of a pre-commercial wave farm. 

Furthermore, the entire study is based at the wave test site of the European Marine Energy 

Centre (EMEC).  

Analysis of network architecture and operational constraints resulted in 4 network 

variants for the farm ratings of 2 𝑀𝑊 and 10 𝑀𝑊. Three of the variants are applied to a 

2 𝑀𝑊 farm and are subjected to a varied analysis after which the standout variant is chosen 

for subsequent modelling and analysis in the form of a 10 𝑀𝑊 farm. The comparative 

analysis includes an investigation into the capital expenditure (CAPEX), the associated 

cost uncertainty, technology readiness level (TRL) of the electrical components and 

network efficiency.  

Dynamic modelling and simulation of the networks is then performed on DIgSILENT 

PowerFactory to provide the network efficiency and voltage quality parameters including 

step voltage change, operational voltage limits and voltage flicker. The voltage quality of 

the modelled networks at the connection point are largely found to be compliant to the 

UK Distribution Code, applicable at the EMEC site. But, the same could not be said for the 

results at some of the internal points of the electrical networks of the wave farms as the 

voltage levels at certain terminals were found to be on the higher side.  

From the results of the thesis, a greater understanding of the compatibility of variants for 

a 2 𝑀𝑊 farm and 10 𝑀𝑊 farm of 250 𝑘𝑊 point-absorber WECs, has been obtained. 

Overall, it is believed that the thesis has contributed to the growing reservoir of 

information on offshore electrical networks of wave farms and the corresponding grid 

integration issues.  
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Sammanfattning 

På vägen mot kommersialisering av vågenergi finns det fortfarande vissa 

utvecklingsutmaningar som måste hanteras av industrin och akademin. En av dessa 

utmaningar är grid integrationen av våg farmar tillsammans med utvecklingen av de 

offshore elnäten för gårdarna . Dessa nätverk skiljer sig från de vindkraftverk som finns på 

vissa områden - anslutningslayouter, elektrisk gränssnittsutrustning (subsea-kontakter), 

effektvärden och kabellängder bland många andra. Dessa skillnader förutom vissa 

utmaningar som är unika för våg farmar gör att motsvarande forskning attraktiv. 

CorPower Ocean AB har utvecklat en punktabsorberande Wave Energy Converter (WEC) 

på 250 𝑘𝑊 och avhandlingen studerar på de ovan nämnda utmaningarna med en stegvis 

analys av våg anläggningar som omfattar CorPower WEC. Tidigare forskning på elnät för 

CorPower WEC är begränsad och målet är att få en preliminär inblick i den elektriska 

arkitekturen hos en kommande kommersiell våggård. Dessutom är hela studien baserad 

på vågtestplatsen för European Marine Energy Center (EMEC). 

Analys av nätverksarkitektur och operativa begränsningar resulterade i 4 

nätverksvarianter för gårdarna på 2 MW och 10 𝑀𝑊. Tre av varianterna appliceras på en 

2 𝑀𝑊 gård och utsätts för en varierad analys varefter den utmärkbara varianten väljs för 

efterföljande modellering och analys i form av en 10 𝑀𝑊 gård. Den jämförande analysen 

innefattar en undersökning av kapitalkostnaderna (CAPEX), associerad 

kostnadsosäkerheten, teknologis mognadsgrad (TRL) för de elektriska komponenterna 

och nätverkseffektiviteten. 

Dynamisk modellering och simulering av nätverket utförs sedan på DIgSILENT 

PowerFactory för att tillhandahålla nätverkseffektivitet och spänningskvalitetsparametrar 

inklusive stegspänningsbyte, driftsspänningsgränser och spänningsflimmer. 

Spänningskvaliteten hos nätverket vid anslutningspunkten är i stor utsträckning befunnit 

att överensstämma med den brittiska distributionskoden, som är tillämplig på EMEC-

platsen. Detsamma kunde inte sägas om resultaten på några av de inre punkterna i 

elnätens våg farmar, eftersom spänningsnivåerna vid vissa terminaler befanns vara på det 

högre sidan. 

Av avhandlingens resultat har en större förståelse erhållit för varianternas kompatibilitet 

för en 2 𝑀𝑊 gård och 10 𝑀𝑊 gård med 250 𝑘𝑊 punktabsorberande WEC. Generellt är 

det troligt att avhandlingen har bidragit till den växande information om offshore elnät av 

våg farmar och motsvarande grid integrationsfrågor. 
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Chapter 1 - Introduction 

In the last three decades, solar and wind energy generation have grown tremendously with 

either or both forms of energy reaching grid parity in some markets [1]. But there are still 

questions over the sufficiency of growth in these forms of renewable energy and the 

particular adaptability of them in certain types of grids. And in this regard, it is worth 

exploring other forms of renewable energy that can help meet increasing levels of demand. 

Perhaps, marine energy could be one of the solutions. Marine energy is one of the 

imminent forms of renewable energy that is currently under testing and implementation, 

and waiting to be deployed on commercial scales in the next few years. The two major 

types of marine energy that are under development are tidal energy and wave energy. This 

is evidenced by the greater financial and industrial involvement in these types in 

comparison to other types of marine energy [2]. Tidal energy has already reached a level of 

technology readiness and feasibility that wave energy has not yet achieved. Although wave 

energy was first proposed in 1799 by Girard and son in France [3], it is in the last three 

decades that significant interest from the scientific community has emerged along with 

commercial plans for multi-MW arrays being developed recently.  

Challenges of Wave Energy  
According to M.Santos et al [4], some of the major challenges of wave energy from the 

perspective of the electrical grid are: 

Variability of Resource and Forecasting: Due to the current stage of wave energy 

development, forecasting of the output of the wave energy resource is yet to be established 

to a degree that grid operators require. But levels of predictability of the resource are 

constantly being updated through the refinement of local forecasting models and it is 

expected that accuracy of such models must match the requirements of the grid operators 

to allow them to dispatch wave energy accordingly and make scheduling with respect to 

the current energy composition.  

Impact on the electrical grid: Waves vary in significant height and wave period causing 

rapid variations in the energy that is converted to electrical signals. This variation on the 

time scale of seconds (or lower) may pose unique challenges to the operation of the grid 

with the growing integration of wave energy. Due to this time scale of variability and the 

effect of the wave energy output in the presence of other time-varying forms of renewable 

energy, the consequent impact on power quality parameters such as voltage levels, 

harmonics and flicker; and the operational characteristics of the grid need to be studied 

further.    

1.1   Wave Energy Converter 
A Wave Energy Converter (WEC) converts wave energy into electrical or an intermediate 

form of energy such as hydro energy that is ultimately converted to electrical energy. There 

are numerous types of WECs that are being developed today leading to a divergence in 
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design. The two common modes of classification of the devices are the location and the 

operating principle. Based on the location of the WEC, a brief description of the 

classifications is [5]: 

Onshore WEC: This type of device is generally located on the shore or in shallow water, or 

fixed to a dam or a cliff. The advantages of these devices are the greater accessibility; 

simpler installation and maintenance; and the absence of mooring systems and subsea 

cables. However, onshore devices face the issue of lower energy density in the waves near 

the shore and scalability due to the geographical constraints.  

Nearshore WEC: These devices are typically installed in depths lower than 25 𝑚. Like the 

onshore devices, these devices do not require mooring and the necessary cable length to 

shore are generally on the shorter side. Resource energy may again be on the lower than 

in deep-water areas. 

Offshore WEC: These devices are mostly floating devices that are moored to the seabed in 

sea depths of 40 𝑚 and more and are generally located far from the shore. As a result, the 

resource energy density is greater along with the possibility of larger areas for easier 

scalability. The biggest challenges of these devices are the requirement of greater reliability 

and survivability apart from the greater costs of maintenance and subsea cables.   

1.1.1 Types of Devices 
As listed on the website of The European Marine Energy Centre (EMEC)[6], the number 

of wave developers as of this point in time are 226. It could be difficult to accurately classify 

all these devices under groups as they vary on several factors such as size, working 

principle, power rating, electrical systems and certain features unique to a certain design. 

But the general categories of classification based on working principle are listed below: 

Attenuator: These are floating devices aligned in perpendicular direction to the waves and 

“attenuate” the amplitude of the incident waves through the relative motion of two or 

more cylindrical arms that are connected through flexible hinges. E.g. Pelamis [7] 

(company is non-functional now, intellectual property owned by Wave Energy Scotland 

[8]) 

Point Absorber: These are floating devices that can absorb energy from all directions and 

this is achieved through the relative up-and-down motion of the buoyant part of the device 

with respect to the stationary base. Point absorbers are typically smaller in size than 

attenuators. E.g. CorPower Ocean [9], Ocean Power Technologies [10]. 

Pressure Differential Converter: The devices under this category can divided into two 

sub-groups namely Archimedes effect converters and Oscillating Water Column (OWC). 

The first type of converters is based on the pressure difference that cause a submerged 

point absorber that is connected to the seabed to move in the vertical direction. E.g. 

Archimedes Wave Swing (AWS) [11] and Carnegie Wave Energy [12]. 
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OWC devices transform wave motion into air flow movements through turbines that 

rotate in the same direction even though the air flow movement is bidirectional. E.g. 

Ocean Energy Buoy [13]        

Overtopping devices: These are nearshore devices that have a wall of a reservoir that is 

built over the sea level. The water that pass over the wall are made to pass through the 

turbines and are released back to the sea. E.g. Wave Dragon [14] 

1.1.2 CorPower Ocean 
CorPower Ocean was founded in 2009 and has developed a compact high efficiency wave 

energy converter inspired by the pumping principles of the human heart. CorPower’s 

devices are very compact and operate in resonance with incoming waves thus delivering a 

large amount of power with small buoys.  

CorPower Ocean is currently performing Stage 3 testing of their pilot program, which is 

based on a scale 1: 2, 25 𝑘𝑊 WEC design called 𝑆3. This is the corresponding step of a 

structured verification programme with dry testing on a 500 𝑘𝑊 Hardware-in-Loop (HIL) 

Rig located in Stockholm. Beyond the dry-test in Stockholm, 𝑆3 would be further tested in 

the ocean at the testing facilities of EMEC in Orkney, Scotland. As per the findings of WEC 

benchmarking study [15], the CorPower design philosophy enables more than five times 

the energy per ton of device compared to previous point absorber WEC solutions.  

 

Figure 1. CorPower S3 at the launch of the dry-test facility in Stockholm (Courtesy of CorPower 
Ocean AB) 
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The CorPower WEC consists of a power take off (PTO) system that transforms the up and 

down motion of a buoy, that is tethered to the sea bed using a mooring line. The design 

includes a pneumatic pre-tension system that enables a lightweight WEC design. 

Furthermore, a new form of phase control technology amplifies the vertical motion of the 

buoy enabling greater power capture [9].    

The drivetrain includes a key component called the cascade gearbox that performs efficient 

conversion of linear to rotary motion by dividing a large load into multiple small gears 

arranged in combination with a gear rack. The overall design of the WEC is seen in Figure 

2  

  

Figure 2. Illustrations of the CorPower power take off (PTO) system (Courtesy of CorPower Ocean AB) 

Future Designs 
After the 𝑆3 demonstration, Stage 4 testing of the full-scale prototype will commence after 

appropriate designing and assembling of the prototype with the application of lessons 

learnt through the Stage 3 testing.  

After verified demonstration of the CorPower Stage 4 design, pilot wave farms consisting 

of the next generation Stage 5 design will be designed and executed. The electrical network 

design of this farm is part of the main objective of this study. The size of this farm is yet to 

be decided but a certain farm size had to be assumed for the purpose of the study, as is 

described later in this chapter.  

Moving forward, the next generation CorPower design is tentatively named Stage 6 and 

this stage of demonstration corresponds to a pre-commercial/commercial wave farm of 

size that is very early to be decided at this point in time. But, for this thesis, the assumed 

farm size will be defined later in the chapter.  

Thus, the thesis deals with modelling and analysing the offshore electrical networks of 

wave farms that are some years in to the future. Naturally, some of the grid regulations 

and technology maturity of the topics discussed in the thesis may be of different forms in 
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the upcoming years considering the evolving nature of the wave energy industry. 

Therefore. the thesis is based only on information currently on hand and can be seen as a 

precursory investigation of future electrical networks. 

Context of the thesis 
This Master Thesis is one of multiple projects investigating various features of the 

electrical infrastructure for CorPower Ocean. One of these projects is expected to provide 

the optimal electro-mechanical drivetrain characteristics and converter specifications for 

the CorPower Stage 4 WEC. Another project investigates the impact of storage solutions 

on the Stage 4 WEC output and how storage integration can reduce the peaks in the power 

profiles of the WEC. Some of the results of this project are used later in the thesis to 

demonstrate the effect of storage integration on a 10 𝑀𝑊 grid consisting of 40 WECs.  

In this larger scheme of things, this thesis intends to explore the domain of grid connection 

and compliance wherein several of the forthcoming topics come in to focus. At the same 

time, a Master Thesis might provide a constrained time period to produce a detailed 

analysis of grid integration issues in terms of the network designs and the grid compliance. 

Thus, this thesis needs to be perceived as a preliminary examination of grid connection 

issues which provides reasonably definitive solutions based on existing literature and lay 

a path forward for detailed designs and analyses.     

1.2 Thesis Background  
There are several factors that affect the design of an offshore electrical network of a wave 

farm. Some of these factors have been included in the thesis in varying degrees and they 

are broadly categorised as:  

• Availability of supply: The thesis intends to base the study off the coast of Bilia 

Croo where the EMEC test site is currently situated. Thus, the choice of this test 

site and the inclusion of three sea states cover the factor of availability of supply. 

• Electrical efficiency: Capital costs and electrical efficiency of different types of 

electrical networks of a wave farm have been modelled and analysed. 

• Power quality: The modelled electrical networks are analysed for the voltage 

quality in terms of voltage step, operational voltage limits and voltage flicker. 

• Installation cost: Installation costs are heavily dependent on the bathymetry and 

the environmental conditions of the location in focus. Thus, installation costs 

would be dependent of the local conditions of the test site and due to limited 

knowledge of the local conditions, installation costs are not explored in this thesis. 

• Environmental impact: Environmental impact is also dependent on the local 

conditions and do not actually come under the scope of a thesis investigating the 

electrical networks of a wave farm. 

• Resource optimization: The thesis looks into how the modelled networks behave 

under combinations of three sea states and two wave directions. The 

hydrodynamics between the devices have not been taken into account except for 

time-shifts assumed between the WEC power profiles. 
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Out of these factors, installation costs and environmental impact have not been analysed 

due to requirement of deep knowledge of local conditions. Availability of supply and 

resource optimization are important parts of the setup of the models in the thesis. The 

other factors which include electrical efficiency and power quality are part of the principal 

results from the thesis.  

1.2.1 Objectives 
The thesis has two areas of study which focus on the electrical networks of wave farms 

consisting of CorPower wave energy converters. The two areas of study are – economic 

assessment and grid integration analysis. The results of the economic assessment which 

include – capital expenditure, cost uncertainty and technology readiness level are largely 

used to drive the choices and features of the wave farms that have been analysed in the 

thesis. The chosen electrical networks with CorPower wave energy converters are then 

analysed for voltage quality – voltage step, operational voltage limits and voltage flicker – 

in the grid integration analysis.  

The various sizes and designs of the wave farms are classified under three stages which are 

further described in the following sections. Inferences from the results of each of the stages 

drive the choices in design of the wave farms in the subsequent stages.  

1.2.2 Network Variants 
The work in the thesis is divided across three stages as it would be difficult to model a pre-

commercial or commercial wave farm without having the insights into the working of 

smaller farms. Thus, the thesis explores the electrical network variants of wave farms of 

varying sizes and designs.  

CorPower Stage 𝟒 (Prototype Deployment) 
The thesis investigates the evolution of the electrical network for wave farms of increasing 

sizes and thus the first part of the thesis is aimed to model and analyse the prototype 

deployment of a single CorPower Stage 4 device at the Bilia Croo test site. The WEC is 

assumed to be connected to Berth 5 of the Bilia Croo test site. This stage has been split 

primarily into two variants: 

• CorPower Stage 4 WEC with transformer on-board the device 

• CorPower Stage 4 WEC with transformer on a separate floating hub  

Furthermore, the size of the transformer is also varied to observe the consequent impact 

on costs and voltage levels. From the results of this stage, it is intended to have a greater 

insight in the differences between the two variants with an emphasis on the cable losses, 

voltage levels and the resulting suitability of the variants for the next stage.  

CorPower Stage 𝟓 (𝟐 𝑴𝑾) 
This stage of the thesis considers the deployment of a 2 𝑀𝑊 array at the test site with the 

array consisting of 8 CorPower Stage 5 devices. The variants that will be considered for 

analysis in this stage are: 



 

7 
 
 

Traditional String: This variant comprises of 8 CorPower Stage 5 devices connected with 

each other device through dynamic subsea power cables called as string cables in this case. 

Each device contains two subsea connectors that help accommodate the subsea power 

cables. The voltage is stepped up to 11 𝑘𝑉 through a transformer on-board the device.  

String with T connectors: In this case, CorPower Stage 5 devices are assumed to have one 

dynamic subsea power cable connected to a T connector located on the seabed. This 

connector connects to the T connectors of the adjacent devices through static power cables 

rated at 11 𝑘𝑉 and for the power rating of the entire string. Similar to the first variant, the 

devices are designed to have an on-board transformer.  

Floating Hub: 8 CorPower Stage 5 devices are connected to a floating hub accommodating 

a single transformer and associated switchgear. Each WEC device consists of one subsea 

connector which helps route the dynamic power cable to the floating hub.    

The reasoning behind the choice of these variants is given in Chapter 3 - and Section 8.2 

of the Appendix. 

CorPower Stage 𝟔 (𝟏𝟎 𝑴𝑾) 
The best of the three variants discussed for the 2 𝑀𝑊 arrays is chosen for further 

development to a 10 𝑀𝑊 farm composed of CorPower Stage 6 devices. This decision is 

based on a few criteria such as CAPEX, network efficiency, grid compliance, cost 

uncertainty and technology readiness level (TRL). Thereafter, the 10 𝑀𝑊 farm of 

CorPower Stage 6 devices is subjected to a similar analysis based on economic assessment, 

network efficiency and grid integration.    

1.3    Power System Simulations 
Power system simulations need to be performed to analyse the impact of the grid 

connected WEC arrays in relation to issues like power quality. These simulations are 

required to be performed instead of direct testing of the WEC array connection to the grid 

so that various conditions can be imposed on the electrical network and subsequent 

analysis of the effects can be made without actual impact on the grid. Power system 

simulations are a common method of how grid operators assess the effects of a grid 

connection application. Through the simulations, if the applicant does not meet the 

required standards of the grid code and the local parameters set by the grid operator, the 

grid connection application can possibly be denied.  

1.3.1 DIgSILENT PowerFactory 
For the purpose of this thesis, the power system simulation software that has been used is 

DIgSILENT PowerFactory. The software is a widely used tool for all types of power system 

analysis and simulation and is comprised of a wide range of modelling capabilities 

including the ability to model varying power sources such as a WEC.  

To model the output of the WEC, a feature of the software called Digital Simulation 

Language (DSL) was used. This feature allows the control of individual components of the 
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software with specific set of equations for different functions. This particular capability of 

PowerFactory was the major reason behind making the choice of simulation software.    

Apart from that, the software has a user-friendly interface, an extensive instruction manual 

and the scope to automate a large number of simulations in any future work.  

1.4 Thesis Outline 
The structure of the thesis breaks in convention with regard to the placement of the 

literature review section. As opposed to how literature review is placed after the 

Introduction chapter of a thesis, as a general rule in this thesis, the initial parts of all the 

chapters have a literature review that majorly corresponds to the content of the respective 

chapter. Considering the diversity of topics involved in the thesis. this was the approach 

that was deemed more accommodating to the reader.   

A brief description of the distribution of content across the chapters is given below. 

Chapter 2 – This chapter makes a survey of the established literature of wave farms with 

respect to the architecture of a wave farm in terms of the electrical components and the 

respective choices. Besides, a brief outlook of the layout options is also given. 

Chapter 3 – The chapter begins with descriptions of the electrical designs chosen for the 

future electrical networks for the CorPower WECs and gives preliminary figures on the 

capital expenditures of each of the variants.  

Chapter 4 – This chapter details all the electrical modelling that has been performed in 

the thesis with respect to the – external grid, offshore electrical network, output models of 

the CorPower devices and the aggregation methods for multiple devices.   

Chapter 5 – This chapter includes an analysis of the efficiency of the networks with 

appropriate loss breakdowns amongst the components. Thereafter, a summary of the 

variants chosen for further study for subsequent analysis is presented. 

Chapter 6 – This chapter makes a grid integration analysis of all the modelled networks 

with the aim of verifying grid code compliance in the parameters of voltage limits, step 

voltage and flicker values over a thirty-minute period.  

Chapter 7 – The conclusions derived from the thesis and the possible future work that can 

be based on the thesis are listed in the chapter.       
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Chapter 2 - Wave Farm Electrical Architecture  

Academic studies based on the electrical architecture of a wave farm have been few in 

number with the PhD thesis of Fergus Sharkey [16] being a cornerstone in compiling 

several topics related to wave farm electrical networks in a single piece of work. One of the 

reasons for the lack of academic research in the field could be that wave energy developers 

tend to keep some of the related technical expertise as intellectual property. The other 

more important reason, could be that most of the experimental technology development 

have only pertained to one or more than a few devices at most. Thus, actual experience of 

the feasibility of electrical connection strategy are only currently being gained with studies 

on larger arrays and farms gathering pace.   

The DTOcean Project had published a report titled ‘State-of-the-art assessment and 

specification of data requirements for electrical system architectures’ [17] and this report 

has consolidated information on the electrical architecture of a wave farm. In 2015, 

Offshore Renewable Energy CATAPULT had released a report ‘Optimum Electrical Array 

Architectures’ [18] and this work established some techno-economic results based on 

electrical network designs for tidal and wave farms. Additionally, there was an emphasis 

on array designs that included hubs of various conceptual designs. 

Moving to conceptual or unproven designs, technology readiness level (TRL) provides a 

method of evaluating the maturity of the technology in question. The exact definitions of 

TRLs vary across organisations and application areas but according to the European 

Commission definitions used for the Horizon 2020 programme [19], the TRLs can be 

described as shown in Table 1. The TRLs could be useful in describing some conceptual 

electrical components that are described later in the thesis.  

Table 1. TRL definitions 

Technology Readiness Level Short Description  

TRL 0 Idea 
TRL 1 Basic research 
TRL 2 Technology formulation 
TRL 3 Applied research 
TRL 4 Small scale prototype 
TRL 5 Large scale prototype 
TRL 6 Prototype system 
TRL 7 Demonstration system  
TRL 8 First of a kind commercial system 
TRL 9 Full commercial application 

 

Any grid integration study of a wave farm is generally composed of choices based on the 

following factors: 

• Grid location  



 

10 
 
 

• WEC technology 

• Wave climate 

• Farm Layout 

• Electrical network  

• Modelling of device and farm output 

Various wave test sites are currently available and a brief overview of them are given in 

this chapter and the reason for choosing the test site at The European Marine Energy 

Centre (EMEC) is described. Thereafter, a comparative description of the typical power 

ratings of offshore wind turbines and WECs is included followed by a description of wave 

climate and how it has been adapted in this thesis. Then, a general description of electrical 

equipment inherent to the electrical network of a wave farm, is presented. The remaining 

topics of farm layout; and electrical network and device modelling are presented in 

Chapter 3 - and Chapter 4 - respectively.     

2.1 European Marine Energy Centre Test Site 
The European Marine Energy Centre (EMEC) is an open-sea testing facility centre for both 

wave and tidal developers and is located in Orkney, Scotland [6]. The testing facilities are 

spread across two wave energy test sites and two tidal energy test sites. CorPower Ocean 

will be testing the 𝑆3 prototype at the test facility in Bilia Croo located off the west coast 

of Orkney. This reason apart from the easy availability of data from the Bilia Croo test site 

has contributed to the site being chosen for the purpose of the study.  

The site in focus consists of five berths with four berths at a depth of 50 𝑚 and the other 

berth at 70 𝑚. All the berths consist of 11 𝑘𝑉 subsea cables that feed into the EMEC 

substation which supply the electricity generated by the WECs directly into the UK 

national grid. At this substation, the quality of the electrical output of the devices 

connected to the facility is measured using equipment at the substation before being 

logged under confidentiality, for further analysis by the wave developer.  

 
Figure 3. EMEC test site in Orkney, Scotland [20] 
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2.2 Wave Energy Converter Design 
2.2.1 Typical Power Ratings 

Offshore Wind Turbine 
The typical rating of an Offshore Wind Turbine (OWT) is from 3 to 5 𝑀𝑊 depending on 

the manufacturer and from an observation of long-term yearly trends, the size of the 

turbines have seen a sharp increase in recent years where the increase in size over the last 

decade is 62 % [21]. An estimate from a survey of experts in the offshore wind industry 

[22] shows that the average OWT size is expected to increase to 11 𝑀𝑊 by 2030. 

Some of the several factors that are attributed for this continual increase in turbine size 

are: 

• Larger average turbine generator capacity reduces high (-per MW) cost of 
substructures, foundations and installation [23]. Consequently, fewer larger sized 
turbines require lesser substructures and other infrastructure to achieve the same 
project size as evidenced in [24], [25].  

• Manufacturers are starting to attach larger blades and taller towers to the same 
generator (specific power). This is being done primarily for low wind and steady 
wind sites and this adaptation has resulted in consistently greater capacity factors 
[22]. 

• The consequent positive impact of larger turbines on the LCOE is further fuelling 
the growth in turbine size and has been predicted to be the most influential factor 
in driving down the LCOE [23].  

Wave Energy Converter 
On the other hand, the ratings of WEC’s have generally been in the range of 1 𝑀𝑊 to  

2 𝑀𝑊 with the CorPower designs of a WEC to be rated at 250 𝑘𝑊 as of now. It is difficult 

to comment on an expected trend in the size of WEC’s as the contributing factors may be 

different from those of a wind turbine along with the differences in resource dynamics. 

But a growing standardization of the parts of an offshore network along with some generic 

components like the offshore transformer, subsea connectors and cables implemented 

across the wave industry could enable economy of scale effects in manufacturing, thus 

driving down costs.  

2.2.2 Electrical Design of CorPower 
The chain of energy conversion from ocean waves to the grid is shown in a simplified 

manner in Figure 4. The controlled motion of the WEC in ocean waves, is fed through the 

mechanical drivetrain to the two generators shown in Figure 5. Thereafter, a fully rated 

back-to-back converter is used to connect the WEC to the forthcoming electrical network 

be it the adjacent device through a transformer or to a floating hub. This thesis intends to 

help make these choices in a more definitive manner through the following chapters.   
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Figure 4. Electromechanical conversion process of the CorPower WEC from ocean to grid 
(Courtesy: CorPower Ocean) 

 

Figure 5. Simple illustration of the CorPower WEC electrical design (Courtesy: CorPower Ocean) 

2.3 Wave climate 
Generally, there are countless sea states that are found in a location and each of the sea 

states corresponds to a certain output power level from the WEC. A particular design of a 

WEC should ideally be designed to handle all of the possible sea states but realistically, a 

WEC design is optimised for operation over a limited number of sea states due to practical 

constraints such as component operation limits, mechanical stress and strain etc. This is 

very similar to how wind turbines are designed to operate for a limited set of wind speeds 

typically peaking at 25 𝑚𝑠−1. After this wind speed, a turbine is generally not producing 

power considering the mechanical constraints of the turbine structure.  

Thus, three sea states have been considered in the thesis to be representative of a broad 

range of conditions in the sea. This has been a standard practice in the research of grid 

integration of wave energy where studies have tended to pick one to three sea-states for 
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analysis, instead of a large number of sea-states. The chosen sea-states can be based on the 

occurrence rates in the respective location and the representative nature of the sea-states 

in adequately reflecting the full range of output levels of the WEC design. It is done in the 

belief that the greater time and effort needed to analyse a wide range of sea-states can be 

sacrificed if the chosen sea states represent the characteristics of the location adequately 

for the corresponding study. In this regard, the chosen sea-states for the thesis are termed 

as low sea-state, medium sea-state and high sea-state and are characterised in Table 2 and 

Figure 6.  
Table 2. Characteristics of sea states and respective outputs of CorPower Stage 4 WEC 

 

In Table 2, the mean power output of the CorPower Stage 4 WEC for the low sea state is 

seen to be 22.2 𝑘𝑊 with the corresponding maximum output at 166.3 𝑘𝑊. Thus, there is 

Sea-state 
Peak Wave 
Period 𝑇𝑝  

Wave 
Height 𝐻𝑠 

Mean 
Power  

Maximum 
Power 

Maximum-
Mean Ratio 

Low sea state 7 𝑠 1.5 𝑚 22.2 𝑘𝑊 166.3 𝑘𝑊 7.50 

Medium sea state 9 𝑠 3 𝑚 93 𝑘𝑊 320.3 𝑘𝑊 3.45 

High sea state 14.5 𝑠 4.3 𝑚 158.3 𝑘𝑊 516.9 𝑘𝑊 3.26 

 

 

Figure 6. Power profiles of the CorPower Stage 4 WEC for the three sea-states at Bilia Croo 
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a substantial difference between the two values and the ratio of the maximum-mean values 

is 7.50. The mean output for the medium sea state is 93 𝑘𝑊 and 320.3 𝑘𝑊 for the high sea 

state. Whereas the maximum-mean ratios for these sea states are 3.45 and 3.26. Therefore, 

the maximum-mean ratio for the low sea state is significantly greater than those of the 

other sea states with the respective value at double the smaller ratios. It is important to 

assess the significance of these sea states for the power system simulations perform later 

and the values in Table 2 give a preliminary insight into the results of the simulations. 

Although the CorPower Stage 4 WEC which is the full-scale design, is rated at 250 𝑘𝑊, the 

maximum output of the WEC reaches 516.9 𝑘𝑊 and 320.3 𝑘𝑊 for the high and medium 

sea states. These output levels are much greater than the WEC rating and this feature of 

the WEC has implications on various grid connection elements, some of which are: 

• Increase in component ratings of the drives and other grid connection 

components on the WEC 

• Increase in component ratings of the electrical network including – cables, 

connectors, transformers etc. 

• Greater fault levels across the network leading to increasing in ratings of 

protection components 

• Influence on power quality parameters – voltage quality, ramp rates, reactive 

power control  

When multiple devices are connected together, the maximum-mean ratio of the 

cumulative profiles are expected to reduce due to natural aggregation effects. This 

reduction is described later in Section 6.3.   

 

Another feature that needs to be observed is the frequency of occurrence of the WEC 

output beyond 100 % rating with rated power at 250 𝑘𝑊. This frequency would again vary 

across the sea states and this also brings the occurrence rates of the sea states at a location 

into significance. Further description of this feature of the WEC output is seen in the 

Section 8.1 of the Appendix. From Figure 6, it can be seen that the ramp rates of the outputs 

are rather elevated for all the sea states with output levels changing rapidly every second. 

An illustration of the varying nature of the outputs is seen in Figure 7. And further 

information on the ramp rates of all the sea states with respect to magnitude and frequency 

of occurrence is seen in Section 8.1 of the Appendix.    

 

As for the selection of the sea states, it needs to be noted that there are sea states which 

produce output levels greater than the chosen high sea state and there are certain sea 

states producing output levels lower than the chosen low sea state. The former set of sea 

states would be critical to the ratings of the electrical components whereas the latter set 

of sea states would be influencing the capacity factor of the components. Thus, the 

dimensioning of the electrical network would have to account for the outputs of the 

extreme sea state that the WEC is designed to operate in. 
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Figure 7. Snapshot of the power profile for high sea state between 200 s and 500 s illustrating 

varying nature of output 

2.4 Components of the Electrical Network of a Wave Farm 
The objectives of the thesis are limited to modelling the electrical network in terms of the 

electrical components mentioned in this section. Thereafter, the subsequent economic, 

efficiency and grid integration analysis that was performed will be presented in the 

following chapters.  

2.4.1 Cables 
The two major types of cables used in the electrical network of a wave farm would be the 

export cable and array (or) umbilical cable and a brief overview of the cables is given in 

this section. 

Export cables  
The export/transmission cable is used to transmit the energy from the wave farm to the 

grid connection point and possibly interconnecting clusters of multiple devices to an 

offshore substation. These static power cables have been used for a long time in offshore 

oil rigs and interconnections between countries and now recently in offshore wind farms 

(OWF). Thus, it can be said that there is significant experience and know-how on these 

cables in the industry. Compared to onshore applications, the cable and cable laying costs 

are much higher and the most direct cable routes need to be established from the offshore 

to the onshore connection points. Furthermore, the cables need to have a higher rating 

against water ingress, greater armouring and in that regard the offshore wind industry 

standard at this point in time are XLPE insulated cables whereas EPR cables are also used 

in certain projects [16].  

Newer and efficient transmission solutions are a major factor in permitting wind farms to 

go deeper offshore. As for water depth, wind farms are situated in locations with a 

maximum depth of 45 𝑚 which may not be the case for wave farms in general and for 

CorPower Wave farms in particular. 
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Wave farms for CorPower are expected to be in locations with a depth of 50m and above 

for optimizing energy capture. This may present challenges for offshore substation 

foundation or mooring; submarine cable installation and establishing other subsea 

electrical components if needed. Greater water depth sometimes correlates with a greater 

offshore distance thus impacting the export cable features as well. 

 

Array Cables 

Array cables here refer to special submarine power cables that connect the WEC to the 

static cable on the seabed or to the adjacent WEC. Sometimes, these cables are also called 

as umbilical cables. For the purposes of the thesis, only the cable connecting the WEC to 

the T connector (as seen later in Section 3.4.2) on the sea-bed would be called as umbilical 

cable.  

As the CorPower WEC is perpetually in motion, the array cables have to be dynamic and 

have to be able to withstand the periodic mechanical loads without any effect on the 

performance of the cable. Alongside the mechanical durability, the cable should not 

impede the natural motion of the WEC and this would also have to be taken into account 

when choosing off the shelf (OTS) products [17]. A fairly comprehensive analysis of the 

dynamic power cables (or power umbilicals as called in the article) that is found in [26], 

can help understand the suitability of these cables to WECs, the various configurations 

that they can be deployed in and the subsea dynamics of such cables.  

A review of dynamic power cable for a floating wind turbine of 100 𝑘𝑊 is found in [27] 

and the size of the cable (rated at 6.6 𝑘𝑉) in the study is more suitable to the requirements 

of the CorPower devices. Similarly, loading and mechanical properties of dynamic power 

cables have been analysed in [28]. Two ongoing projects investigating dynamic power 

cables for offshore renewable energy applications can be found in [29] and [30]. Outcomes 

of the projects may provide guidelines for the mechanical characteristics of dynamic power 

cables. Relatedly, the standard DNVGL-RP-F401 [31] published in June 2017 covers the 

area of subsea electrical cables and their properties, especially covering dynamic power 

cables.       

An important feature of subsea power cables and power cables in general, is the cross-

sectional area. As per the report done by Offshore Renewable Energy CATAPULT on 

‘Marine Energy Electrical Architecture’ [18], the three major factors that determine the 

minimal cross-section of conductors of a cable are: 

• Thermal design: The current density needs to be limited to allow acceptable 
levels of heating within the specified operational temperature. One of the 
standards that applies in this regard is the IEC 60287 [32]. 

• Voltage drop: The significance of voltage drop is more for voltage levels that 
are lower rather than higher levels and this factor may generally not be a major 
issue for umbilical cables as the cable length would be short enough to make 
the factor less consequential. But there is one case that is explored in this 
thesis that contradicts this assumption as seen in some of the results of the 
thesis  
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• Short-circuit current: The short-circuit current in a cable would be of a very 
high magnitude for a few cycles, normally between 0.2 𝑠 and 3 𝑠.  

It is estimated that subsea cables are at a TRL of 9 [18] due to the extensive experience in 

the oil and gas industry whereas there is sizeable scope for development for  corresponding 

subsea connectors which are at a TRL of 6 to 8 [18].  

2.4.2 Electrical Interface Equipment 
In the context of a wave farm, the electrical interface equipment refers to the subsea 

connectors that connect dynamic cables to the WEC, dynamic cables to static cables; and 

the switchgear of the network which is either on-board the WEC or submarine in nature. 

But the thesis does not intend to explore the suitability of different switchgear as detailed 

examination of different protection schemes may be required making it beyond the scope 

of the thesis. Thus, this section will focus only on the type of subsea connectors and their 

respective characteristics. It needs to be stated that electrical connections for CorPower 

WECs are present underwater. This feature is opposed to the case in OWF (including 

floating types) where the cable connections on the turbines are above surface levels. 

Citing the lack of commercial solutions for subsea connectors, the need for the 

development of subsea connectors specific to the marine energy industry was highlighted 

in 2008 in the [33]. But the current commercial landscape is occupied with a greater 

number of products and designs and a quick market survey was conducted to demonstrate 

this diversity. A result of the market survey is shown in Table 3 and Table 4 through a non-

exhaustive list of suitable dry-mate connectors and wet-mate connectors readily available 

on the market. Furthermore, it needs to be stressed that many of the manufacturers state 

that custom designs can be made to serve the requirements of a certain wave developer. 

This flexibility is important considering that wave energy is still not a commercial reality 

with various wave developers at different developmental stages and also pursuing different 

grid connection strategies based on their respective WEC designs.  

As per Sharkey et al [34], some of the important characteristics and functionalities of 

electrical interface equipment used in a wave farm are: 

• Multiple connection/disconnection of a WEC 

• Cable installation 

• Electrical protection and earthing 

• Compatibility to connection scheme 

Dry-mate connectors 
These connectors require connection and disconnection procedures to take place in a dry 

environment. The number of connection cycles are very high and not of concern but the 

connection process may have to take place on-board a vessel or onshore. Therefore, the 

WECs or any other structure to which the connector is attached to, may have to be brought 

beyond surface level possibly entailing greater operation and maintenance costs based on 

the number of connection cycles that need to be performed in a certain timeframe. 

Another disadvantage of using dry-mate connectors is that loops of extra cable may have 
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to be placed on the seabed for the sake of being able to subsea structures or even the WEC 

that may need to be dragged on to a vessel for connection/disconnection procedures.   

The expertise of dry-mate connectors has been considerable and this shows in the greater 

voltage levels that are possible and the number of commercial options presented in Table 

3 and partially in Table 4. 

Table 3. List of commercial dry-mate connectors 

S.no. Connector Name Type Voltage (kV) Current (A) 

1 SEACON MSS P - 0.6 200 

2 SubConn High Battery 4 contact - 0.6 200 

3 SEACON MSS Q - 0.6 300 

4 Eaton SUBSEA Dry 1 −  5  220 

5 SEACON MSS P - 3 200 

6 SubConn Power 1 contact - 3 250 

7 Hydro Group HDM Dry 3.3 95 

8 GE MECON DM 1 Dry 6 200 

9 RMS OceanPower Dry 6 250 

10 GE MECON DM I Dry 10 200 

11 DEUTSCH TE P6-MD300 Dry 10 300 

12 SEA Dry 12 - 

13 MacArtney GreenLink Dry 30 630 

14 MacArtney GreenLink Dry 36 800 

15 MacArtney GreenLink Dry 36 1250 

 

Wet-mate connectors 
This type of connector can be ‘mated’ underwater if required, and thus does not require 

associated devices/structures to be taken above surface level. But, the connection process 

needs to be performed with the help of remotely operated underwater vehicle (ROV) or 

with specialist divers. Again, the associated operation and maintenance costs will be 

dependent on the number of connection/disconnection procedures that take place in a 

certain timeframe and thus it cannot be ascertained which option may pose greater 

operation and maintenance costs.    

It was outlined in ‘Marine Energy Electrical Architecture’ by ORE CATAPULT in 

September 2015 that wet-mate connectors were limited to 6.6 𝑘𝑉 at that point in time. 

Moving forward, the progress in wet-mate connector commercial designs is evident from 

Table 4 wherein the highest voltage possible now goes up to 30 𝑘𝑉 with offerings by 

multiple manufacturers. Thus, one of the limiting factors of wet-mate connectors which 

were described in literature, as being the operating voltage and current levels have been 

disproven.  
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Table 4. List of commercial wet-mate connectors 

S.no. Connector Name Type Voltage (kV) Current (A) 

1 POWERSEA Green Power Wet 1 300 

2 SIEMENS SpecTRON 2 Wet/Dry 2 1000 

3 RMS OceanPower Split-Phase Wet 2.89 80 − 150 

4 SEACON CM2000 Wet 3.3 100 

5 RMS WellPower Split-Phase Wet 5 80 − 150 

6 SIEMENS SpecTRON 5 Wet/Dry 5 200 

7 RMS WellPower Wet/Dry 6 125 

8 RMS OceanPower Wet 6 168 

9 GE MECON WM II Wet 7.2 − 36 500 

10 Schmuberger Seapower 02 Wet 8 220 

11 SIEMENS SpecTRON 8 Wet/Dry 8.7 350 

12 Teledyne Nautilus WM10-250 Wet 10 250 

13 DEUTSCH TE P6-SW400 Wet 10 400 

14 DEUTSCH TE P6-SW1600 Wet 10 1600 

15 MacArtney GreenLink Wet 11 400 

16 GE MECON WM I Wet 12 300 

17 GE MECON WM I Wet 24 500 

18 DEUTSCH TE P18-SW900 Wet 30 400 

19 DEUTSCH TE P18-SW900 Wet 30 900 

 

2.4.3 Hub 
It is now increasingly being seen that for developing large tidal and wave energy arrays, 

there needs to be some sort of hub that connects a certain number of devices. Whether 

the hub covers smaller number of devices for instance 6 to 8 in number, or if there are 

larger hubs that correspond to larger sections of a commercial farm depends on the 

development pace of the designs of such hubs and the connection strategy of the wave 

energy developer.  

At the moment, there are certain examples of such subsea and floating hubs, one of which 

includes the Hydro Group Power Distribution Hub (PDH) [35]. This hub can operate up 

to 20 𝑘𝑉 and 630 𝐴 and as per ORE Catapult [18] the technology is at TRL 9 with a lifespan 

that is mentioned as 25 years. The same report states that this technology would be 

sufficient to support five 2 𝑀𝑊 tidal turbines operating at 11 𝑘𝑉 in a radial string. Thus, it 

seems as though this hub is suitable more as a connecting device between strings of devices 

and the export cable.  

Another example is the MacArtney MV Submarine Switchgear Hub that is mentioned as a 

conceptual design in [16], [17]. The hub can enable a radial circuit using the submarine 

switchgear whereby the circuit can be kept alive when a WEC is disconnected for different 
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reasons. As per [16], the projected costs of the hub are €215𝑘 with operating voltage range 

of 6 𝑘𝑉 − 36 𝑘𝑉 and current up to 1250 𝐴.         

A prior example of a hub is the patented Underwater Substation Pod (USP) developed by 

Ocean Power Technologies [36]. The USP was tested in 2009 by the company and it can 

step up the output voltage of WECs from 600𝑉 to 11𝑘𝑉 wherein one hub is required for 

10, 150𝑘𝑊 devices. The current status of this design is not known.   

The most prominent example of a hub in the wave energy industry is the ‘Wavehub’ at the 

Wavehub test site in Cornwall, UK. The Wavehub is a passive junction box without any 

switchgear [37]. The export cable from shore is split into four separate circuits to the test 

berths.  

Thus, there are multiple designs of a hub which according to [18], can be divided based on 

their purpose as: 

• Aggregation 

• Aggregation and Transformation 

• Conversion, Aggregation and Transformation 

All the hubs discussed above have been subsea hubs which entail possibly greater 

Operation and Maintenance (O&M) costs and unproven reliability. Furthermore, it is also 

argued by Sharkey in [16] that there are several issues that need to be addressed before 

subsea hubs can be integrated in wave farms.  

Thus, it is practical to look at the alternative to subsea hubs i.e. floating hubs. The 

technology development of floating hubs can heavily leverage on the expertise of floating 

wind turbines which are at TRL 8 with the announcement of the first floating wind farm 

sized at 30 𝑀𝑊 to be developed by Statoil [38].  

Bluewater has developed a multi-use tidal energy conversion platform [39] that can 

possibly be adapted as a floating hub for any of the three classifications mentioned above. 

As the platform has undergone sea trials, the technology can be assumed to be at TRL 7. 

But the application of the hub as a connection hub as envisaged in this section could be 

rated at TRL 5 [18].  

In Japan where most of the leading research and demonstration projects in floating wind 

technology is taking place, a floating substation rated at 25 𝑀𝑉𝐴 was installed as a part of 

the first phase of the Fukushima FORWARD project [40]. The substation was installed in 

2013 and is a prime example of the advances in offshore floating substation technology.    
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Chapter 3 - Network Variants and Economic 

Assessment 

This chapter gives a detailed explanation of the networks designed for the CorPower 

devices along with the components that were included in the networks. Furthermore, the 

costs of the included components are presented and elaborated on after which there are 

comparisons of the variants for the Stage 5 grids. A brief summary of the spatial 

configurations of the networks is also provided in the chapter.    

3.1   Cost Components of a Wave Farm 
As mentioned in Section 1.2, the thesis only deals with the capital costs of the electrical 

network of a wave farm. In that respect, the network components for which costs have 

been considered are listed as: 

• Transformer (on-board the WEC) 

• Transformer (on the floating hub) 

• Subsea connectors  

o Dry-mate 

o Wet-mate 

o T connector 

• Cables 

o Static 

o Dynamic 

o Export 

• Floating hub 

• Floating substation 

These components have been chosen because it was perceived that the ratings of these 

components can be estimated accurately enough using the analysis performed in Chapter 

6 -. Some of the other electrical components including protection equipment, switchgear 

may need a study that is deeper in nature and where the connection layouts are more 

definitive.   

Transformer 
The costs of the transformers are sourced from standard distribution level transformers 

matching the required voltage and power ratings. As part of a previous internal study at 

CorPower, the costs in [41] were scaled and adjusted for inflation. The results of this study 

have been used henceforth in this chapter.  

Connectors 
The cost of connectors is one of the more debatable assumptions in the thesis and 

considering the range of prices quoted by different manufacturers in [42] and the limited 

information that is available in the public domain on such connectors, the uncertainty of 
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the costs needs to be stressed. Beyond this, some other sources like [16]–[18], [43] were 

referred and the final cost of the connectors were arrived at.    

Cable Cost Model 
The cost models for cables that has been majorly used in literature are the Lundberg model 

[44] and it’s derivatives. The original model was developed in 2003 for three-core HVAC 

cables with a review of cable prices relevant in that time period. But the model has 

continuously been adapted to different voltages and projects.  

 𝐶𝑐𝑎𝑏𝑙𝑒 = 𝐴 + 𝐵. 𝑒𝐶.𝑆𝑐𝑎𝑏𝑙𝑒/102  (3.1) 

where 𝐴, 𝐵 and 𝐶 are constants dependent on the voltage level and 𝑆𝑐𝑎𝑏𝑙𝑒 is the rated power 

of the cable in 𝑀𝑉𝐴. The equation results in the cost of the cable in 𝑀€/𝑘𝑚. 

The equation was used by Rebled Lluch in [45] with the constants expressed as functions 

of the voltage and with the costs scaled to 2016 prices and inflation. Apart from the voltage 

dependent constants, the power rating and indirectly the curved sectional area (C.S.A) of 

the cable are taken care by the term 𝑆𝑐𝑎𝑏𝑙𝑒. The constants are expressed as: 

 𝐴 = 0.001631. 𝑈𝑅𝑀𝑆 − 0.0142 (3.2) 

 𝐵 = 0.9805. (𝑈𝑅𝑀𝑆)−0.765 (3.3) 

 𝐶 = 45.713. (𝑈𝑅𝑀𝑆)−0.693 (3.4) 

This cost model assumes the same installation costs regardless of the bathymetry or the 

point of installation of the cables. It is difficult to predict installation costs accurately 

especially considering the unique cases considered in the thesis. In literature, this is one 

of the better models that deals with modelling MVAC/HVAC three-core XLPE cable costs 

and thus the model was used here. Some other assumptions of the model include: 

• Economies of scale and bulk purchasing are not considered for both capital and 

installation costs 

• No consideration is given to the type of installation vessel and the corresponding 

meteorological conditions  

• Supplementary reactive compensation equipment is not included  

• Dynamic cables were assumed to have a +10 % margin on normal static cables as 

they need greater armouring to withstand subsea dynamics  

On the other hand, it needs to be stated that capital costs of cables are highly volatile and 

are heavily influenced by material costs, especially the costs of copper and steel. Extending 

the influence from cables, the other electrical components of a network such as 

transformers, generators and switchgear are dependent on these material costs as well. As 

per the ‘Offshore Wind Cost Reduction Pathways Study’ by The Crown Estate [23], copper 

contributes up to 5 % of the levelized cost of energy (LCOE) of an offshore wind farm and 

this figure could give diametrical correlations for the cost of a wave farm as well.  
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Floating Hub/Substation 
There are very few sources in literature that detail the costs of floating hubs or substations. 

One of the sources refer to the costs of an offshore wind floating substation in [46], where 

the rate was 286,000 €/𝑀𝑊. But this price has some inherent assumptions related to that 

of an offshore wind farm mainly with the inclusion of electrical equipment on the floating 

platform. But the floating hub assumed for the grid that is described later in the chapter 

does not require the same level of infrastructure as on a wind collection hub. So, the costs 

of floating hubs used in [18], [47] were used to calibrate the costs and the value of 

500,000 € was assumed for the 2 𝑀𝑊 floating hub. As for the floating substation, the 

capital costs without installation are assumed as 2,500,000€ for a 10 𝑀𝑊 farm.  

3.2 Layout options 
The factors that broadly affect the design of the offshore electrical network of a wave farm 

were earlier listed in Section 1.2. Those factors impact all the design choices of a wave farm. 

Additionally, the factors affecting the layout and spatial configuration of the WECs in a 

wave farm from the perspective of the electrical network, include: 

• Desired level of redundancy 

• Suitability to operation and maintenance 

Generally, redundancy in offshore wind farms are not found frequently (an example of a 

wind farm having this feature is the North Hoyle wind farm that was commissioned in 

2003). The primary reason for wind farm designs possessing limited redundancy is the 

increased cable costs. Redundancy can be provided in various forms some of which 

includes laying a secondary export cable or by connecting two ends of a string together. 

The second approach would increase the cable size of both the strings which could be 

crucially influential in the case of dynamic power cables. 

Furthermore, the benefit of redundancy needs to be substantial in order to merit the 

increased cable costs. A study on the benefit of redundancy in a 60 𝑀𝑊 wind farm over a 

twenty-year period provided an increase in production of 0.026 % [48]. Additionally, the 

size of the farms considered in the thesis are at a range where increased production may 

not be particularly important. Thus, redundancy in the connections of the WECs are not 

considered in the chosen designs. 

Thereafter, a review of all the layout options found in [17], [18], [34] was conducted. The 

variants that had redundancy were neglected and the options were ultimately classified 

into two primary variants – string and star. The string layout has a line of devices 

connected to each other with the cable rated for the entire string. In the case of large farm 

sizes, multiple strings of devices would be connected to a single hub or substation for step-

up to the export voltage. In the case of shutdown of a WEC, the entire string may have to 

be shutdown in the absence of suitable switchgear.  

The second variant is the star layout with the WECs radially connected to a hub. Farms of 

large sizes would require star clusters made of multiple devices, to be connected to a 

substation. The clusters could be connected to the substation individually or a single cable 
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could connect the clusters to the substation. In the event of the shutdown of a WEC in a 

star cluster, the star cluster may continue production with the exception of the respective 

WEC. This may be achieved through switchgear placed on the hub of the star cluster.              

The inter-device spacing of all the variants were based on a simple analysis of different 

options that was conducted with the operations department at CorPower Ocean. In this 

way, the suitability of the options with respect to operation and maintenance procedures 

was covered. Although, it needs to be noted that analysis of these options on the basis of 

detailed O&M costs could provide further information and guidelines. But for the purposes 

of the thesis, these options are considered to be robust enough to apply CAPEX 

calculations and perform power system simulations. The various options and brief 

descriptions of how the choices are made can be found in the Appendix.  

3.3 CorPower Stage 4 prototype deployment 
The connection designs illustrated for the CorPower Stage 4 design in this section have 

been developed as a preliminary design before the development of larger arrays in the 

thesis. But for the actual deployment of the Stage 4 device, the connection scheme that 

will be used is very dependent on the chosen test site; electrical facilities some of which 

include cable rating, voltage at grid connection point; operation and maintenance 

simplicity and other factors. Thus, it needs to be clarified that the designs shown in this 

section are broadly indicative of the connection options rather than the specific strategy 

that will be used by CorPower Ocean in future testing and deployment. Although there is 

an export cable (rated at 7 𝑀𝑊) present at the EMEC test site, the export cable and it’s 

costs have been included in all the results presented in the thesis. This is done to ensure 

that a broad analysis of the grid connection strategy is performed. The inclusion of the 

export cable also makes the results dependent on the offshore distance and grid location.      

Two preliminary designs are investigated for the prototype deployment of the CorPower 

Stage 4 WEC. The influence of the economic assessment of this stage of electrical network 

development is not monetarily relevant. Rather the results can be taken as pointers for 

connection strategies of future deployments. Thus, two connection schemes – Stage 4 

String and Stage 4 Hub are described and some of the elements are taken forward for the 

Stage 5 grids.  

3.3.1 Stage 4 String 
In this scheme, the CorPower Stage 4 device is assumed to have a dynamic power cable 

that is rated for the peak output of the device. The subsea cable emanates from a dry-mate 

connector on the device. The subsea cable is connected to the export cable through a 

subsea junction box/connector having a slot with the same curved sectional area of the 

subsea cable as well as the export cable. 

For the voltage, a transformer located on-board the device steps up the voltage from 0.4 𝑘𝑉 

to 11 𝑘𝑉 and the subsequent cable has thus been rated at 11 𝑘𝑉. The selection of the 

voltage levels was performed after a preliminary study of optimizing the voltage drops 

across certain cable lengths for different voltage levels. It was found that it is the 11 𝑘𝑉 
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level that satisfies the required minimum voltage drops across the assumed cable lengths. 

Even otherwise, it is generally argued in literature that voltage levels of WECs might be 

efficient at 11 𝑘𝑉 until wave farms beyond 10 𝑀𝑊 are developed [49].     

Transformer on-board the WEC 
As mentioned earlier in Section 1.1.2, the current design of the CorPower WEC is the half-

scale design, called the 𝑆3. This design which is rated at 25 𝑘𝑊 does not have an on-board 

transformer. Thus, the connection of Stage 4 String design which has an on-board 

transformer presents some design implications for the Stage 4 WEC which can be listed 

as: 

• Provision for the transformer on-board needs to be made 

o Exploration of the specific features of the transformer needs to be conducted 

o Volume and weight requirements of the transformer needs to be estimated 

accurately 

• Impact of the additional weight transformer on WEC dynamics, motion etc. has to 

be explored 

• Additional cost for the CAPEX of the WEC needs to be accounted for. Thus, the 

costs presented in this chapter are separated into costs for the components to be 

included on the WEC and the costs for the whole grid connection equipment which 

includes the components on the WEC  

The choice of connector type for the Stage 4 case depends on which option would prove 

convenient at the time of deployment as the economic consequences of this stage are less 

significant than the upcoming stages.  

As for the power cables, the cables need to be dynamic in nature. For the purpose of 

differentiation, the dynamic power cables used in the string variants will be called as string 

cables and the dynamic power cables used in the hub variant will be called as they are. The 

dynamic power cable can be connected to the export cable on the seabed using a ‘mate-

able’ splice or another subsea connector such as the Hydro Group PDH could be used.  

3.3.2 Stage 4 Hub  
The CorPower Stage 4 device is assumed to have a subsea connector which extends to a 

dynamic subsea cable. The cable is connected to a floating hub with another connector 

and which houses a transformer that steps up the voltage from 0.4 𝑘𝑉 to 11 𝑘𝑉. Thus, the 

subsea cable is rated at 0.4 𝑘𝑉 and the for the peak output power of the WEC. Using a cable 

at 0.4 𝑘𝑉 for carrying the output of the WEC requires a significantly thick cable that would 

pose challenges for the dynamics of the WEC apart from presenting difficulties in finding 

the subsea cables that are ‘dynamic’ enough in the commercial marketplace (some typical 

dynamic subsea cables are analysed in [26]). Other important features of the 0.4 𝑘𝑉 

dynamic power cable will discussed further in the thesis.    

Like the case with the Stage 4 String variant, the choice of subsea connector is dependent 

on the strategy at the time of deployment. Whereas for the connection of the floating hub 
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to the export cable, another dynamic power cable rated at 11 𝑘𝑉 needs to be connected to 

the export cable on the seabed using ‘mate-able’ splice or another subsea connector.  

Results of the analysis of the Stage 4 variants on the basis of the criteria presented 

subsequently through the thesis were analysed. It was found that the differences in grid 

integration and efficiency results were negligible for the motivation of the thesis, 

considering the power rating of the WECs. Anyways, the cost values for the Stage 4 

networks if interested, can be discerned from the results of the next section. Thus, 

hereafter, the results of the CorPower Stage 4 WEC in terms of the Efficiency and Grid 

Integration analysis have not been included in the thesis for reasons of conciseness and 

brevity.  

3.4 CorPower Stage 5 (2 MW) farm 
There are three variants of the 2 𝑀𝑊 farm of the CorPower Stage 5 devices that are being 

analysed. A 2 𝑀𝑊 farm consists of 8 CorPower Stage 5 devices that are rated at 0.25 𝑀𝑊. 

Two of the variants are based on the string connection scheme wherein the devices are 

connected with each other. The final variant pertains to multiple devices connected to a 

single floating hub which steps up the voltage for the power export of all the devices. 

Further descriptions of the variants are given below. 

3.4.1 Traditional String 
The CorPower Stage 5 devices are designed to have an on-board transformer which steps 

up the voltage from 0.4 𝑘𝑉 to 11 𝑘𝑉.  

• The inter-device is assumed to be 150𝑚 to allow enough space for operational 

requirements.  

• Each device has two dry-mate subsea connectors that are rated for the power output 

of the entire string at 11 𝑘𝑉 

• From the two subsea connectors, two dynamic subsea cables originate being rated 

for 2 𝑀𝑊 and 11 𝑘𝑉  

The additional grid connection components required for this Traditional String variant 

include: 

o LV switchgear (not included in costs) 

o Transformer 

o Two units of MV switchgear (not included in costs) 

As for the ratings and costs of the assumed electrical components, 

1. The transformers are rated for 0.4/11 𝑘𝑉, 315 𝑘𝑉𝐴 and the corresponding cost is 

assumed to be 5047 € per unit. 

2. The wet-mate connectors are rated for 11 𝑘𝑉 and 2 𝑀𝑊. The cost of one unit is 

65000 €. 

3. The string cable between the devices are rated for the entire string at 2 𝑀𝑊 and 

11 𝑘𝑉. Also, the length of each cable is 225 𝑚 as seen in Figure 8 and the number of 

such cables in the network is 9 including the cable connecting the first WEC to the 



 

27 
 
 

export cable. As mentioned earlier in Section 3.1, the rate for the string cable which 

are ‘dynamic’ in nature are assumed to have a 10 % premium in the cost that is 

obtained from the cable cost model.  

4. The export cable which is a static power cable is dimensioned for the same length 

of the export cable that is in place at the EMEC test site. The voltage of the cable is 

11 𝑘𝑉 and the power rating is 2 𝑀𝑊. 

5. The connector to connect the string cables to the export cable is assumed as the 

Hydro Group PDH which is already at TRL 9. The cost is assumed as 215 000€ as 

mentioned in the previous chapter. The same cost is assumed for both the voltage 

levels due to lack of specific information. 

 

Figure 8. Stage 5 String WEC connection scheme (shown for 2 devices) 

Table 5. CAPEX calculation of the Stage 5 Traditional String grid 

COMPONENT UNITS 
RATE (€/u) COST (€) 

6.6 𝑘𝑉 11 𝑘𝑉 6.6 𝑘𝑉 11 𝑘𝑉 

Transformers 8 4 845 5 047 38 760 40 376 

Subsea connectors 16 60 000 65 000 960 000 1 040 000 

WEC COMPONENTS COST (€) 𝟗𝟗𝟖 𝟕𝟔𝟎 𝟏 𝟎𝟖𝟎 𝟑𝟕𝟔 

Export cable 4300 𝑚 346 214 1 486 080 921 490 

String cables 2025 𝑚 380 236 769 500 477 495 

Connector for string 1 215 000 215 000 215 000 215 000 

TOTAL COST (€) 𝟑 𝟒𝟔𝟗 𝟑𝟒𝟎 𝟐 𝟔𝟗𝟒 𝟑𝟔𝟏 

COST PER WEC (€/u) 𝟒𝟑𝟑 𝟔𝟔𝟖 𝟑𝟑𝟔 𝟕𝟗𝟓 
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Figure 9. CAPEX breakdown across components of the Stage 5 Traditional String grid 

3.4.2 String with T connector 
Similar to the first variant, the devices are designed to have on-board transformers that 

step up the voltage from 0.4 𝑘𝑉 to 11 𝑘𝑉. The primary difference with the Traditional 

String variant is that the number of umbilical power cables that originate from a WEC is 

one as opposed to two. Furthermore, the umbilical cable goes to the sea-bed and is longer 

than the sea depth by 20 𝑚 for making allowances for installation and O&M procedures. 

In comparison to the dynamic power cables of the Traditional String variant where each 

of the cables were 225 𝑚 long the length of the umbilical cables and the number of cables 

connected to the WEC are more favourable from the perspective of the mechanical load 

on the WEC.  

This variant can be achieved with the critical inclusion of the T connector. The current 

status of the technology is still at the level of basic research though with it first being 

mentioned in the previously mentioned report by ORE Catapult [18] and also by Sharkey 

in [34]. In the context of the ORE Catapult report, the target application of the connector 

was tidal arrays but it can easily be adapted to wave arrays as well, as has been concurred 

in the same report. One major difference in how it has been adapted to the thesis is that a 

transformer has not been included in the connector as opposed to the assumption in the 

report. Consequently, the cost of the T connector has been adapted accordingly.  

The crucial downside of using this connector is the low TRL of the technology at this point 

in time. It can be said that technical know-how for the connector is already prevalent in 

terms of already existing subsea wet-mate/dry-mate connectors [42], subsea transformers 

[50], [51] and subsea switchgear [52]. As per plans for the subsea technology program of 

ABB, subsea electrical solutions are expected to reach TRL 7 by 2020 [50]. In this regard, 

subsea technical designs may conceivably mature to a sufficient degree by the time of 

deployment of prospective arrays of the Stage 6 and/or Stage 5 devices.  
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Some of the assumptions and conditions in this thesis may have to be conceptual and 

speculative in nature considering the timeline of the grids that are being investigated. It is 

in this belief that the variant including T connectors has been incorporated in this thesis. 

Besides, the uncertainty in costs and technology readiness levels have also been included 

in the assessment of these variants going forward which helps keep the analysis in a more 

practical perspective later in the thesis. 

 

Figure 10. Connection layout for Stage 5 String with T connector variant (shown for 2 devices) 

The following are the descriptions about the ratings and costs of the electrical components 

included in this variant, 

1. The number of transformers are same as the number of WECs. The ratings are the 

same as the first variant, i.e. 0.4/11 𝑘𝑉, 315 𝑘𝑉𝐴. 

2. Each of the WECs are designed to have a dry-mate connector rated only for the 

WEC and 11 𝑘𝑉. 

3. The T connector which is connected to the umbilical cable is located on the sea-

bed. Fundamentally, the connector is an amalgamation of three subsea connectors 

and the cost of one unit is assumed to be 150 000 €. As per [18], the structure of the 

T connector could potentially house switchgear or transformers.  

4. Each of the WECs have an umbilical power cable rated for the power output of the 

WEC and is connected to the T connector. The length of one cable is 70 𝑚 and thus 

the total length of the cables is 560 𝑚. 

5. There are static power cables between two adjacent T connectors that are 155 𝑚 

long as shown in Figure 10. The cables are rated for the entire string at 11 𝑘𝑉. 

6. The export cable is the same as the first variant with a power rating of 2 𝑀𝑊 at 

11 𝑘𝑉. 
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7. There is a string cable connects the network to the export cable and is also rated for 

the entire string.    

8. Finally, the string cable connects to the export cable through the afore-mentioned 

Hydro Group PDH.  

The additional grid connection components required on the for the String with T 

connector variant include: 

• LV switchgear (not included in costs) 

• Transformer 

• MV switchgear on the WEC (not included in costs) 

• MV switchgear in the T connector 

Table 6. CAPEX calculation of the Stage 5 String with T connector grid 

COMPONENT UNITS 
RATE (€/u) COST (€) 

6.6 𝑘𝑉 11 𝑘𝑉 6.6 𝑘𝑉 11 𝑘𝑉 

Transformers 8 4 845 5 047 38 760 40 376 

Subsea connectors 8 30 000 35 000 240 000 280 000 

T connectors 8 120 000 150 000 960 000 1 200 000 

WEC COMPONENTS COST (€) 𝟏 𝟐𝟑𝟖 𝟕𝟔𝟎 𝟏 𝟓𝟐𝟎 𝟑𝟕𝟔 

Export cable 4 300 𝑚 346 214 1 486 080 921 490 

Umbilical cables 560𝑚 244 168 136 864 94 248 

Static power cables 1 240 𝑚 346 214 428 544 265 732 

String cable 200𝑚 380 236 76 000 47 160 

Connector for string 1 215 000 215 000 215 000 215 000 

TOTAL COST (€) 𝟑 𝟑𝟔𝟔 𝟐𝟒𝟖 𝟐 𝟖𝟒𝟗 𝟎𝟎𝟎 

COST PER WEC (€/u) 𝟒𝟐𝟎 𝟕𝟖𝟏 𝟑𝟓𝟔 𝟏𝟐𝟔 

 

 

Figure 11. CAPEX breakdown across components of the Stage 5 String with T connector grid 
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3.4.3 Floating Hub 
This variant for the Stage 5 farm is an extension of the Stage 4 Hub concept discussed 

previously. For the 2 𝑀𝑊 farm, 8 devices are connected to a single floating hub containing 

a single transformer. The transformer steps up the voltage from 0.4 𝑘𝑉 to 11 𝑘𝑉 and is 

overrated at 4 𝑀𝑉𝐴 to account for the peaks of the combined output of the multiple 

devices.   

Moving to the power cable, the devices are connected to the hub with 0.4 𝑘𝑉 cables that 

are notably thick, as mentioned earlier. The WEC is assumed to have a dry-mate connector 

that operates at 0.4 𝑘𝑉. 

 

 

Figure 12. Stage 5 Hub WEC connection scheme (shown for 1 device) 

The basis behind the ratings and costs of the electrical components are given below, 

1. Each of the WECs are assumed to have a dry-mate connector rated for the power 

output of the WEC at 0.4 𝑘𝑉 

2. The floating hub is assumed to accommodate a 4 𝑀𝑉𝐴 transformer which steps up 

the voltage from 0.4 𝑘𝑉 to 11 𝑘𝑉 and associated switchgear which can be used to 

shut down the WECs individually 

3. There are 8 dynamic power cables that are rated for the WEC power output at 

0.4 𝑘𝑉. This requires a C.S.A of 240 𝑚𝑚2 and this value has not been seen before in 

a ‘dynamic’ subsea power cable. Also, the cable cost model used in the thesis does 

is not calibrated for low-voltage (LV) cables. Thus, the rate of the cables are capped 

at 500 €/𝑚 whereas the actual price of such cables if developed is unknown.  
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4. As was the case with the previous networks, the export cable has the same ratings, 

length and costs. 

The additional grid connection components required for the floating hub variant include: 

• LV switchgear on WEC (not included in costs) 

• On the hub: 

o LV switchgear 

o Transformer 

o MV switchgear 

Table 7. CAPEX calculation of the Stage 5 Hub grid 

COMPONENT UNITS 
RATE (€/u) COST (€) 

6.6 𝑘𝑉 11 𝑘𝑉 6.6 𝑘𝑉 11 𝑘𝑉 

Subsea connectors 8   30 000    35 000     240 000     280 000  

WEC COMPONENTS COST (€)   𝟐𝟒𝟎 𝟎𝟎𝟎    𝟐𝟖𝟎 𝟎𝟎𝟎  

Export cable 4 300 𝑚 346 214 1 486 080 921 490 

Dynamic power cables 2 000 𝑚 500 500 1 200 000 1 200 000 

Floating hub 1 500 000 500 000 500 000 500 000 

TOTAL COST (€) 𝟐 𝟒𝟐𝟔 𝟎𝟖𝟎 𝟐 𝟗𝟎𝟏 𝟓𝟎𝟎 

COST PER WEC (€/u) 𝟒𝟐𝟖 𝟐𝟔𝟎  𝟑𝟔𝟐 𝟔𝟖𝟔 

 

 

Figure 13. CAPEX breakdown across components of the Stage 5 Hub grid 

3.5 CorPower Stage 6 (10 MW) farm  
The Traditional String variant is chosen for development into a 10 𝑀𝑊 farm. The basis 

behind this choice is presented later under the Section 5.2.3. Essentially, five strings of 

2 𝑀𝑊 each are connected to a floating substation. The substation is assumed to have the 

requisite connectors and switchgear corresponding to a 10 𝑀𝑊 farm.  
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An extra margin of 200 𝑚 was added to the cable connecting the first WEC to the 

substation to allow for a greater distance so as to have minimal hydrodynamic effect on 

the WEC. The layout of the Stage 6 (10 𝑀𝑊) farm is shown in Figure 14. 

 

 

Figure 14. Layout of the Stage 6 grid   

 

 

Table 8. CAPEX calculation for the Stage 6 grid 

COMPONENT UNITS RATE (€/u) COST (€) 

Transformers 40 5 047 201 880 

Subsea connectors 80 65 000 520 000 

WEC COMPONENTS COST (€) 𝟓 𝟒𝟎𝟏 𝟖𝟖𝟎 

Export cable 4 300 𝑚 468 2 011 540 

String cables 9 425 𝑚 236 2 222 415 

Substation 1 2 500 000 2 500 000 

TOTAL COST (€) 𝟏𝟐 𝟏𝟑𝟓 𝟖𝟑𝟓 

COST PER WEC (€/u) 𝟑𝟎𝟑 𝟑𝟗𝟔 
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Figure 15. CAPEX breakdown across components of the Stage 6 grid 

3.6 Summary 
One of the many criteria on which the network variants presented in the thesis are 

compared on, is the capital expenditure. Of the three variants analysed for the Stage 5 

grids, the cost per WEC compare as shown in Figure 16. It can be seen that the Traditional 

String provides the lowest value followed by the String with T connector option and then 

the Floating Hub option. But each of the variants have a set of unique limitations.  

The Traditional String option imposes two string cables that are ‘dynamic’ in nature and 

these cables along with the associated subsea connectors could enforce additional 

mechanical load on the structure of the WEC. The second variant has the T connector 

which is still unproven and therefore has a low TRL. This disadvantage of the variant is 

also taken into account later when the variants are compared on different criteria in 

Section 5.2.3. On the other hand, this variant requires the WEC to have only one umbilical 

cable of 70 𝑚 in length as opposed to two cables of 225 𝑚 length each. This entails a much 

lower mechanical load on the WEC for the second variant.  

For the Floating Hub variant, the technological maturity of the floating hub which can 

house such electrical equipment is not entirely clear and thus the TRL range assumed for 

the technology is TRL 2 − 5. Similarly, the dynamic power cables required for the variant 

are unprecedentedly thick and therefore the assumed TRL level of the cables are TRL 2 −

3.   

Beyond the issue of the TRL assumed for the electrical components is the uncertainty in 

costs of these components. It can be stated that some of the components have lower 

uncertainty in costs than others due to the greater established nature of such components 

in the commercial landscape and also the easier availability of the commercial information. 

Examples of such components in the study are the transformers and the static subsea 
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power cables to an extent. Components with lower cost certainty are subsea connectors 

(especially the T connector), dynamic subsea power cables and the floating hub.  

On the whole, the criteria of TRL and cost uncertainty if included in the comparison could 

provide a more complete picture of the standings. Thus, these criteria are included along 

with the network efficiency in the comparison made through a decision matrix, in Section 

5.2.3.   

The Stage 6 grid that is based on the Traditional String variant produced a cost-per-WEC 

of 303,276 €/𝑢 (refer Table 8). This number is lower than the corresponding Stage 5 grid 

even when a substation has been included in the costs. This feature further shows the 

scalability of the Traditional String variant. Similar CAPEX figures of the Stage 6 grids 

when composed of the other two variants are included in the Appendix.  

 

Figure 16. Comparison of cost per WEC of the Stage 5 network variants based on CAPEX of the 
electrical network 

 

 

NOTE: Considering the preliminary nature of the study and diversity of options analysed, 

there are some limitations to the results in this chapter and it is worth reiterating them. 

The first one pertains to the fact that not all electrical components of the farm have been 

included in the capital expenditure calculations. Next, the costs assumed for the 

components are indicative of the actual range of costs and were expected to be sufficiently 

accurate for the calculations undertaken in the study.   
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Chapter 4 - Electrical Modelling 

This chapter aims to describe the modelling of the onshore grid at the EMEC Test Site, the 

offshore electrical networks of the various wave farms and the modelling techniques used 

to replicate the power profiles of individual and multiple CorPower WECs, in the 

simulation software. 

4.1 EMEC Test Site and Orkney Grid 
The connection agreement for all the test facilities in Orkney established between EMEC 

and Scottish Southern Energy plc (SSE) - which is the local Distribution Network Operator 

at Orkney islands - states that EMEC is responsible for ensuring compliance with relevant 

UK grid standards. As each of the developers have their own WEC designs, it is expected 

that the individual developers will ensure compliance with EMEC facilitating the 

assessment of the impact of individual devices.  

Conventionally, grid compliance is assessed at the ‘point of common coupling (PCC)’. As 

per EREC G59 [53], the point of common coupling is the ‘point on the distribution network 

that is electrically nearest the Customer’s installation, at which other Customers are, or 

may be, connected’. For the grid in Orkney, the PCC is the 11 𝑘𝑉 connection at the SSE 

Stromness substation which is connected to the EMEC facilities through a 4.8𝑘𝑚 

underground spur cable.  

But, it needs to be noted that EMEC cannot make direct measurement of the power quality 

at the PCC. EMEC is only provisioned to assess the power quality at the 11 𝑘𝑉 busbars at 

the onshore substation. Thus, the same assumption is held in the thesis wherein the power 

quality is assessed at the EMEC busbar and not at the PCC. Thus, the EMEC busbar has 

been named as the PCC for the sake of clarity in the upcoming electrical diagrams.  

Furthermore, information of the local generation at the PCC in the Stromness substation 

was not known and this contributed to the assumption of the Bilia Croo busbar as the PCC 

for the study in terms of the point of power quality measurement.  

Table 9. Fault levels at the Bilia Croo 11 kV busbar [54] 

EMEC 𝟏𝟏𝒌𝑽 busbar 𝑹𝟏 
(p.u.) 

𝑿𝟏 
(p.u.) 

𝑿𝟏

𝑹𝟏
 

𝟑-phase Fault 
Level (𝑨/𝒑𝒉) 

𝟑-phase Fault 
Level (𝑴𝑽𝑨) 

Maximum 𝟑-phase 
Fault Level 

0.5644 1.115 1.98 4200 80.0 

Minimum 𝟑-phase 
Fault Level 

0.7499 1.503 2.02 3129 59.6 

 

The electrical network beyond the 11𝑘𝑉 busbar at the EMEC substation is modelled as an 

AC voltage source in series with a resistive and inductive impedance, combined together 

as external impedance 𝑍𝑒𝑥𝑡. 

 𝑍𝑒𝑥𝑡 = 𝑅1 + 𝑗𝑋1 (4.1) 
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 tan(Ψk) =
𝑋1

𝑅1
 (4.2) 

The short-circuit characteristics summarised in Table 9 were assessed by a Scottish 

Southern Electrical Networks (SSEN) study and have been sourced for the study from 

EMEC documents. The presented values refer to the complete range of possible fault levels 

but for the purpose of the thesis, the case referring to lower grid strength of 59.6 𝑀𝑉𝐴 has 

been assumed to analyse the performance of the wave farm in the presence of the worst 

external grid conditions.   

4.2 Modelling the offshore electrical networks 
It was seen in the previous chapter that there are – 2 grids for the Stage 4 WEC, 3 grids for 

the Stage 5 WEC and 1 grid for the Stage 6 WEC. Clearly, there are a large number of grids 

to be modelled in relation to the analysis that is performed henceforth in the thesis. So, 

the String with T connector variant is not modelled due to two primary reasons. First, it is 

almost impossible to know the electrical characteristics of the T connector and how it 

might affect the electrical network at this point in time. Second, the variant is very similar 

to the Traditional String variant if the T connector is neglected and the dynamic cable are 

assumed to have the same electrical features of the static power cable. Both variants have 

225 𝑚 of 11 𝑘𝑉 cable (refer Figure 8 and Figure 10) although 70𝑚 of the umbilical cable is 

rated only for the WEC in the String with T connector variant. Thus, the results of the 

Traditional String grid can be considered to be sufficiently indicative for the results of the 

String with T connector grid.   

So, there are five grids that need to be modelled: 

1. Stage 4 String variant for 0.25 𝑀𝑊 

The WEC connection scheme described for Stage 4 String in Section 3.2 is modelled 

in Figure 17. From the ratings of the components in Table 10, it can be seen that the 

transformer is rated for 0.315 𝑀𝑉𝐴 even though the WEC is rated at 0.25 𝑀𝑊. This 

is to account for the peaks in the power output. Similarly, the string cable also had 

to be overrated for the same reason.    

Table 10. Ratings of the Stage 4 String grid 

Component Ratings No. of units 

On-board transformer 0.315 𝑀𝑉𝐴, 0.4 𝑘𝑉/11 𝑘𝑉 1 

String cable N2XSEY 3 × 50 𝑚𝑚2, 11 𝑘𝑉, 0.5 𝑀𝑉𝐴 1 

Export cable N2XSYRGY 3 × 120 𝑚𝑚2, 11 𝑘𝑉, 3 𝑀𝑉𝐴 1 
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Figure 17. Electrical layout of the CorPower Stage 4 String grid 

2. Stage 4 Hub variant for 0.25 𝑀𝑊 

 

The electrical layout for the WEC connection scheme shown in Figure 12 is modelled 

in Figure 19 with the corresponding ratings in Table 11.  

 

An illustration of the overrating issue is seen in Figure 18. Here, the loading of the 

hub transformer is shown for two different ratings for the power profile of the high 

sea state. On the left is a transformer rated at 2.5 𝑀𝑉𝐴 and the ratings for the 

transformer on the right is 4 𝑀𝑉𝐴. The red line signifies 100 % loading and it is 

seen that the transformer on the right is completely under the 100 % limit except 

for some instants in the first 30 seconds. This period refers to the initial transients 

of the WEC and is not analysed in any of the simulations carried out. Therefore, the 

4 𝑀𝑉𝐴 transformer was chosen for the hub transformer to accommodate the peaks 

in the cumulative profile of the 2 𝑀𝑊 grid. Such an analysis was made for all the 

components in the electrical grids in this section, to decide on the nominal ratings.  

Table 11. Ratings of the Stage 4 Hub grid 

Component Ratings No. of units 

Hub transformer 4 𝑀𝑉𝐴, 0.4 𝑘𝑉/11 𝑘𝑉 1 

Dynamic cable N2XRY 3 × 240 𝑚𝑚2, 0.6/1 𝑘𝑉, 0.4 𝑀𝑉𝐴 1 

Export cable N2XSYRGY 3 × 120 𝑚𝑚2, 11 𝑘𝑉, 3 𝑀𝑉𝐴 1 

 

Figure 18. Loading level of two transformers: 2.5 MVA (left) and 4 MVA (right) 
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Figure 19. Electrical layout of the CorPower Stage 4 Hub grid 

3. Stage 5 String variant for 2 𝑀𝑊 

Table 12. Ratings of the Stage 5 String grid 

Component Ratings No. of units 

On-board transformer 0.315 𝑀𝑉𝐴, 0.4 𝑘𝑉/11 𝑘𝑉 8 

String cable N2XSEY 3 × 50 𝑚𝑚2, 11𝑘𝑉, 3 𝑀𝑉𝐴 8 

Export cable N2XSYRGY 3 × 120 𝑚𝑚2, 11𝑘𝑉, 3 𝑀𝑉𝐴 1 

 

 

Figure 20. Electrical layout of the CorPower Stage 5 String grid 
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Figure 21. Closer snapshot of the CorPower Stage 5 grid (with terminals) 

 

4. Stage 5 Hub variant for 2 𝑀𝑊 

 

Table 13. Ratings of the Stage 5 Hub grid 

Component Ratings No. of units 

Hub transformer 4 𝑀𝑉𝐴, 0.4 𝑘𝑉/11 𝑘𝑉 1 

Dynamic cable N2XRY 3 × 240 𝑚𝑚2, 0.6/1 𝑘𝑉, 0.5 𝑀𝑉𝐴 8 

Array cable N2XSEY 3 ∗ 50 𝑚𝑚2, 11 𝑘𝑉, 3 𝑀𝑉𝐴  1 

Export cable N2XSYRGY 3 × 120 𝑚𝑚2, 11 𝑘𝑉, 3 𝑀𝑉𝐴 1 
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Figure 22. Electrical layout of the CorPower Stage 5 Hub grid 

 

Figure 23. Closer snapshot of the CorPower Stage 5 grid (with terminals) 
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5. Stage 6 String for 10 𝑀𝑊 

Table 14. Ratings of the Stage 6 grid 

Component Ratings No. of units 

On-board transformer 0.315 𝑀𝑉𝐴, 0.4 𝑘𝑉/11 𝑘𝑉 40 

String cable N2XSEY 3 × 50 𝑚𝑚2, 11𝑘𝑉, 3 𝑀𝑉𝐴 40 

Export cable N2XSYRGY 3 × 240 𝑚𝑚2, 11 𝑘𝑉, 11.5 𝑀𝑉𝐴 1 

 

 

Figure 24. Electrical layout of the CorPower Stage 6 grid 

4.3 Modelling the output of a WEC 
All the WECs have been assumed to have generators with fully-rated power electronics 

converters allowing complete flexibility in terms of reactive power supply and thus the 

power factor of the output. The CorPower WECs implemented in the thesis have been 

presumed to operate at a constant power factor 0.98.  



 

43 
 
 

The ‘Static Generator’ model of PowerFactory has been used to model the device. The rated 

power was assigned as 0.25 𝑀𝑊 and the control scheme that was implemented for each of 

the WECs is shown in Figure 25. The control scheme was first used in the Doctoral Thesis 

[55] of Anne Blavette who is a researcher in the grid integration of wave energy and the 

same scheme has been adapted to this thesis with some minor changes.  

The static generators can be chosen to either act as current controlled current sources or 

voltage controlled current sources. For this thesis, static generators were modelled as 

current controlled sources and the input power profiles were accordingly converted to 

appropriate current references.   

As per the technical reference document for static generators [56] in DIgSILENT 

PowerFactory, the inputs for the static generators need to be direct and quadrature 

currents. These terms are derived from the three phase currents 𝑖𝑎, 𝑖𝑏 and 𝑖𝑐 respectively 

using the Park transformation,  

 [
𝑖𝑑

𝑖𝑞
] = [

cos (𝜑)

−sin (𝜑)

cos (𝜑 −
2𝜋
3 )

−sin (𝜑 −
2𝜋
3 )

cos (𝜑 +
2𝜋
3 )

−sin (𝜑 +
2𝜋
3 )

] [
𝑖𝑎

𝑖𝑏 
𝑖𝑐

] (4.3) 

Here, 𝑖𝑑 and 𝑖𝑞 are the direct and quadrature currents and 𝜑 is the angle between the direct 

axis and the axis of 𝑖𝑎.  

The other block used in the control scheme in Figure 25 is the ‘Voltage_Measurement’ block 

which measures the voltage of the static generator terminal in real and imaginary terms. 

The voltage terms 𝑣𝑟 and 𝑣𝑖 are used to define the real and imaginary current components, 

as shown below.  

 𝑆 = 𝑃𝑟𝑒𝑓 + 𝑗𝑄𝑟𝑒𝑓 = 𝑣𝑖∗ (4.4) 

 𝑆 = (𝑣𝑟 + 𝑗𝑣𝑖)(𝑖𝑟 − 𝑗𝑖𝑖) = 𝑣𝑟𝑖𝑟 + 𝑣𝑖𝑖𝑖 + (𝑣𝑖𝑖𝑟 − 𝑣𝑟𝑖𝑖) (4.5) 

Here, 𝑃𝑟𝑒𝑓 and 𝑄𝑟𝑒𝑓 refer to the active power and reactive power references derived from 

the input power profile. In Figure 25, 𝑃𝑟𝑒𝑓 is the signal from the ‘Active_power_profile’ block 

and this signal is used to attain the corresponding reactive power term 𝑄𝑟𝑒𝑓 from the 

‘Q_controller’ block using the afore mentioned power factor of 0.98. The active power 

profiles need to be provided in per unit values as inputs to the control scheme with the 

rated power of 0.25 𝑀𝑊 as the base value. Some of the values in the power profile are 

below 0.1 𝑝. 𝑢. especially in the lower sea states and these values are rounded to zero by 

the software when read from external files as per the default settings. In order to 

circumvent this limitation, the input power profiles are scaled by a factor of 10 and fed in 

to the ‘Active_power_profile’ block and then scaled back to the original values using the 

‘Correction_Factor’ block as seen in Figure 25. This is a major difference from the actual 

control scheme that was used in [55] and this adaptation has allowed the control scheme 

to be used for the CorPower devices.       

From Eq. 4.3 the real and imaginary currents can be expressed in terms of power references 

and voltage measurements as 
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 𝑖𝑟 =
𝑃𝑟𝑒𝑓

𝑣𝑟
−

𝑣𝑖

𝑣𝑟
2 + 𝑣𝑖

2 (
𝑣𝑖

𝑣𝑟
𝑃𝑟𝑒𝑓 − 𝑄𝑟𝑒𝑓) (4.6) 

 𝑖𝑖 =
𝑣𝑟

𝑣𝑟
2 + 𝑣𝑖

2 (
𝑣𝑖

𝑣𝑟
𝑃𝑟𝑒𝑓 − 𝑄𝑟𝑒𝑓) (4.7) 

From 𝑖𝑟 and 𝑖𝑖, the direct and quadrature currents can be derived as 

 𝑖𝑑 = 𝑖𝑟 cos(𝜑) + 𝑖𝑖 sin(𝜑) (4.8) 

 𝑖𝑞 = −𝑖𝑟 sin(𝜑) + 𝑖𝑖cos (𝜑) (4.9) 

In Figure 25, the ‘PLL’ block referring to a phase-locked loop, is used to measure the angle 

𝜑.  

 

Figure 25. Control scheme for static generator 

The input power profiles are obtained from the models of CorPower’s Simulink models 

and were provided by the company for three different sea states and based on the wave 

data of Bilia Croo. The three sea states are described in Section 2.2 and the durations of 

the power profiles are 30 minutes.   

4.4 Modelling the output of multiple devices in a wave farm 
Aggregation of devices can modelled in several different ways, some of which are found in 

[57]. One of the methods depicted in [57] refers to representing an entire farm using two 

equivalent generators with appropriate time-shifting between the generators whereas the 

other method refers to an equivalent generator representing the whole farm. In the paper, 

both the methods were shown to be unsatisfactory in terms of device aggregation and they 

do not seem suitable to this thesis as application of the either of the methods would prove 

difficult to assess the electrical parameters of the network between the devices.  

Another approach has been to apply multiple sets of random time-shifts (10 sets in the case 

of [58]) to multiple devices and to compare the results based on all the time-shifts. An 

average power along with a combination of three sinusoidal terms with random phase-

shifts applied to the terms to depict the aggregation effect is another method used in [55].  

Aggregation or time-shifting of multiple devices can be based on the inter-device distance 

and inter-device distance has been specified in the thesis as opposed to the case in similar 
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studies. Thus the time-shifting method based on inter-device distance and wave group 

velocity, which has been used in [59], has been adapted to the thesis. 

4.4.1 Applied aggregation method 
Let 𝐷 be the inter-device distance and 𝑣𝑔 be the wave group speed. Then the time delay 

Δ𝑇 corresponding to the delayed power profile can be expressed as, 

 Δ𝑇 =
𝐷

𝑣𝑔
 (4.10) 

The wave group velocity 𝑣𝑔 can defined using the energy period 𝑇𝑒 of a sea-state. 

 𝑣𝑔 =
𝑔𝑇𝑒

4𝜋
 (4.11) 

with 𝑔 as the acceleration constant at 9.81 𝑚𝑠−2. From the peak wave periods mentioned 

in Section 2.3, the energy period can be derived as  

 𝑇𝑒 = 𝛼𝑇𝑝 (4.12) 

Here 𝛼 = 0.9 is the value used in accordance with the assumption in [60] referring to a 

standard JONSWAP spectrum. This is a spectrum which corresponds to a peak-enhanced 

Pierson-Moskowitx spectrum and was developed through a joint research project called 

“Joint North Sea Wave Project”. It is an empirical relationship that defines the distribution 

of wave energy with the wave frequency in the ocean.  

4.4.2 Wave Direction 
The orientation of an array with respect to the dominant wave direction can be detrimental 

to the power output levels, power quality and consequently the impact on the grid. In 

addition to the multiple layouts analysed in the thesis, the inclusion of the two wave 

directions can provide cases which result in the worst power quality case and an alternative 

case.  

The wave direction is particularly relevant to the string layout as the time-shifting seen in 

the hub layout would be the same for both the wave directions, Wave A and Wave B. In 

the case of Wave A for the string layout of Stage 5 devices where the array is oriented 

perpendicularly to the wave direction, all the devices can be assumed to have the same 

power profiles temporally. More importantly, all the devices would be producing peaks at 

the same instant which leads to the worst case in terms of power quality. For the case of 

Wave B for the string layout of Stage 5 devices in Figure 26, the waves reach WEC 1 first 

followed by WEC 2 with a certain delay dependent on the inter-device distance. Thus, the 

power profile of WEC 2 is delayed by ΔT (defined in the previous section) and the trend 

continues with the subsequent devices from left to right. The time-shift of the power 

profiles is illustrated in Figure 27, where the power profiles for the WECs overlap with each 

other for the Wave A direction. Whereas for the Wave B direction, there are certain time 

delays between the power profiles with WEC 1 producing first, with WEC 2 following WEC 

1 and so forth.   
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Figure 26. Wave directions of the Stage 5 grid 

 

 

 

 

 

 

 

Figure 27. Power profiles of WECs for Stage 5 String grid - without time-shift (Wave A) and with 
time-shift (Wave B) 
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Figure 28. Wave directions for the Stage 5 Hub grid (WECs are numbered in clockwise direction 
starting from WEC on the left side)  

The two wave directions are defined for the case of the hub layout in Figure 28. The time-

shifts resulting from both the wave directions would be the same except for the direction 

of time-shifts. For instance, if the first WEC that Wave A strikes is numbered WEC 1, the 

next two devices WEC 2 and WEC 7 (assuming clockwise numbering) would be having a 

certain time-shift in their power profiles. Likewise, if the first device that Wave B strikes is 

numbered as WEC 1, the next two WECs would be having a certain time-shift with respect 

to WEC 1. Essentially, the effect on the cumulative power profile from the 2 𝑀𝑊 hub 

would be the same for both wave directions. Thus, it may not be useful to have both wave 

directions providing the same effect on the cumulative power profile.  

Besides, it may be beneficial to have a cumulative power profile that does not have any 

time-shifts between the WECs as was the case for Wave A in the string layout. This case 

also provides a benchmark worst-case scenario. Therefore, the Wave A direction for the 

hub layout is also assumed to not produce any time-shifts between the power profiles of 

the WECs. Whereas, the Wave B direction provides time-shifts naturally, with the first 

WEC that Wave B hits being assumed as WEC 1 and the WECs being numbered from WEC 

2 to WEC 8 in the clockwise direction.  

The effects of Wave A and Wave B on the power profiles are illustrated in Figure 29. All the 

power profiles have not been presented in the figure to ensure the time-shifts are clearly 

visible. As explained earlier, all the WECs have the same power profiles for Wave A 

direction whereas for Wave B direction, the power profile of WEC 1 is followed by WEC 2 

and WEC 3. 
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The impact of the wave directions on the Stage 6 (10 𝑀𝑊) grid is not as straightforward 

as the Stage 5 (2 𝑀𝑊) grids. In Figure 30, it can be seen that the WECs are numbered from 

WEC 1 to WEC 8 moving from left to right whereas the strings are numbered from String 

1 to String 5 from top to bottom. Also in the same figure, it is evident that Wave A strikes 

String 5 followed by String 4 and so on. This means that the power profiles of the strings 

are time-shifted with each of the WECs on a particular string having the same power 

profiles. This feature is better illustrated in Figure 31 where String 5 produces first followed 

by the subsequent strings. Whereas, the WECs of String 5 are shown to be having the same 

power profiles with no time-shift.      

On the other hand, the impact of Wave B is such that WEC 1 of all the strings would be 

struck first with all these WECs consequently having the same power profiles. These WECs 

are then followed WEC 2 of all the strings and so forth. Also, there are no time-shifts 

between the power profiles of the strings. The impact of Wave B on the power profiles is 

better illustrated in Figure 32 where there are no relative time-shifts between the strings 

but there is a presence of time-shifts between the WECs on the same string.  

 

 

 

Figure 29. Power profiles of WECs for Stage 5 Hub grid - without time-shift (assumed as Wave A) 
and with time-shift (Wave B) 
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Figure 30. Wave directions for the Stage 6 grid 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

10 Figure 31. Power profiles for the S6 grid - Wave A direction 



 

50 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 32. Power profiles for the S6 grid - Wave B direction 
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Chapter 5 - Network Efficiency 

The efficiency of the overall electrical networks of offshore wind farms has been estimated 

to be in the range of 96 % to 97 % as per the studies in [61], [62]. It can be a fair assumption 

to have similar targets for the electrical networks of wave farms as well although there are 

significant differences. From the perspective of the electrical architecture, some of the 

general differences between an offshore wind farm and a wave farm can be listed as: 

• The differences in typical ratings of offshore wind turbines and WECs (described 

further under Typical Power Ratings in Section 2.2). 

• Greater depth and offshore distance of wave farms when compared to offshore wind 

farms. This could entail greater export cable losses and greater costs specifically 

related to cabling and foundations if any. 

• The presence of dynamic subsea power cables which may or may not have greater 

losses and it is difficult to ascertain this definitively. Furthermore, they are also 

expected to have a certain premium in price.   

• Advanced connection and disconnection capabilities for WECs for operation and 

maintenance activities. Thus, the layouts and electrical interface equipment need 

to be optimised for this requirement. 

• Array and device spacing would be based on factors different than those of an 

offshore wind farm, some of which can be found in [63].  

• Standalone or integrated storage systems could be a viable option for wave farms 

based on the output of the particular WEC design (observed later in Chapter 6 -). 

Costs and losses associated with these systems would be an add-on as compared to 

those of an offshore wind farm. 

These differences may lead to certain differences in the performance of the electrical 

network of a wave farm. Thus, this chapter seeks to explore the network efficiency of these 

networks and see how the efficiency numbers turn out to be.  

5.1   Methodology 
The efficiency and loss analysis presented in this chapter utilises the electrical models of 

the all the network variants presented in Chapter 4 -. The losses across each of the 

modelled network components – cables (export, dynamic, string) and transformer have 

been measured using the RMS simulations performed in PowerFactory.  

• The cable losses were obtained for each instant of the 30-minute simulations that 

were performed. These losses were further analysed for the mean and maximum 

values.  

• The overall network losses (farm losses as referred in the figures) were calculated 

from the difference in power output at the PCC and the sum of the instantaneous 

production of each of the WECs. This difference was again analysed for mean and 

maximum values 
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• The transformer losses were calculated from the difference between the overall 

network losses and the cable losses. This was done as the switches used in the 

models were assumed to be ideal and were consequently lossless and the only other 

electrical component that had losses were the transformers 

• The above steps were carried out for the five grids presented in Section 4.2 

combined with all the sea-states and wave directions 

• The network efficiency of the grids for all the sea states and wave directions is 

calculated as follows. The power output at the PCC is taken as a percentage of the 

sum of power output at all the WECs (i.e. power fed into the network) in the grid, 

for each second. The average of this efficiency is across the 30-minute duration is 

calculated for every case.    

The average output for each case was calculated across the 30-minute duration for the 

summation of the instantaneous outputs of the WECs. For example, the average output of 

the farm in low sea state for the Stage 5 String grid with the Wave A direction was found 

to be 177.74 𝑘𝑊. Thereafter, all the calculated losses were also presented as a proportion 

of the average output of the corresponding cases presented in Table 15. This has been done 

to give a better representation of the losses with respect to the corresponding case of sea 

state and wave direction. 

Table 15. Average output of the network variants for all sea states and wave directions 

Network 
Type 

Low Sea State Medium Sea State High Sea State 

Wave A 
(𝑘𝑊) 

Wave B 
(𝑘𝑊) 

Wave A 
(𝑘𝑊) 

Wave B 
(𝑘𝑊) 

Wave A 
(𝑘𝑊) 

Wave B 
(𝑘𝑊) 

Stage 
5 

String 177.74 177.60 742.46 742.91 1266.43 1264.90 
Hub 177.95 177.45 742.45 743.41 1265.21 1265.29 

Stage 6 888.69 889.11 3717.82 3717.80 6329.09 6328.74 

 

5.2 Stage 5 (2 MW) grids 
5.2.1 Results 
The methodology presented in Section 5.1 was applied to the Stage 5 grids and the results 

of the analysis are presented in this section. For the figures presented in this section, 

particular attention needs to be drawn to the scales of the plots on the component losses 

as each of the figures may have different scales.  

Stage 5 Hub 
As has been mentioned in Section 2.3., Wave A for Stage 5 Hub refers to no time-shifting 

between the devices. Thus, the results in Figure 33 refer to a benchmark worst-case scenario 

and they have been included only to provide reference for the other results.  

In Table 16, the losses for Wave A correspond to the worst-case scenario whereas Wave B 

refers to a more practical scenario and the trend of values shown in the table applies to all 

sea states but only the high sea-state values have been represented numerically here. It 

can be seen that the maximum losses show a significant drop from Wave A to Wave B as 
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a result of WECs producing peak power at different time-instants with Wave B. This 

explanation largely holds true for the transformer and export cable losses. For the dynamic 

cable losses, the reduction is caused more due to the reduction in peak voltage values 

during high power output levels as would be seen in Section 6.5. Over the three network 

components and the farm losses, the maximum losses seem to have an average reduction 

of 38.3 % with time-shifting for the high sea state.  

An issue with the dynamic cable losses that needs to be mentioned is the very high 

maximum losses that are observed (refer Table 16 and Figure 34). For this matter, it makes 

sense to only consider Wave B direction as that is the more realistic case. In Figure 34, it 

can be seen that the maximum losses of the dynamic cable as a percentage of the average 

farm output range from 3.5 % to 8.5 %. In terms of kilowatts, the losses range from 6 𝑘𝑊 

to 107 𝑘𝑊. When the losses are divided across the 8 cables, the maximum losses are 

13.38 𝑘𝑊 for one cable and this level of losses across a dynamic subsea power cable may 

pose challenges not encountered in subsea cables before. Also, this magnitude of losses 

evidently manifests in significant voltage drops (refer Section 6.5) or vice-versa.     

Another trend that needs attention is the maximum to mean ratio. A favourable value of 

this ratio would entail greater ease in finding components with standard nominal ratings. 

It also needs to be understood that the losses seen in the electrical components have peak 

values occurring frequently. In other words, peak losses are seen greater number of times 

than the average electrical component would face fault-level losses. Thus, the electrical 

components in a wave farm need to be rated to include the peak losses under normal 

operation ratings.  

Table 16. Network losses for Stage 5 Hub grid in the high sea state (Note: Wave A here refers to no time-

shift) 

 

 

 

 

 

 

 

Stage 5 String 
For the Stage 5 String grids, Wave A and Wave B actually refer to wave directions as was 

earlier mentioned with the definition of the wave directions. But due to the particular 

orientation of the Stage 5 String layout to Wave A, there is no time-shifting of the devices 

power profiles that can be observed. 

Network 
Component 

Wave Direction Mean Maximum 

Transformer  
Wave A 9.49 𝑘𝑊 39.53 𝑘𝑊 

Wave B 8.42 𝑘𝑊 25.47 𝑘𝑊 

Dynamic cables  
Wave A 26.58 𝑘𝑊 175.11 𝑘𝑊 

Wave B 27.11 𝑘𝑊 106.78 𝑘𝑊 

Export cable  
Wave A 11.67 𝑘𝑊 76.63 𝑘𝑊 

Wave B 9.33 𝑘𝑊 46.15 𝑘𝑊 

Overall farm 
Wave A 49.09 𝑘𝑊 300.23 𝑘𝑊 

Wave B 45.93 𝑘𝑊 183.51 𝑘𝑊 
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Like the case with Stage 5 Hub results, only the losses sustained during the high sea-state 

have been represented in Table 17. Due to the difference in architecture between the 

variants, direct comparisons on the component losses cannot be made between Stage 5 

Hub and Stage 5 String. But, the common feature in the variants is the export cable and 

there are marginal reductions in the mean losses for both the wave directions in Stage 5 

String as compared to Stage 5 Hub. More importantly, there is a 45 % reduction in 

maximum losses of for Wave B direction implying a smaller operating range for the export 

cable in the Stage 5 String-Wave B case. 

Table 17. Network losses for Stage 5 String grid in the high sea state 

 

 

 

 

 

 

 

As for the effect of time-shifting caused by Wave B, there are pronounced reductions in 

the maximum losses for all the components and the overall farm, with an average 

reduction of 61.62 % from Wave A to Wave B. The cause of the reduction again involves 

the devices producing peaks in power output at different time instants in Wave B unlike 

the case for Wave A. Besides, the matter of high maximum to mean ratio holds true for the 

Stage 5 String grid as well.   

Network 
Component 

Wave Direction Mean Maximum 

Transformers 
Wave A 17.72 𝑘𝑊 65.01 𝑘𝑊 

Wave B 17.91 𝑘𝑊 31.61 𝑘𝑊 

String cables 
Wave A 5.21 𝑘𝑊 35.23 𝑘𝑊 

Wave B 3.98 𝑘𝑊 12.91 𝑘𝑊 

Export cable  
Wave A 12.16 𝑘𝑊 82.09 𝑘𝑊 

Wave B 9.19 𝑘𝑊 25.18 𝑘𝑊 

Overall farm  
Wave A 35.08 𝑘𝑊 182.34 𝑘𝑊 

Wave B 30.99 𝑘𝑊 68.25 𝑘𝑊 
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Figure 33. Losses across network components for Stage 5 Hub - Wave A 



 

56 
 
 

 

 

 
 

 

 

0

50

100

150

200

Mean Max

Lo
ss

es
 (

kW
)

Transformer Losses (kW)

0%

5%

10%

15%

20%

Mean Max

%
 o

f 
fa

rm
 o

u
tp

u
t

Transformer Losses (%)

0

50

100

150

200

Mean % of farm output

Lo
ss

es
 (

kW
)

Dynamic Cable Losses (kW)

0%

5%

10%

15%

20%

Mean Max

%
 o

f 
fa

rm
 o

u
tp

u
t

Dynamic Cable Losses (%)

0

50

100

150

200

Mean Max

Lo
ss

es
 (

kW
)

Export Cable Losses (kW)

0%

5%

10%

15%

20%

Mean Max

%
 o

f 
fa

rm
 o

u
tp

u
t

Export Cable Losses (%)

0

50

100

150

200

Mean Max

Lo
ss

es
 (

kW
)

Farm Losses (kW)

Low Sea State Medium Sea State High Sea State

0%

5%

10%

15%

20%

Mean Max

%
 o

f 
fa

rm
 o

u
tp

u
t

Farm Losses (%)

Low Sea State Medium Sea State High Sea State

Figure 34. Losses of network components for Stage 5 Hub - Wave B 
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Figure 35. Losses across network components for Stage 5 String - Wave A 
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Figure 36. Losses across network components for Stage 5 String - Wave B 
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Mean Efficiency     
According to Figure 37, the Stage 5 network variants have varying efficiencies across 

different sea states. Stage 5 String performs better in medium and high sea states as 

compared to the low sea state which has markedly lower efficiency. As for the Stage 5 Hub 

grid in Wave B (the realistic case), the network has the better efficiency across the low and 

medium sea states whereas it produces at a slightly lower efficiency for the high sea state.   

This brings into question the actual occurrence rates of the sea states at the chosen 

location. This is an important design factor that is considered for building the WEC but it 

is also important to see how the electrical network performs with the occurrence rates 

incorporated. In this regard, the mean efficiency of the network is calculated by assuming 

that only the three sea states are present at the location. Then the occurrence rates of the 

respective sea states from the scatter diagram of the sea states of the location, are used to 

derive the relative occurrence rates considering the earlier assumption. 

Table 18. Mean efficiency for Stage 5 grids 

Sea 

state 

Relative 

occurrence 

rate 

S5 String S5 Hub 
Wave A Mean 

Efficiency 

Wave B Mean 

Efficiency 

Wave A Mean 

Efficiency 

Wave B Mean 

Efficiency 

Low sea 

state 
50.25% 94.25% 

95.80% 

94.42% 

95.88% 

96.78% 

96.70% 

96.94% 

96.90% 
Medium 

sea state 
21.95% 97.48% 97.07% 97.22% 97.42% 

High 

sea state 
27.80% 97.23% 97.55% 96.12% 96.37% 
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Figure 37. Efficiency comparison of the Stage 5 grids across sea-states 
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Figure 41. Loss breakdown across network for Stage 5 Hub - Wave B 

Figure 39. Loss breakdown across network for Stage 5 String - Wave A 

Figure 40. Loss breakdown across network for Stage 5 String - Wave B 
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Distribution of losses 
For the Stage 5 Hub grid, the transformer forms the predominant share of the losses in the 

low sea state with an average value of 75 % across wave directions. This share drops to 

29 % and 19 % for the subsequent sea states for both the wave directions. The high share 

of transformer losses in the low sea state is caused by the low average output of the WECs 

in this sea state. As a result, the overall farm losses which otherwise includes the cable 

losses are on the lower side thus bringing the no-load losses of the transformer into 

significance. This can also be seen in the low values of the network losses for the low sea 

state, in Figure 33 and Figure 34 and in the actual farm output for the low sea state, in Table 

15.  

In other ways, there is a 4% drop in the share of export cable from Wave A to Wave B and 

the reasoning for this effect was discussed earlier in this section. As for actual numbers, 

roughly 50 % of the losses in medium and high sea states correspond to dynamic cable 

losses and the significance of this has been described above and is also addressed in the 

next section. 

Moving to the Stage 5 String grid, an overwhelming share of the losses in the low sea state 

belong to the 8 transformers on-board each of the WECs. Even for the other sea states, the 

shares are 70 % and 54 % across the wave directions. Apart from that, the effect of the 

wave direction on the cable losses are evident in the drop of export cable share by 5 % to 

6 % and by 2 % for the string cable share. This drop is seen from Wave A to Wave B and 

the reasoning for this effect was also explained above.  

5.2.2 Conclusions and Discussion for Stage 5 (2 MW) grids 
High maximum-mean ratio of losses (or alternatively operating range) results in having 

nominal ratings for components that are significantly greater than the average value. Some 

implications of this issue are: 

• As components have an operational range extending to greater levels, the fault 

level ratings would consequently have to be greater 

• Greater protection and isolation capacities are required for the electrical network  

• Direct effects on the capital costs of components due to dependence of prices on 

nominal and fault ratings 

An instance of this ‘overrating’ issue is seen in the rating of the transformer for the Stage 

5 Hub grid. Although the average output levels of the Stage 5 grid is 2 𝑀𝑊, the transformer 

was rated at 4 𝑀𝑉𝐴 to account for the greater operating range and peak losses. A further 

impediment to solving the issue could be the limited variety of ratings of standard 

components and the applicability of off-the-shelf (OTS) designs to the electrical network 

of a wave farm. A solution to this would be to have bespoke solutions designed for the 

wave farm, but this approach naturally entails greater costs. Therefore, the issue of 

electrical component ratings needs to be investigated along with the aspects of economic 

feasibility and commercial availability.        
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The relevance of wave direction (the prominent wave direction in reality) needs to be 

stressed for the Stage 5 String grids. It bears reiteration that wave direction does not cause 

any differences on the power profiles of the Stage 5 Hub grid. Wave A results for this 

network variant have been included only to be used as a benchmark and to highlight the 

effects of time-shifting. But for the Stage 5 String grid, there are significant reduction in 

maximum loss values with the Wave B direction as compared to Wave A. This also has 

implications for the nominal ratings of components as discussed earlier in this section and 

thus the prominent wave direction of the location carries notable importance for the 

performance and ratings of the electrical network.   

The importance of sea-state occurrence is another location-dependent factor that was 

observed. To put the dependence of the network performance on the sea states in 

perspective, the Mean Efficiency was derived. This efficiency weighs the network efficiency 

based on the occurrence rate of the sea states and gives a performance metric that negates 

the need to compare the efficiency across each sea state individually. The inference again 

is that network efficiency is reasonably dependent on the location of the wave site.  

The maximum losses across the dynamic cables in the Stage 5 Hub grid were shown to be 

significantly high. This magnitude of maximum losses also translates to high voltage levels 

(as seen later in Section 6.5) and possibly high fault currents. The matter needs to be seen 

from the perspective that the dynamic cable is rated for 0.4 𝑘𝑉, peak rating of the WEC 

and has a C.S.A of 240 𝑚𝑚2. Such a thick cable combined with the power rating on the LV 

level might make it difficult to ever be designed commercially and if it ever was, there 

would be questions on the TRL and uncertainty on the costs. This feature alone may render 

the Stage 5 Hub grid unfeasible in its current form. The doubts on TRL and costs of such 

‘dynamic’ power cables have also been included as a factor into making the choice for the 

Stage 6 grid. There are concerns with the voltage drop across the dynamic cables and these 

are highlighted later, in page 83.      

Due to the differences in network architecture, a direct comparison of the Stage 5 Hub 

and String grids based only on costs and efficiency may not be suitable and inclusive of all 

the inherent factors and differences (such as the thick ‘dynamic’ power cable). Thus, a 

decision matrix that rates the variants from 1 to 5 on different criteria was developed and 

is presented in the next section.  

5.2.3 Choice of network type for Stage 6 (10 MW) farm 
After the analysis of the Stage 5 grids, it was believed that the network type to be used for 

the 10 𝑀𝑊 farm needs to be chosen on the basis of all the scrutinized criteria. Therefore, 

each of the criteria were scaled from 1 to 5 with each value referring to a certain definition 

for the criteria (refer Table 19). The definition for each of the points on the scale was 

decided based on requirements made in consultation with CorPower Ocean. Thereafter, 

the scales of the criteria were applied to each of the components (which have been 

described in Section 3.4) across the three Stage 5 network variants.  
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For the cost uncertainty score, each of the components is assigned a score based on the 

definitions described above. Then the score for a variant is derived by adding the weighted 

components score wherein the components scores are weighed by the share of the 

component in the total CAPEX for the respective variant. As for the TRL, each of the 

components are assigned a TRL score according to the afore-mentioned scale. Then the 

TRL score for the network derived is assumed to be equal to the minimum TRL score across 

the components of the respective variant. For the efficiency criteria, the estimated mean 

efficiency derived in Section Mean Efficiency is checked against the afore-mentioned scale 

after which the variants are assigned the appropriate points. The described calculations 

can be seen in the following tables.   
 

Table 20. Cost uncertainty and TRL calculation for Stage 5 Traditional String variant 

Component CAPEX Share  Cost Uncertainty TRL 

Transformers 1.50% 5 5 
Subsea connectors 38.60% 3 4 
Export cable 34.20% 5 5 
String cables 17.72% 4 4 
Connector for string 7.98% 5 5 

Total 100% 𝟒 𝟒 

 

Table 21. Cost uncertainty and TRL calculation for Stage 5 String with T connector variant 

Component CAPEX Share  Cost Uncertainty TRL 

Transformers 1.42% 5 5 

Subsea connectors 9.83% 3 4 

T connectors 42.12% 1 1 

Export cable 32.34% 5 5 

Umbilical cables 3.31% 4 4 

Static power cables 9.33% 4 5 

String cable 1.66% 4 4 

Connector for string 7.55% 5 5 

Total 100% 𝟑 𝟏 
 

Criteria 

Score 

Range of TRL 

(component/network) 

Range of mean 

efficiency 

Cost Uncertainty (for 

component) 

5 8 − 9 > 98,5% 0 − 30% of stated cost 

4 6 − 7 97 − 98,5% 30 − 60% of stated cost 

3 4 − 5 93 − 97% 60 − 100% of stated cost 

2 2 − 3 90 − 93% 100 − 200% of stated cost 

1 0 − 1 < 90% > 200% of stated cost 

 

  

Table 19. Comparison scales for different criteria 
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Table 22. Cost uncertainty and TRL calculation for Stage 5 Hub variant 

Component CAPEX Share  Cost Uncertainty TRL 

Subsea connectors 9.65% 3 4 
Export cable 31.76% 5 5 
Dynamic power cables 41.36% 2 2 
Floating hub 17.23% 1 3 

Total 100% 𝟑 𝟐 

Each of the criteria was assigned a certain importance weight to signify the importance of 

each of criteria in the overall comparison. The criteria score for a variant is weighed with 

this importance weight and the total points of the variants are obtained by summing up 

the weighed criteria score across all the criteria. The Decision Matrix illustrating the values 

is seen in Table 23. 

Table 23. Decision Matrix for Stage 5 network variants 

  CAPEX Cost Uncertainty TRL  Farm Efficiency Total 

Importance Weight 5 3 4 2 70 

Traditional String 2 4 4 3 44 

String with T connector 2 3 1 3 30 

Floating Hub 2 3 2 3 33 

 

Colour Scale Meaning Numerical Scale 

 

Rank on scale 1 - 5 

 

Impact of criteria 1 - 5 

 

As can be seen from the Decision Matrix, the Traditional String variant scores 44 points 

out of a maximum of 70. This is followed by the Floating Hub variant and then the String 

with T connector variant. Thus, the Stage 6 grid was developed as a derivative of the Stage 

5 Traditional String variant leading to the models seen in Section 3.5 and Section 4.2. The 

Decision Matrix shown here has been developed only for application in this study but it 

can potentially be used with more criteria and varying importance weights as per the 

application.      

5.3 Stage 6 (10 MW) farm 
5.3.1 Results 
The methodology presented earlier in the chapter was applied to the Stage 6 grid and the 

obtained results are presented in this section. A critical difference with the Stage 5 grids is 

the significance of the wave directions. In the case of Stage 6 grids, both the wave 

directions cause time-shifting albeit in different ways. As described earlier (see Section 

2.3.), Wave A is said to cause time-shifting between the rows starting from String 5 to 

String 1 whereas Wave B causes time-shifting between the devices starting from WEC 1 to 
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WEC 8 in each of the rows. Thus, the difference in the effects of wave direction on the 

Stage 6 grid are not as simple as before. 

Coming to the results in Table 25, Wave B causes a reduction in maximum losses for the 

string cables and export cable and partly for the transformers. But, when the reduction is 

weighed for an individual component (transformers and string cables are present for each 

device), then the reduction is rather minimal.   

As for the export cable, Wave B produces lower mean and maximum losses than Wave A. 

This can be attributed to the fact that for Wave B, the effect of time-shifting has proven to 

be more effective than for Wave A in reducing the peaks in the overall output of the farm. 

This effect when accumulated across all the peaks through the 30-minute duration has 

caused a significant influence on the maximum loss values of the export cable. This is 

corroborated by the maximum-mean ratio of the power output at the PCC. For Wave A, 

the ratio was found to be 1.95 whereas the ratio for Wave B was 1.77.  

Table 24. Maximum-mean ratio of total output from the Stage 6 (10 MW) grid for the high sea state  

Wave direction Maximum Mean Ratio 

Wave A 11.90 𝑀𝑊 6.113 𝑀𝑊 1.95 

Wave B 10.61 𝑀𝑊 6.118 𝑀𝑊 1.77 

 

For the overall farm losses, the reduction in mean losses is less whereas the decrease in 

maximum losses is significant owing mainly to the influence of the export cable. The effect 

of the maximum-mean ratio of the farm output shown in Table 24 can be sighted as a major 

influence on the overall losses. In Table 24, the mean farm output was found to be the same 

for both the wave directions. Consequently, the mean losses for both the wave directions 

remain approximately the same although there is a decrease of 78.57 𝑘𝑊 in the overall 

maximum losses corresponding to the decrease in overall maximum output of the farm for 

Wave B.      

Coming to the maximum-mean ratio of the losses, the implications are not as 

straightforward as for the Stage 5 grid. Here, the losses presented in Table 25 for the 

transformers and the string cables are for 40 units in total. And there is the presence of 

varying modes of time-shifting between the wave directions. Both these factors along with 

only a singular improvement in the ratio only for transformers in Wave B makes it difficult 

to draw conclusions based on the maximum-mean ratio. The only definitive result in this 

regard is the lower maximum-mean ratio for the export cable in Wave B and the reasoning 

for this effect was explained earlier.     
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Table 25. Network losses for Stage 6 grid in the high sea state 

 

 

 

 

 

 

 

 

Network 
Component 

Wave Direction Mean Maximum 

Transformers  
Wave A 90.40 𝑘𝑊 154 𝑘𝑊 

Wave B 90.60 𝑘𝑊 151.2 𝑘𝑊 

String cables  
Wave A 23.69 𝑘𝑊 62.28 𝑘𝑊 

Wave B 17.79 𝑘𝑊 55.49 𝑘𝑊 

Export cable  
Wave A 102.53 𝑘𝑊 334.1 𝑘𝑊 

Wave B 101.28 𝑘𝑊 269.9 𝑘𝑊 

Overall farm 
Wave A 216,6 𝑘𝑊 545,22 𝑘𝑊 

Wave B 209.7 𝑘𝑊 466.65 𝑘𝑊 
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Figure 42. Losses across network components for S6 - Wave A 
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Figure 43. Losses across network components for S6 - Wave B 
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Mean Efficiency 
Like the case of Stage 5 String performance seen in Figure 37, the Stage 6 grid which is a 

derivative of the former network variant provides the lowest efficiency in the low sea state 

as seen in Figure 44. Whereas, the best efficiency is seen for the medium sea state and the 

next best efficiency is seen in the high sea state. As for the effects of the wave direction, 

there are minimal differences in the efficiency numbers with the grid performing 

marginally better in the Wave B direction.  

The reason for calculating the mean efficiency of the wave farm has already been presented 

above. The same occurrence rates of the sea states introduced in Table 18 have been 

assumed for the Stage 6 grid.  

Table 26. Mean efficiency for the Stage 6 grid 

Sea 

state 

Relative 

occurrence 

rate 

S6 
Wave A Mean Efficiency Wave B Mean Efficiency 

Low sea 

state 
50.25% 94.10% 

95.44% 

94.17% 

95.52% 
Medium 

sea state 
21.95% 97.02% 97.10% 

High 

sea state 
27.80% 96.58% 96.69% 
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Distribution of losses 
For the Stage 6 grid, the transformer forms the predominant share of the losses in the low 

sea state with an average value of 93.5 % across wave directions. This share drops to 59 % 

and 42.5 % for the subsequent sea states for both the wave directions. The high share of 

transformer losses in the low sea state is caused by the low average output of the WECs in 

this sea state as compared to the other sea states (refer Table 15). As a result, the overall 

farm losses which otherwise includes the cable losses are on the lower side thus bringing 

the no-load losses of the transformer into significance. 

What is important to note is the minimal effect of the wave direction on the loss 

distribution. For reference, the corresponding plots for Stage 5 String in Figure 39 can be 

compared with the above figures. This indicates the robustness of the grid to wave 

direction in terms of loss distribution. Another inference is that with greater size of the 

farm, the loss distribution is not significantly dependent on the wave direction.  

As for the increase in share of cable losses with the higher sea states, the reasoning is the 

greater farm output of the sea states and the subsequent dependence of the cable losses 

on the square of the current value (Joule’s law) which indirectly depends on the power 

output.     
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Figure 46. Loss breakdown across network for S6 - Wave A 

Figure 45. Loss breakdown across network for S6 - Wave B 
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5.3.2 Conclusions and Discussion for the Stage 6 grid 
One recurring observation for all the analysed grids is the high share of the transformer 

losses in the low sea state. For instance, in the case of Wave B for the Stage 6 grid the 

transformer losses were 5.5 % and 6.5 % as mean and maximum losses when seen as 

percentage of the average farm output (refer Figure 43). While for the medium and high 

sea states, the corresponding values are 1.75 % and 2.25 %; and 1.4 % and 2.4 %. This 

trend of high transformer losses in the low sea state occurs as the transformer is forced to 

run at low loading levels in this sea state sometimes bringing in the no-load losses into 

significance with respect to the overall losses.    

Thereafter, the issue of overrating continues for the Stage 6 grid as well and an example of 

this is seen in the rating of the export cable. As seen in Table 24, the maximum value for 

the farm output was 11.90 𝑀𝑊 although the ‘rating’ of the farm is 10 𝑀𝑊. Thus, to cover 

the excess power output, the export cable needs to be rated at a higher level even though 

the farm power peaks may occur only a few times in a year. This highlight the need for 

control mechanisms on the farm level so as to keep the power output and consequently 

power quality under limits.    

Another issue this matter brings into focus is the convention of the power rating of the 

WEC. For the Stage 6 grid, the value of 10 𝑀𝑊 is obtained by assuming the WEC rating as 

250 KW, as has been done for the overall thesis. But for the ‘10 𝑀𝑊’ farm, the average 

output in the high sea state was 6.11 𝑀𝑊 and the maximum output goes up to 11.90 𝑀𝑊. 

Thus, there is scope for a mismatch between the ‘farm rating’ and the actual output of the 

farm. It needs to be noted that this issue has been highlighted in other work in literature 

and is well-known in wave energy research. One way to mitigate this mismatch is to more 

‘accurately’ or ‘appropriately’ decide on the rating of the WEC. Another way could be to 

limit the peaks of the WEC power output to a certain level wherein the effects of the 

excessive power peaks do not have an effect on the associated electrical component 

ratings, both inside the WEC and in the electrical network. Alternatively, this method can 

be called as ‘peak-shaving’. 

Like the case with the Stage 5 grids, the wave direction seems to hold reasonable influence 

on the maximum losses of the electrical components although the impact on the network 

efficiency was found to be minimal. As for the influence of sea states, the Stage 6 grid was 

found to have the best efficiency for the medium sea state followed by the high and low 

sea states. As mentioned in the conclusions for the Stage 5 grids, sea state occurrence 

rates/scatter plot are going to be crucially important for understanding the overall 

efficiency of the network. But for a simpler understanding of the occurrence rates of the 

sea states, the annual mean efficiency was derived to contextualize the efficiency across 

the sea states.   
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Chapter 6 - Grid Integration Analysis of Voltage 

This chapter aims to survey all the relevant research work done in the analysis of the grid 

integration of wave energy and establish the scope of the thesis in the current landscape 

of the particular research area. Thereafter, the requirements of the power system 

parameters such as voltage levels, flicker, and voltage step are analysed in relation to the 

grid code requirements and EMEC standards. This is done simultaneously with applying 

the relevant power quality limits on the corresponding results of the Stage 5 and Stage 6 

grids and deriving appropriate conclusions from them.    

The output data of the WEC used in the thesis is based on the EMEC test site located in 

Orkney, Scotland. As per the website of the ‘The Distribution Code of Licensed 

Distribution Network Operators of Great Britain’[64], the Distribution Network Operator 

(DNO) that governs the respective area of Orkney is Scottish and Southern Electricity 

Networks (SSE) and the corresponding grid code that is applicable on the distribution level 

is the GB Distribution Code.  

For the approval of connection of a marine energy device to EMEC facilities, the developer 

is required to provide a load flow and power quality report as per requirements of 

connection guidelines to the EMEC Test Site [65], that includes: 

• Load flow 

• Reactive capability 

• Voltage Stability 

• Voltage Transients 

• Transformer energisation/motor starting 

• Voltage Balance 

• Harmonics 

This thesis looks into the voltage transients which is represented by the voltage step 

analysis (refer Section 6.4), and the voltage stability which is represented by the 

investigation of compliance to operational voltage limits (refer Section 6.5). The flicker 

analysis (refer Section 6.6) can also be categorised under the voltage stability criteria as it 

deals with rapid voltage fluctuations. All the mentioned analysis are performed with the 

inclusion of an initial load flow to get the initial values for the RMS simulation which is 

subsequently performed. As for the reactive capability, the CorPower WECs are assumed 

to have adequate reactive capability to produce output power at a constant power factor 

of 0.98. All though this does not account for the required reactive capability assessment at 

the PCC as mandated by the EMEC regulations, this is the optimal analysis that can be 

performed until the reactive capabilities of the WECs are accurately charted in the future.  

Analysis of transformer energisation is not possible at this point in time as the initial 

transients of the WEC output is not considered as mentioned in Section 4.3. As for the 

voltage balance and harmonics, further information about the present power quality at the 
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Orkney grid’s PCC apart from a deeper analysis of the CorPower electrical networks may 

be required.        

As devices of multiple developers could be connected to the test site at any point in time, 

the cumulative power quality effects of the devices are what will be measured at the 

onshore busbar in reality. At the same time, in the event of suspected non-compliance of 

a single developer, tests would be conducted by connecting to the system, only one 

developer at a time [66]. Thus, it can be deemed safer to assess the power quality of a single 

developer which in this case is CorPower Ocean, and this is the strategy that has been 

adopted in this thesis.    

6.1 Literature of Grid Integration Studies 
This section looks to explore the current research landscape in the field of grid integration 

of wave energy and tries to establish how the thesis builds on and adds to the existing 

knowledge.   

Case studies of grid integration of small arrays of WECs in the locations of bimep in the 

Basque Country and the Belmullet test site in Ireland have been performed to assess 

integration in the distribution networks of the respective locations [4]. In the case of the 

Spanish study, the outputs of two types of WECs namely the attenuator and point absorber 

types were considered using general hydrodynamic models based on linear wave theory 

[67]. Thus, the outputs of the WECs in this study were generic in nature by not resembling 

the dynamics of the actual output of a WEC. The output power profiles of the WECs in the 

Irish study [68] consist of an average power combined with three sinusoidal terms. Random 

sets of phase shifts were applied to these terms belonging to multiple generators to 

resemble the shifting output of multiple devices with respect to a reference device. In 

terms of the spacing between the devices, every type of WEC has distinctive properties of 

inter-device interaction of the wave energy resource. The consequent effects of spacing 

between devices on voltage flicker have been captured in [69].     

Armstrong et al [70] modelled two cases of hypothetical wave farms of OWC devices and 

generic heaving buoys connected to the proposed Pacific Marine Energy Center – South 

Energy Test Site (PMEC-SETS) connected to the grid located in Oregon. In this study, the 

extent of harmonics injection was studied apart from the criterion of voltage limits, flicker 

and low voltage ride-through (LVRT) that have otherwise been usually studied in this field. 

On the other hand, voltage control and reactive power compensation of a generic 16 𝑀𝑊 

wave farm at Wave Hub were analysed in [71]. 

Another area of study developing in literature has been the effects of control on wave 

energy integration. This thesis does not deal with the control of an individual device or of 

a wave farm but it needs to be acknowledged that application of control methods on the 

work presented in the thesis can prove very beneficial in the future. In [72], individual 

control electrical strategies based on the type of device including OWC, attenuator and 

overtopping device have been reviewed whereas the study in [73] evaluates control 

strategies for a point absorber WEC given the efficiency of the particular device. But these 
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methods may not be adequate as the control strategy needs to accommodate multiple 

devices to achieve grid compliance of a wave farm. For the effects of control beyond a 

single device, the case study in [74] investigates and compares the effects of device and 

grid-side control. As one of the deliverables of the DTOcean project [75], one of the 

ongoing projects looks into optimised array control approaches for marine energy devices.    

6.2 Standards used to check Grid Code Compliance   
As is the case for wind energy in some countries, there are no exceptional grid code 

regulations for wave energy at this point in time. The application of some European grid 

codes to wave energy is explored and described by some of the work of the MARINET 

project [76], [77]. It is expected that with the continual development of IEC TC 114 since 

2008 along with similar development of other standards, regulations that are more specific 

to wave and tidal energy will be established.  

Grid code regulations applied differently to early wind farms based on certain rules. For 

instance, early wind farms were permitted to disconnect from the grid in the event of a 

fault as the farms did not have the capability to ride through the fault event. But as the 

penetration of wind energy increased in the generation composition, it became difficult to 

allow wind farms to disconnect as it resulted in supply-demand imbalance and subsequent 

grid instability including frequency drops and in worst cases leading to local blackouts. 

Hence, wind farms were mandated to attain fault ride through capability starting from the 

mid-2000’𝑠. This development started from countries with high wind penetration and is 

now a general requirement across all relevant grid codes. Furthermore, in some countries 

like Germany, Spain and Denmark wind farms are expected to supply reactive current to 

contribute to voltage control and help contain the geographical low voltage area caused 

by the fault [77], [78]. It is thus a reasonable expectation that future commercial wave farms 

would be expected to adapt similar capabilities as contemporary wind farms.  

The results of the wave farm models developed in this thesis were tested for compliance 

to the UK Distribution Code [64]. In particular, the adherence to voltage step limits, 

voltage limits as well as flicker have been investigated. In addition to the Distribution 

Code, the Engineering Recommendation (EREC) G59 [53] which is intended to provide 

guidance to Generators and DNOs about the technical requirements for connection of 

Generating Plant to the Distribution System was also referred. Another set of privileged 

guidance documents that have been consulted are the EMEC electrical connection 

documents that provide some specific guidelines for the connection of wave energy 

developers to the EMEC facilities.  

6.3 Storage Integration for the Stage 6 grid 
As mentioned in the Introduction this thesis was part of a group of projects taking place 

simultaneously. One of these projects related to analysing the effects of storage on 

smoothing the power output of the CorPower WEC. A common method of simulating 

storage on WEC output has been to apply smoothing periods [74]. Some of the results of 

this project indicated that smoothing periods of 25 𝑠 and 60 𝑠 may be more suitable to the 
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CorPower WEC. It needs to be noted that the primary focus of the project was to analyse 

the effects on a number of CorPower WECs ranging from 1 to 10.  

In this regard, it could prove interesting to see how storage integration with these 

smoothing periods may affect the results of the Stage 6 grid, rated at 10 𝑀𝑊 and 

corresponding to 40 devices. Storage integration has been performed only for the high sea 

state for the Stage 6 grid as it was seen that this was the case which came close to breaching 

the power quality limits.   

In the following sections, the results of the storage integrated cases have been presented 

and discussed along with the normal results of the Stage 6 grid.  

Table 27. Effects of storage on maximum-mean values of power at PCC for the Stage 6 grid 

Wave direction Case Maximum  Mean Ratio 

Wave A 

High sea state 11.90 𝑀𝑊 6.113 𝑀𝑊 1.95 
Storage (25s) 9.62 𝑀𝑊 6.131 𝑀𝑊 1.568 

Storage (60s) 9.62 𝑀𝑊 6.132 𝑀𝑊 1.567 

Wave B 

High sea state 10.61 𝑀𝑊 6.118 𝑀𝑊 1.77 
Storage (25s) 9.31 𝑀𝑊 6.132 𝑀𝑊 1.52 

Storage (60s) 9.17 𝑀𝑊 6.131 𝑀𝑊 1.49 

 

At this point, it is also interesting to observe that the maximum-mean ratios for output at 

PCC have changed for the Stage 5 and Stage 6 grids. These ratios could be indicative of the 

voltage variation at the PCC and this voltage variation is captured through the compliance 

to voltage limits and flicker limits as described later in the chapter. The maximum-mean 

ratios of all the network variants and cases are shown in Table 28  

Table 28. Maximum-mean ratios of PCC output for all network variants and cases 

Network Type 
Low Sea State Medium Sea State High Sea State 

Wave A Wave B Wave A Wave B Wave A Wave B 

S4 7.50 7.50 3.45 3.45 3.26 3.26 

S5 
String 7.76 2.97 2.48 1.61 3.21 1.74 

Hub 7.49 3.34 3.37 1.99 3.15 2.42 

S6 3.09 2.97 1.88 1.60 1.95 1.73 

 

There is no difference in values across the wave directions for the Stage 4 WEC as the 

aggregation effect of the wave direction only causes a time-shift of the power profiles 

between multiple devices and there is just one device in the Stage 4 grid. Starting with the 

low sea state, the value does not change much for the Stage 5 (2 𝑀𝑊) grids whereas there 

is a significant drop for the Stage 6 (10 𝑀𝑊) grid. As for the Wave B direction at low sea 

state, there are significant drops in values even for the Stage 5 grids with the Stage 6 value 

being the same as the Stage 5 String value. Between the two variants of the Stage 5 grids, 

the hub variant gives a lower value for Wave B direction whereas the string variant gives 

the lower value for the Wave A direction.    
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Moving to the medium sea state, there are significant drops when comparing Stage 4 

values to those of Stage 5 and Stage 6. The wave direction naturally has an impact, with 

the drops being greater for the Wave B direction. As was the case for low sea state, the 

Stage 6 value of Wave B is the same as the corresponding Stage 5 String value. This trend 

is also seen for the Wave B direction in the next sea state. As for the differences between 

the Stage 5 variants, the String variant performs better for both wave directions. 

Coming to the high sea state, the drops do not occur to the same degree as the medium 

sea state and they are more comparable to the low sea state, when seen from Stage 4 to 

Stage 5 and Stage 6. Wave B again produces greater drops than Wave A direction. And 

Stage 5 String performs better in Wave A direction and the values are very close for Wave 

B direction 

The decrease in maximum-mean ratio seen in Table 28, is also seen across the 30-minute 

duration of the simulations thus providing various degrees of smoothness in the 

cumulative power profile at the PCC. An example of this smoothing is shown for the high 

sea state in Figure 47. For the Stage 5 String grid, there is a significant difference between 

the wave directions with the output of Wave B being having lower peaks than Wave A. The 

same is seen for Stage 5 Hub, although the degree of difference between wave directions 

is lesser for this grid in comparison to the Stage 5 String grid. Thus, the Wave B output of 

 

 

Figure 47. Power smoothing across wave directions for Stage 5 and Stage 6 grids (high sea state) 
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the hub variant is less smoother, with greater peaks than the case for the string grid and 

this trend is also corroborated with the values of Table 28. 

Moving to the Stage 6 grid, the differences between the wave directions are not as visible 

as for the Stage 5 grids. Overall, Wave B was found to provide the smoother output 

compared to Wave A direction. Furthermore, it could be interesting to see how storage 

integration described earlier in the section, affects the cumulative power profiles. This 

effect is illustrated in Figure 48.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

     

 

 

 

 

 

Figure 48. Effect of storage integration on power profiles at PCC - 
Wave A (top) and Wave B (bottom) 
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The smoothing period of 60 𝑠 has a greater impact than the smoothing period of 25 𝑠, for 

the outputs in the Wave A direction. Whereas the differences between the two smoothing 

periods are minimal for the Wave B direction. The overall impact of storage is seen in the 

reduction of all the peaks of the power profiles and this effect is better illustrated in Figure 

48 than the maximum-mean ratios of Table 27. It is see later in the chapter how the lower 

peaks with storage integration affect the power quality parameters of voltage limits and 

flicker.   

6.4 Voltage Step 
The reliability of a wave farm may not be on the levels of a contemporary wind farm due 

to the formative developmental stage of the industry. Furthermore, some of the peripheral 

components of a wave farm including subsea connectors, dynamic medium voltage (MV) 

subsea cables etc. may still have inadequate reliability depending on the chosen 

models/designs. Thus, a study of possible voltage steps resulting from the disconnection 

of one WEC or multiple WECs, may prove valuable for future electrical designs of the WEC 

apart from proving compliance to grid regulations.  

As per EREC G59, the voltage step arising from an unplanned outage is allowed to reach 

up to ±10 %. For infrequent planned switching events or outages, the acceptable voltage 

step is ±3 %. These voltage limits are also sourced from the Engineering Recommendation 

P28 [79] which lists the planning limits for flicker-producing voltage fluctuations. These 

are also the standards that need to be adhered to for fulfilling connect obligations at EMEC 

[66].   

Table 29. Limits for voltage step variation 

Switching event Acceptable voltage step 

Unplanned outage ±10% 

Infrequent planned outage ±3% 

6.4.1 Methodology 
In this thesis, the voltage step is induced by the disconnection of the WECs in the electrical 

network. The method for calculating the voltage step is not entirely clear in EREC P28  

with respect to the reference voltage that is to be considered for the voltage step changes 

that are calculated in percentage values. This interpretation is also concurred in a 

workshop [59] conducted in 2015 by Western Power Distribution which is one of the 

DNO’s in UK. Voltage steps caused by the disconnection or shutting down of the WECs 

are the only type of voltage steps experimented in the thesis. In this regard, the voltage at 

the time of the voltage event before the voltage drop is assumed as the reference for 

calculating the percentage values. This reference value has been encircled in red in the 

illustration of a sample voltage step in Figure 49.  
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Figure 49. Example of a voltage step with reference voltage encircled 

Voltage steps were simulated at instants of maximum power production for all the grids 
that were analysed. This method was performed in the assumption that a failure in the 
electrical network may occur due to peak loading of electrical components such as 
switchgear, cables etc.  
 
In the case of the Stage 5 string variant, the WECs were shutdown starting from right to 
left in increasing order of shutdown levels. As for the hub variant, the instant of maximum 
production of the 2 𝑀𝑊 farm was identified and then the devices were assumed to 
shutdown in decreasing order of power output at that instant of time. The same method 
applies to the 10 𝑀𝑊 grid where the shutdown is applied in decreasing order of outputs 
of the individual rows. This analysis was performed for all the sea-states and wave 
directions for the Stage 5 grids and for the high sea state for the Stage 6 grid. The results 
and discussion are presented in the following section.  

6.4.2 Results and Discussion 

Stage 5 grids 

In Figure 50, the voltage step caused by a majority of the farm shutdown levels in the 2 𝑀𝑊 

grids have been found to be under the limit of 3 %. There are some exceptional cases 

particularly with the Wave A direction which corresponds to negligible aggregation effects 

for both the Stage 5 grids.  

For the high sea-state, the voltage steps caused by the shutdown of the whole farm for 

Stage 5 Hub and String grids in the case of Wave A have crossed the stipulated limit along 

with the shutdown of 7 devices (i.e. 1.75 𝑀𝑊) for the Stage 5 String grid as well. But, it 

needs to be noted that the Wave A cases are the extreme cases and the probability of 

occurrence is rather minimal as during actual deployment it can be said that measures 

would be taken to ensure smoothing effects are greater than the extreme case provided by 

the Wave A direction.   
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In the examination of the Wave B direction which is the more realistic case, all the values 

for all sea states and grids seem to be under the limit with the highest value being 2.5 % 

for the shutdown of the entire Stage 5 Hub grid in the high sea-state.  

Stage 6 grid 
For the Stage 6 10 𝑀𝑊 grid, the outages were performed by shutting down each of the 

strings starting from String 5. As with all the other cases, the outages were simulated at 

the instant of peak farm output to imitate the worst case. If the outage was performed in 

a planned manner at this instant, none of the results in Figure 51 would fall under the limit. 

But realistically speaking, a planned outage may not occur at the instant of peak power 

output and thus the limit of 10 % related to unplanned outages or network failures may 

be more appropriate. In relation this limit, it can be seen that the results for both Wave A 

 

  
 

0.00%

0.50%

1.00%

1.50%

2.00%

2.50%

3.00%

3.50%

4.00%

0,25
MW

0,5
MW

0,75
MW

1
MW

1,25
MW

1,5
MW

1,75
MW

2
MW

V
o

lt
ag

e 
St

ep
 C

h
an

ge
 (

%
)

Farm Shutdown Size (MW)

Voltage Step Analysis - S5H Wave A

0.00%

0.50%

1.00%

1.50%

2.00%

2.50%

3.00%

3.50%

4.00%

0,25
MW

0,5
MW

0,75
MW

1
MW

1,25
MW

1,5
MW

1,75
MW

2
MW

V
o

lt
ag

e 
St

ep
 C

h
an

ge
 (

%
)

Farm Shutdown Size (MW)

Voltage Step Analysis - S5H Wave B

0.00%

0.50%

1.00%

1.50%

2.00%

2.50%

3.00%

3.50%

4.00%

0,25
MW

0,5
MW

0,75
MW

1
MW

1,25
MW

1,5
MW

1,75
MW

2
MW

V
o

lt
ag

e 
St

ep
 C

h
an

ge
 (

%
)

Farm Shutdown Size (MW)

Voltage Step Analysis - S5S Wave A

Low Sea State Medium Sea State

High Sea State Limit - Planned outage

0.00%

0.50%

1.00%

1.50%

2.00%

2.50%

3.00%

3.50%

4.00%

0,25
MW

0,5
MW

0,75
MW

1
MW

1,25
MW

1,5
MW

1,75
MW

2
MW

V
o

lt
ag

e 
St

ep
 C

h
an

ge
 (

%
)

Farm Shutdown Size (MW)

Voltage Step Analysis - S5S Wave B

Low Sea State Medium Sea State

High Sea State Limit - Planned outage

Figure 50. Voltage step percentages for increasing farm shutdown sizes for the Stage 5 (2 MW) 
grids 
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and Wave B fall well under the limits. Also, Wave A is consistently providing greater 

voltage steps when compared to Wave B.    

 

Figure 51. Voltage Step Analysis for the Stage 6 grid 

6.5 Voltage Limits 
As stated in section 9.5 of the EREC G59 document [53], when a generating plant is distant 

from a network voltage control point, it is expected to tolerate voltage levels outside the 

statutory limits. The voltage limits at the connection point for a certain generator can be 

individually agreed with the respective DNO but the recommended value is ±10 % of the 

declared voltage. Thus, these are the limits that the results in the thesis will be checked 

against. 

Apart from the voltage at the PCC, the voltage at all the other terminals of the farm 

network will be analysed to give indicative measurements and suggestive guidelines for 

the design of the network. Furthermore, according to the DNV GL Standard on Grid Code 

Compliance [80] and the DNV GL Service Specification on Certification of Grid Code 

Compliance [81], all the terminals in the plant including transformers, converter etc. shall 

be included in the assessment for operational areas for voltage. Thus, for the purpose of 

assessing compliance to DNV GL standards, the voltage values across the offshore 

electrical network notwithstanding only the value at the PCC, are analysed.  

In this regard, a limit of ±5 % has been considered to serve the purpose of providing limits 

for the design of the system. Furthermore, as per the European Network Code [82] the 

upper voltage limit for the Nordic area is + 5 % and this limit can alternatively be seen to 

assess compliance of the farm network to the Nordic grid limits in terms of operational 

voltage. Going forward, it is unclear how these limits will be numerically changed or 

established with the new ENTSO-E codes coming in to effect all across the EU region in 
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2019/2020. Essentially, it can be said that it is good practice to always adhere to comply to 

stricter grid connection limits if possible and thus the results are checked against the two 

limits specified in Table 30.     

Table 30. Operational voltage limits 

Limits Upper voltage limit Lower voltage limit 

GB Distribution Code + 10 % −10 % 

System design Limit + 5 % −5 % 

6.5.1 Methodology 
Voltage values across all the terminals of the network have been measured in PowerFactory 

models and exported to Matlab for further analysis. In this analysis, maximum voltage, 

minimum voltage and the maximum deviation in voltage at each of the terminals have 

been noted. The maximum deviation is the difference in voltage between the maximum 

and minimum value of voltage at a terminal across the 30-minute period. The three 

quantities have been presented as voltage profiles across the terminals for all combinations 

of wave direction, sea-state and grid. The reason for the inclusion of voltage deviation is 

that the parameter could better serve as guidelines for dimensioning of protection 

equipment, switchgear and other electrical equipment. 

In Figure 52, the voltage plot at the hub terminal-2 of the Stage 5 Hub grid, which is the 

MV part of the hub, is shown along with the maximum, mean and the minimum voltage 

values. The voltage deviation in this plot is defined as the difference between the maximum 

and minimum voltage values.  

Similarly, the maximum, mean and voltage deviation parameters are derived from the 

voltage plots of all the terminals and are illustrated as voltage profiles in the following 

section.  

 

Figure 52. Sample voltage plot illustrating analysed parameters 
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6.5.2 Results and Discussion 

Stage 5 grids 
For the case of the Stage 5 Hub grids, the mean and maximum voltage of the WEC 

terminals which are at 0,4 𝑘𝑉 (LV) levels are all consistently beyond 1.1 𝑝. 𝑢 (refer Figure 

54 and Figure 55). The same can be said for Hub Terminal 1 which is also at the LV level. 

The mean voltage for the WEC terminals have been found to be almost equal for both wave 

directions meaning that aggregation effects used in this thesis have negligible impact on 

these voltages of the Stage 5 Hub grid. On the other hand, for Wave B direction the 

maximum voltage seems to show an average reduction of 0,25 𝑝. 𝑢. across the sea states 

but this reduction still does not seem sufficient as the values still stay over the limit. As for 

the terminals of the grid which are at MV levels all the points except the voltage at Hub 

terminal 2 for Stage 5 Hub – Wave A seem to be under the limit of 1,05 𝑝. 𝑢. which seem 

like favourable results.  

Coming to the Stage 5 String grid, the LV terminals are all present inside the WECs and 

like the case for the Stage 5 Hub grid, all the values are consistently over the limit of 1,1 𝑝. 𝑢 

(refer Figure 56 and Figure 57) But the critical difference with the Stage 5 Hub grid is the 

reduction in maximum voltage values of the Stage 5 String grid (refer Table 31). The LV 

terminals of the Stage 5 String grid are located inside the WEC and may technically not 

come under the ambit of the grid cod. But, as per the DNV GL standards referred for the 

thesis [80], [81] it could be expected that the terminals inside the WEC may be subject to 

the standards. Moving to the MV terminals of the Stage 5 String grid, all the terminals are 

steadily below the system design limit of 1,05 𝑝. 𝑢. and thus do not show much cause for 

concern.  
Table 31. Maximum voltage on the LV side for sample terminals (high sea state) 

Network Variant Terminal Wave A Wave B 

S5 Hub WEC 1 1.24 𝑝. 𝑢. 1.22 𝑝. 𝑢. 

S5 String WEC 8 1.21 𝑝. 𝑢. 1.16 𝑝. 𝑢. 

  

As for the voltage deviation which has been calculated as the difference in voltage value 

between the maximum voltage and minimum voltage at the respective terminal, 

significant reduction can be seen for all the grids when compared on the basis of different 

wave directions. The aggregation effects caused by Wave B were more evident on the Stage 

5 String grid as can be seen on the values presented in Table 32 which depict the maximum 

voltage deviation values for the LV terminals across the Stage 5 grids. As for the MV 

terminals, the maximum voltage deviation can be seen at Hub Terminal 2 for the Stage 5 

Hub grid and at the WEC 8 terminal for the Stage 5 String grid. The deviation values 

continue to decrease as we keep going towards the PCC. These two terminals are basically 

the farthest MV points from the PCC for both the grids and this is a tangible reason for the 

greater deviation at these terminals.   
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Table 32. Effect of wave direction on maximum voltage deviation on the LV side (high sea state) 

Grid Variant Wave A Wave B 

S5 Hub 12.89 % 10.37 % 

S5 String 9.44 % 5.30 % 

Another issue that needs to be addressed is the voltage drop seen across the terminals of 

the dynamic cables in the Stage 5 Hub grid. EREC G59 and consequently the EMEC 

guidelines [65] state that the voltage drop across a LV cable needs to be less than 6 %. 

Wave A is not considered for this assessment as it is an imaginary extreme case but the 

voltage drops for the Wave B direction case are illustrated in Figure 53. It is seen that the 

mean voltage drop across the cable remains under 2 % for all sea-states but the maximum 

voltage drop for the high sea-state is dangerously close to the limit of 6 % with the 

corresponding value at 5.33 %. This voltage drop needs to be taken in context with the 

other implications of having such voltage drops in a network, especially across a single 

electrical component. The dynamic power cable is a 225 𝑚 long cable operating at 0.4 𝑘𝑉 

and rated for a peak value of 500 𝑘𝑊 CSA of 240 𝑚𝑚2.  

• First, this would pose challenges for the protection equipment of the network that 

need to encounter significantly high voltage drops during normal operations and 

even greater voltage drops and fault currents in the case of faults 

• Coming to the issue of faults, it can be said that these levels of voltage drops have 

not been encountered across dynamic subsea cables before and the cable in this 

case is also rather thick in curved sectional area (difficulty in commercial 

development of such cables is already highlighted in Section 3.3.2). Thus, the 

reliability and failure rates of such cables operating with these voltage drops are 

untested and can be expected to be reasonably low if such cables are even developed 

in the first place. Thus, the cables may be a potential source of reduced reliability 

for the entire electrical network   

• The voltage drop essentially means power loss across the cable. It is not good 

practice to design an electrical network where a major share of the losses occur 

through a single electrical component particularly in the premise of such fairly sized 

electrical networks.       

Thus, the voltage drop across the dynamic cables further add to the arguments against 

using the Stage 5 Hub grid where the WECs are providing outputs at 0.4 𝑘𝑉.  

 

Figure 53. Voltage difference across the terminals of the dynamic cable – Stage 5 Hub Wave B 
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Figure 54. Voltage profiles for Stage 5 Hub - Wave A 



 

86 
 
 

 

 
 

1.00

1.05

1.10

1.15

1.20

1.25
V

o
lt

ag
e 

(p
.u

)

Mean Voltage Profile - S5H Wave B

Low Sea State Medium Sea State High Sea State

Grid code limit System design limit

1.00

1.05

1.10

1.15

1.20

1.25

V
o

lt
ag

e 
(p

.u
)

Max Voltage Profile - S5H Wave B

Low Sea State Medium Sea State High Sea State

Grid code limit System design limit

0.00%

2.00%

4.00%

6.00%

8.00%

10.00%

12.00%

14.00%

V
o

lt
ag

e 
D

if
fe

re
n

ce
 (

%
)

Voltage Deviation Profile - S5H Wave B

Low Sea State Medium Sea State High Sea State

Figure 55. Voltage profiles for Stage 5 Hub - Wave B 
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Figure 56. Voltage profiles for Stage 5 String - Wave A. 
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Figure 57. Voltage profiles for Stage 5 String - Wave B 
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Stage 6 grid 
There are 40 devices in the Stage 6 grid as opposed to 8 devices in the Stage 5 grids. This 

may make the voltage profile analysis more tedious if the voltage levels of all the devices 

need to be presented. But it was found that the differences in voltage values between the 

rows are minimal for all wave directions and sea states. An instance of this equality is 

shown in Figure 58, where the extreme case of maximum voltage profile for the Wave A 

direction is represented across the five rows of the Stage 6 grids. Thus, the following plots 

of voltage profiles will only include the terminals of the first row as a representation of the 

other rows. This approach of representation also aids to easier comparison with the results 

of the Stage 5 grids.      

 

Figure 58. Maximum voltage profiles of the rows of the Stage 6 grid 

Like the situation with the Stage 5 grids, all the LV terminals were consistently above 1.1p.u. 

(refer Figure 60 and Figure 61). But, the values are higher than the Stage 5 LV levels by 

roughly 0.05 𝑝. 𝑢. with the high sea state mean voltage values reaching 1.20 𝑝. 𝑢. as opposed 

to 1.15 𝑝. 𝑢. for the Stage 5 grids (compare with Figure 56). Moving to the maximum voltage 

profile, the extreme values are seen for the high sea state as seen in Table 33. The table 

shows the values of some sample terminals but what needs to be understood is that for 

Wave A and Wave B respectively, the voltage reaches almost 28 % and 24 % more than 

nominal voltage. This would represent some serious challenges in rating some of the 

electrical components on board the WEC, as they have to be able to operate at these 

voltage levels even in ‘normal’ conditions.      

Table 33. Maximum voltage on the LV side for some sample terminals (high sea state) 

Network Variant Row Terminal Wave A Wave B 

S6 
2 WEC 8 1.275 𝑝. 𝑢. 1.235 𝑝. 𝑢. 

1 WEC 5 1.271 𝑝. 𝑢. 1.241 𝑝. 𝑢. 

 

Similarly, the mean values of the MV terminals are consistently greater than the Stage 5 

levels. The highest level of the mean value of MV voltage is observed to be 1.08 𝑝. 𝑢. across 
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the WEC MV terminals, and this value is alarmingly close to the limit of 1.10 𝑝. 𝑢. (refer 

Figure 60 and Figure 61). This observation is made even more important considering that it 

is just the mean values that is being discussed here. The same observation when made on 

the maximum voltage profile shows that the values are under the limits for the low and 

medium sea states. Whereas for the high sea state, even the MV values go beyond the grid 

code limit with the greatest value seen as 1.14 𝑝. 𝑢. for the Wave A direction. It is worth 

reiterating that most of the voltage values analysed do not come under the ambit of grid 

code regulations but may have to be examined under grid code limits as per DNV GL 

standards [80], [81]. In this context, the PCC which actually falls under the grid code 

regulations provide the sole point of concern for the maximum voltage seen in the Wave 

A direction where the value was found to be 1.097 𝑝. 𝑢.  

Moving to the voltage deviation profile, the values were found to be consistently higher 

than the case with Stage 5 grids. The extreme case again found to be for the Wave A 

direction, with the high sea state at the LV terminal with the value touching 13.5 % for 

WEC 8 terminal of the first row. The corresponding value in the Stage 5 String grids (as 

this is the more comparable grid) was found to be 9.44 % (refer Table 32)    

Coming to the effects of the wave direction, Wave B was predictably found to be providing 

lower voltage across the sea states. Again, this can be attributed to the greater aggregation 

effect provided by this wave direction.  

As for the effect of storage integration, there was negligible impact on the mean voltage 

profiles across the sea states and wave directions. But significant change was observed in 

Figure 59 which shows the maximum voltage profile and expectedly the effect is caused by 

the lower power peaks in the storage cases.  

 

Figure 59. Effects of storage on maximum voltage profile of Stage 6 (10 MW) grid  
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Figure 60. Voltage profiles for S6 - Wave A 
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Figure 61. Voltage profiles for S6 - Wave B 
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6.6 Flicker 
The visible variation in the light intensity of a light bulb caused by varying voltage is what 

is termed as flicker. Some of the primary causes of flicker are load switching, motor starting 

and in recent periods renewable generators with rapidly changing input resources. Thus, 

rapid changes in power consumption or generation especially reactive power variation is 

known to cause flicker. A measure of the disturbance caused by the light intensity 

variations on the average human eye is known as the flicker level and the two indices for 

flicker level are 𝑃𝑠𝑡 and 𝑃𝑙𝑡. These are two unitless terms with 𝑃𝑠𝑡 referring to the weighted 

average of flicker severity over a period of 10 minutes and 𝑃𝑙𝑡 referring to the cube root of 

the cubed average over 120 minutes. According to EREC P28 [79], which is the regulatory 

document for flicker-causing voltage fluctuations, the limits for the flicker levels in the 

United Kingdom, are as shown in Table 34. It also needs to be noted that it is the cumulative 

flicker at the PCC that is assessed and not the individual flicker impact and thus there 

could be other generating sources or loads at the PCC that can contribute to the overall 

flicker. Thus, it would serve well to assume for a target 𝑃𝑠𝑡 level that is substantially lower 

than the limits in EREC P28 [79]. 

Table 34. Limits for flicker levels – UK regulations [79] 

Voltage at Point of Common Coupling (PCC) 𝑷𝒔𝒕 𝑷𝒍𝒕 

132 𝑘𝑉 and below 1.0 0.8 

Above 132 𝑘𝑉 0.8 0.6 

According to the P28 guidance document for connecting to EMEC facilities [66], the 

developer’s electrical system that is connected at the facilities should not exceed 0.5 for 

short-term flicker (𝑃𝑠𝑡) and 0.45 for long-term flicker (𝑃𝑙𝑡). This is done to ensure that the 

EMEC connection as a whole can remain under the statutory limits. Like all other power 

quality measurement, the flicker levels are also measured at the 11 𝑘𝑉 busbar. Thus, it 

could prove useful to check the results with the EMEC limits as well. Flicker level of 0.5 

also corresponds to the Stage 2 assessment limit in the EREC P28 standard [79]. Here Stage 

2 refers to the stage of flicker assessment which if the grid connection applicant passes, 

the applicant can connect to the grid without further assessment. Otherwise, the applicant 

needs to show detailed flicker calculations for the grid connection assessment, called Stage 

3 in the context of the EREC P28 standard. Thus, the results in this thesis may provide 

indicators to show if the grids will be able to pass the Stage 2 flicker assessment without 

being subject to additional proceedings. 

Flicker has been recognised as an issue that can have serious consequences on the 

customers in terms of health and comfort. Besides, flicker can produce a certain degree of 

malfunction in electrical equipment such as control systems of power electronics devices. 

Thus, apart from compliance to grid regulations, evaluating and tackling flicker issues 

could prove important with growing integration of wave energy and this is also evidenced 

by the large number of flicker studies done on wave energy integration [16], [58], [69], [74], 
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[77], [83]. Furthermore, integration of wave farms would occur in reasonably isolated or 

weaker parts of the grids thus amplifying the importance of the issue.      

The flicker level depends on the number of devices of a wave farm apart from the other 

major factor affecting the amplitude of the flicker levels which is the grid strength of the 

location in consideration. According to the IEC standard 61000 − 3 − 7 [84], the flicker 

summation law which defines the flicker generated by 𝑁 wind turbines is given by: 

 𝑃𝑠𝑡 = 𝑃𝑠𝑡𝑖
√𝑁 (6.1) 

Here, 𝑃𝑠𝑡𝑖
 refers to the flicker level of the individual turbine whereas 𝑃𝑠𝑡 is the cumulative 

flicker level of the wind farm.  

This summation law cannot be said to be applicable directly to wave farms as the 

smoothing of the power profile of a wave farm has not been taken into account for the 

summation law. The power peaks generated in a wave farm may not be as high as the case 

when all or some of the devices produce peak power at the same instant. This occurs due 

to the time shift in the output power of different WECs in a wave farm as explained in 

Section 4.4. Thus, the rated power of a wave farm is not one of the primary indicators of 

voltage variations and flicker levels as is the case for a wind farm.  

6.6.1 Methodology 
In this thesis, there are two tools that were used to measure flicker severity. The first tool 

is the Flickermeter Statistical Analysis Module [85] which has the built-in digital 

flickermeter of MathWorks Simulink that has been designed according to IEC 61000-4-15 

[32]. The other assessment tool that was used is the flickermeter inherent to DIgSILENT 

PowerFactory which is also supposed to be built to the same standard i.e. IEC 61000-4-15. 

But there were grounds for disagreements between the results of the two tools. It was 

essentially seen that the Simulink results were found to be providing greater 𝑃𝑠𝑡 values and 

thus they were included in the analysis along with the PowerFactory results. It also needs 

to be mentioned that in this thesis, only the short-term flicker severity (𝑃𝑠𝑡) levels will be 

addressed.         

Documentation that are detailing the design of these flickermeters were difficult to be 

found and thus the actual differences in design or measurement were hard to discern. 

Ultimately, both the tools were applied on all the cases of simulation performed in the 

thesis. It can be hoped that with the establishment of the IEC standards proposed by IEC 

TC 114 [86] which intend to address the power quality measurements of marine energy 

conversion systems among several other objectives, the issue of 

inconsistency/inapplicability or calibration of flickermeters and other power quality 

methods to power outputs of marine energy systems can be resolved.  

6.6.2 Results and Discussion 

Stage 5 grids 

In Figure 62, it can be seen that the 𝑃𝑠𝑡 levels produced by PowerFactory for the Stage 5 

grids are all below the limit of 0.5 with the greatest level seen for the case of Stage 5 String 
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– Wave A direction. As for the 𝑃𝑠𝑡 levels given by Simulink, the results are generally greater 

when compared to the PowerFactory results. The highest 𝑃𝑠𝑡 value that was generated was 

0.539 for the high sea state in the Wave A direction for the Stage 5 String grid. It was only 

this case that was found to be beyond the EMEC limits amongst all the cases considered 

for the Stage 5 grids. The grid code limit of 1.0 is naturally not breached by any of the 

analysed Stage 5 cases.   

Moving to the effect of wave direction, it is seen that the aggregation effect derived from 

Wave B has substantial effects on the 𝑃𝑠𝑡 levels for both the Stage 5 grids. For the high sea 

state, it was found that there was an average reduction of 65% for both PowerFactory and 

Simulink when comparing Wave A and Wave B results (refer Table 35). The effect of 

aggregation on flicker severity has also been evidenced in other studies such as [58], [69] 

and has been pointed out in [70]. However, none of the studies were based on point-

absorbers of this rating of 0.25 𝑀𝑊 and also the spacing that has been assumed in this 

study which is generally on the lower side as a consequence of the smaller size of the 

CorPower WECs. Thus, spacing between the devices which impacts the aggregation 

effects, have been found to be critically influential factors for the ultimate flicker level.      

Table 35. Flicker (Pst) levels for Stage 5 grids at high sea-state 

Network Variant Tool Wave A Wave B 

S5 Hub 
Simulink 0.489 0.224 
PowerFactory 0.123 0.056 

S5 String 
Simulink 0.539 0.186 
PowerFactory 0.136 0.047 
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Stage 6 grid 
The general trend of results of the Stage 6 grid is that 𝑃𝑠𝑡 levels are naturally much higher 

than the Stage 6 grid. The major cause is the greater size of the farm and the consequently 

the greater variation in the voltage levels at the PCC. From Figure 63, it can be seen that 

the medium and high sea states cross the Stage 2 limit of 0.5 whereas the value for the low 

sea state come very close to the Stage 2 limit. This observation is for both the wave 

directions and the values for Wave A are particularly greater in magnitude. The reasoning 

again refers to the better aggregation effects that Wave B provides and this is a trend that 

has been observed all through the thesis.  

Moving forward to the storage integrated cases, the reference case was taken as the high 

sea state. The highest value observed was 0.909 in the Wave A direction and this value fell 

to 0.454 for the 25 𝑠 smoothing case and to 0.435 for the 60 𝑠 smoothing case. Essentially, 

the flicker levels have been brought under the Stage 2/EMEC limits. The same trend can 

be seen for the Wave B direction where the reference value was at a lower value of 0.704 
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Figure 62. Flicker (Pst) levels for the Stage 5 grids 



 

97 
 
 

as opposed to the Wave A case. Thus, storage integration has shown to have significant 

impact on improving the Pst levels of a wave farm.  

Table 36. Flicker (Pst) levels for the Stage 6 grid 

Network Variant Tool Wave A Wave B 

S6 High Sea State 
Simulink 0.909 0.704 
PowerFactory 0.227 0.175 

S6 with Storage (25s) 
Simulink 0.454 0.294 
PowerFactory 0.118 0.077 

S6 with Storage (60s) 
Simulink 0.435 0.307 
PowerFactory 0.111 0.080 
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6.7 Summary 
This chapter dealt with analysing all the presented grids on the power quality benchmarks 

of voltage step, voltage limits and flicker. For the analysis of voltage step, the farms were 

shutdown at the instant of maximum production to observe the voltage step compared to 

the step limits of 3 % and 10 %. In the case of the Stage 5 grids, there were three 

exceptional cases which crossed the 3% limit of planned outages belonging to the Wave A 

direction with two cases belonging to the shutdown level of 2 𝑀𝑊 and the third case at 

1.75 𝑀𝑊. In reality, if it were a planned outage the farm operator would not intend to 

shutdown the WECs at the instant of maximum power production but the operator also 

would not be knowing the upcoming power output levels. Thus, although this is a case 

whose chances of occurring are minimal, it is important to analyse the worst scenario. 

As for the Stage 6 grid, the planned outage limit was not relevant as all the analysed cases 

produced voltage steps beyond 3 %. Yet, the extreme cases of high sea state farm shutdown 

provided step levels that were below the unplanned outage limit of 10 %. Thus, there is no 

cause for concern when this variant of the Stage 6 network is connected to the Bilia Croo 

grid. 

The operational voltage levels were analysed at all possible points in the network variants 

and it was found that the LV terminals were constantly in the range of 1.10 𝑝. 𝑢. to 1.28 𝑝. 𝑢. 

although in the case of the String variants the respective terminals are actually inside the 

WEC structure. This trend poses challenges for the ratings of the electrical components 

and requires the set points for the power electronics and WEC controller to be adjusted 

accordingly. As for the MV terminals, all the Stage 5 grids yielded mean and maximum 

voltage values that were below the secondary upper limit of 5 % except for the Wave A 

direction for Stage 5 String. The same could not be said for the Stage 6 grid as the 

maximum voltage values were found to pass the limit of 10 % for the high sea state for 

both the wave directions. This further means that there could be other instants in the 

power profile that produce voltage values beyond +10 % as only the absolute maximum 

voltage values are represented in the maximum voltage profiles. Also, the mean voltage at 

some of the MV terminals for the Stage 6 grid were close to 1.08 𝑝. 𝑢. which may again pose 

some reasons for concern. Controlling the voltage at the MV terminals comes under the 

realm of the farm controller and there might be certain challenges in controlling the high 

sea state values for the Stage 6 grid. Correspondingly, it was explored if storage could help 

in mitigating the problem and the maximum voltage across the network was reduced by 

0.3 − 0.4 𝑝. 𝑢. with smoothing periods of 25 𝑠 and 60 𝑠.  

On the other hand, the voltage deviation profile was included in the results to provide a 

precursory guideline to decide on the nominal ratings and dimensioning of the electrical 

components at various parts of the network considering the varying nature of the output 

of WECs. In this regard, there could be genuine challenges for deciding on the voltage 

ratings (possibly power/current ratings as well) of the LV parts of the network whereas 

there might be minor concerns for dimensioning the switchgear and fault levels at the MV 

terminals. 
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Coming to flicker which has been one of the more researched topics in grid integration of 

wave energy, it was found that all the Stage 5 and Stage 6 grids were producing 𝑃𝑠𝑡 levels 

below 1.0. Furthermore, the aggregation effect of Wave B provided a significant reduction 

of flicker across all the sea states for the Stage 5 grids and for Stage 6 grid to a lesser extent. 

But when the limit of 0.5 which is the UK Stage 2 assessment limit (as per EREC P28) as 

well as the EMEC limit, it was found that one of the nine analysed cases crossed the limit 

whereas five of the six cases (i.e. when seen as combination of sea states and wave 

directions) for the Stage 6 grid breached the limit. The EMEC limit actually holds less 

significance as the Stage 6 grid would practically not be connected through the EMEC 

facility as it is just a test site but the limit proved as a useful benchmark. Likewise, the 

Stage 2 assessment limit was incorporated for the same reasons.  

Storage integration provided notable reductions in the 𝑃𝑠𝑡 levels for the high sea states 

which was the extreme case of the three sea states. Besides, all the 𝑃𝑠𝑡 levels were 

consistently lesser for the Wave B direction. Overall, it was found that the effect of 

aggregation and storage on flicker mitigation and was highlighted in this study.           
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Chapter 7 - Summary and Conclusion 

The broad objective of the thesis was to explore various electrical networks for CorPower 

wave farms based on two broad criteria – capital expenditure and grid compliance. Some 

complementary factors like cost uncertainty, technology readiness level and network 

efficiency had to be included to make the analysis as inclusive as possible. Furthermore, 

appropriate assumptions and constraints were made at the required steps of modelling 

and it is important to understand the results in the context of such constraints.  

7.1  Summary 
This section intends to summarise the content across the thesis on a chapter-wise basis. 

7.1.1 Chapter 2 – Wave Farm Electrical Architecture 
The thesis began with a description of the chosen tests site and WEC design. These two 

choices are – EMEC test site and CorPower Ocean point absorber WECs rated at 250 𝑘𝑊. 

An illustrative description of the wave climate at Orkney and the consequent performance 

of the WEC across three sea states was presented thereafter. Then, a state-of-the-art 

assessment of the various parts of the electrical network of a wave farm was performed and 

some of the topics were placed in context of the requirements of the study.  

7.1.2 Chapter 3 – Network Variants and Economic Assessment 
Chapter 3 started with a description of cost modelling included in the economic 

assessment performed in the thesis. The network variants for the three Stages of CorPower 

farms – Stage 4, 5 and 6 – were introduced. For the network variants, detailed illustrations 

of the WEC spacing, WEC connection schemes and the assigned cable lengths for all the 

network variants were included. Based on these illustrations, the CAPEX figures were 

derived by applying the cost models on the connection schemes after which comparisons 

of the Stage 5 (2 𝑀𝑊) variants – Traditional String, String with T connector, Floating Hub, 

were conducted. As a result, the Traditional String variant was found to provide the lowest 

CAPEX for the 2 𝑀𝑊 farms. Subsequently, the CAPEX figures of the chosen Stage 6 

(10 𝑀𝑊) variant was presented. 

7.1.3 Chapter 4 – Electrical Modelling 
Chapter 4 detailed the electrical modelling performed in DIgSILENT PowerFactory for the 

external grid, offshore electrical networks, single WEC models and WEC aggregation 

methods. The time-shifting used to simulate the aggregation along with the two wave 

directions to represent a worst case (Wave A) and an alternative case (Wave B), were then 

described by showing the effect on the WEC power profiles. Overall, cases based on a 

combination of three sea states and two wave directions were presented to be applicable 

for subsequent efficiency and grid integration analysis of the network variants.  

7.1.4 Chapter 5 – Network Efficiency 
The network efficiency of all the variants were calculated in Chapter 5. Initially, losses 

across all the electrical components were compared for all the sea states and wave 
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directions. From this comparison, the effect of aggregation provided by Wave B direction 

on the maximum losses was highlighted. Also, the impact of the high sea state on the 

maximum losses was established after which the metric of Mean Efficiency was calculated 

to incorporate the occurrence rates of the sea states. On this parameter, the Hub variant 

of the Stage 5 (2 𝑀𝑊) grids produced the best efficiency of 96.90 %.  

Using the results derived so far – CAPEX and efficiency – two complementary criteria of 

cost uncertainty and TRL were included to compare the network variants of the Stage 5 

grid – Traditional String, String with T connector (assumed to have same efficiency as 

Traditional String) and Floating Hub. The comparison showed that the Traditional String 

variant was the better of the three variants and was thus this variant was used to develop 

the Stage 6 (10 𝑀𝑊) grid.    

When the network efficiency analysis was performed on the Stage 6 (10 𝑀𝑊) grid, the 

network was found to perform best at the medium sea state whereas the impact of wave 

direction on the network efficiency was not as evident as it was on the maximum losses. 

Overall, the Stage 6 (10 𝑀𝑊) grid was found to be less influenced by the wave direction 

than the Stage 5 (2 𝑀𝑊) grids. 

A recurring theme that was observed is the problem of overrating of the components and 

this issue was reflected in the maximum losses of the electrical components. One possible 

way to mitigate this could be to shave of the peaks of the WEC output so that the nominal 

ratings of the electrical components can be reduced thereby bringing a reduction in costs, 

losses and possibly the fault levels of the system as well. Peak shaving would also have a 

direct impact on the voltage quality by reducing the maximum voltage values further 

leading to decrease in the flicker severity as well.  

7.1.5 Chapter 6 – Grid Integration Analysis of Voltage 
Chapter 6 analysed the networks on the basis of compliance to the UK Distribution Code 

limits and the EMEC guidance limits. The included power quality parameters were voltage 

step, operational voltage limits and voltage flicker. For the voltage step analysis, the worst 

case scenario was analysed i.e. when shutdown (both planned and unplanned) occurs at 

the time of maximum farm output in increasing order of shutdown levels. Both the Stage 

5 grids were found to comply even when the shutdowns were considered as planned 

outages (3 % limit) whereas the Stage 6 grid were found to comply only when the 

shutdowns were considered as unplanned outages referring to a limit of 10 %.  

For the voltage limits, the all the terminals of the networks – including LV and MV 

terminals of the WECs – were included in the analysis. This along with the inclusion of the 

voltage deviation profile was done to give some precursory guidelines to the ratings of the 

electrical components and to the grid controllers. All the LV terminals across the variants 

were found to be consistently on higher levels with the impact exacerbated in the high sea 

state and Wave A direction. A related issue that was highlighted was the voltage drop 

across the 0.4 𝑘𝑉 dynamic cable of the Stage 5 (2 𝑀𝑊) Hub grid. The maximum voltage 

drop across the cable was seen to be 5.33 % which is very close to the limit of 6 %. 

Moreover, there are related concerns with having such voltage drops across a single 
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component of the network with respect to protection and isolation. Another downside of 

this dynamic cable is the thickness which is at 240 𝑚𝑚2 to accommodate the peaks of the 

WEC at 0.4 𝑘𝑉. It might be difficult to expect a ‘dynamic’ subsea power cable at the 

required ratings and thickness as a commercial design. Thus, this is a major disadvantage 

for the Stage 5 Hub grid and this issue was numerically incorporated in making the 

network choice for the Stage 6 (10 𝑀𝑊) grid through the inclusion of the TRL values.   

As for the Stage 6 (10 𝑀𝑊) grid, the maximum voltage levels were found to be greater than 

the Stage 5 (2 𝑀𝑊) cases and therefore it was investigated if storage integration would 

have an impact on the extreme case of high sea state. It was found that the maximum 

voltage decreased by an average of 0.3 𝑝. 𝑢. to 0.4 𝑝. 𝑢. across the terminals of the network 

but the maximum levels did not fall below the 10 % limit.  

As for the parameter of voltage flicker, all the Stage 5 (2 𝑀𝑊) grids were found to be under 

the limit of 0.5 which is the P28 Stage 2 assessment limit as well as the EMEC limit. The 

only exceptional case was the Wave A direction for the Stage 5 String grid. But this does 

not signify non-compliance as these limits were used for referential purposes and the more 

important limit is at 𝑃𝑠𝑡 of 1.0. All the Stage 5 (2 𝑀𝑊) cases were found to be compliant 

with this limit.  

The same was found for the Stage 6 grid in terms of compliance but the 𝑃𝑠𝑡 levels were 

generally greater than the Stage 5 results due to the larger size of the farm. A general trend 

observed across the flicker study was the lower 𝑃𝑠𝑡 levels produced by Wave B direction. 

Also, storage integration for the WECs of the Stage 6 (10 𝑀𝑊) grid provided significant 

reduction in the 𝑃𝑆𝑡 levels of the extreme case of the high sea state. Ultimately, the impact 

of aggregation and storage integration on the flicker levels produced by the analysed 

electrical networks with CorPower WECs, was established.  

7.2 Conclusion 
Until now, electrical networks for wave farms of WECs rated at 250 𝑘𝑊 have not been 

modelled and analysed and this is one of the first studies to have performed it. Electrical 

networks for farms ranging from 1 WEC (0.25 𝑀𝑊) to 8 WECS (2 𝑀𝑊) and 40 WECs 

(10 𝑀𝑊) have been analysed. This section lists the main conclusions derived from the 

analysis performed in the thesis: 

• For the 2 𝑀𝑊 farm, the Traditional String variant with two dynamic cables and 

subsea connectors per WEC was found to provide the lowest CAPEX figures, among 

the analysed variants. 

• The high maximum-mean ratio of the WEC output was found to be influential on 

the electrical component ratings of the network by resulting in ‘overrating’ of these 

components leading to lower utilization levels of the electrical network. 

• For the 2 𝑀𝑊 farm, the hub variant was found to provide marginally better 

‘weighted annual efficiency’ than the string variants in the surveyed conditions – 

EMEC test site, three sea states and two wave directions. 
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• Over the criterion of CAPEX, network efficiency, cost uncertainty and TRL; the 

Traditional String variant of the 2 𝑀𝑊 farm was found to be best suited to be 

developed into a 10 𝑀𝑊 farm. 

• For both the 2 𝑀𝑊 and 10 𝑀𝑊 farms, voltage at the PCC was found to be compliant 

to the UK Distribution Code limits for the parameters of – voltage step, operational 

voltage limits and voltage flicker. 

• But, the voltage levels at the LV terminals and across some MV terminals of the 

networks were found to be significantly high in certain cases thus requiring further 

work on mitigating this issue. 

• Storage integration on each of the WECs in the 10 𝑀𝑊 farm resulted in a decrease 

of maximum voltage levels; and the flicker 𝑃𝑠𝑡 levels for the high sea state.  

7.3 Future Work 
The scope of this thesis had some limited boundaries as would any study of this nature. 

Thus, it is prudent to list the future work that needs to be performed to build on these 

results and also to analyse other topics related to grid integration. Some of the topics could 

be:  

• Developing a dynamic power system model for the WEC 

This is underlined as one of the primary issues facing grid integration of wave 

energy especially considering the diversity in WEC designs. Grid operators require 

dynamic models as part of the grid connection process and using specific designs 

for wind turbines proved to be a stumbling block at the nascence of the wind 

industry [87]. Generic modelling is the approach that has been adopted in the wind 

industry with customisation using device-specific parameter. This goal still seems 

like a medium-term goal for wave energy but it is advisable to learn from the 

mistakes of the wind industry early on.    

• Analysis of other parameters for grid code compliance 

There are still other parameters to be analysed for grid compliance – reactive power 

capability, harmonics, voltage imbalance, stability and frequency. But some of the 

analyses may be contingent on developing a dynamic power system model as 

opposed to using the power profiles which was the approach in the thesis. Another 

factor is the applicability of the current grid code requirements and the evolution 

of grid code standards specifically for marine energy [86, p. 114] 

• Analysis with storage integration 

It needs to be ascertained early enough if storage integration is feasible on 

individual WECs or in central areas of the farm to enable grid code compliance and 

aid related issues. A related matter is the level of damping and degree of control 

that can be applied to the individual WECs and for the farm. 

• Detailed methods of aggregation involving hydrodynamics 

The aggregation method used in this thesis refers to simple time-shifting of the 

power profiles based on inter-device distance and wave group velocity. But detailed 

models of the inter-device interaction need to be developed to analyse the impact 
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of inter-device distance on cumulative power profiles and also the consequent 

impact on the costs of the electrical network.  

• Grid location and short-circuit level 

The strength of the grid that the wave farm is connected to has a major influence 

on the power quality at the connection point. Grid strength is a combination of the 

short-circuit level and the grid impedance angle. This thesis has only analysed the 

models on the grid at Orkney but performing the same analysis on various potential 

locations could provide pointers on the dependence of the models on the grid 

location.    

• Other deployment sites  

Analysing the suitability of the proposed network variants to other deployment 

sites and understanding the effect of variation in the following parameters on 

project cost – transmission distance, farm rating and WEC rated power.  

• Adapting the proposed network designs  

Some points on the MV side of the Stage 6 grid including the PCC, were found to 

have a mean voltage of 1.08 𝑝. 𝑢.  Mitigation measures need to be evaluated to tackle 

this issue along with the high voltage levels of the LV terminals. Few of the solutions 

could be storage integration or peak-shaving along with appropriate control 

systems on both the farm and device levels. The consequent effect on CAPEX also 

needs to be evaluated.  
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Appendix 

8.1 Output characteristics of the CorPower Stage 4 WEC 
This section contains some plots that give further insights to the output characteristics of 

the 250 𝑘𝑊 CorPower Stage 4 WEC. The distribution of the WEC output levels in terms 

of occurrence rates assuming the 100 % level at 250 𝑘𝑊 is shown in Figure 64. In the figure, 

it is seen that there are several instances of the output reaching beyond 100 % in the high 

sea state with an occurrence rate of approximately 15 %. Additionally, the same figure for 

the medium sea state is approximately 3 %. Ultimately, this feature of the WEC output 

corresponds with the issue of overrating of the electrical components, that was highlighted 

in the thesis.   

 

Figure 64. Distribution of output magnitude versus occurrence rates (Courtesy: CorPower Ocean) 

 

Figure 65. Frequency of ramp rates versus ramp rate magnitudes (Courtesy: CorPower Ocean) 

Another feature of the WEC output that has not been directly analysed in the thesis but 

could be interesting to note is the ramp rate of the WEC output and the respective 

frequency of occurrence for the three sea states. These ramp rates are also a major factor 

for the voltage flicker caused by the wave farms at the PCC. In Figure 65, it is evident that 
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the values for the low sea state are concentrated from −15 % to +10 %. Whereas the 

corresponding range for the medium sea state is from −20 % to +20 % . And for the high 

sea state the range is from −20 % to +20 % with a greater concentration from −20 % to 

−10 %. Overall, it is seen that the ramp rates are high in magnitude in terms of both 

positive and negative variations. The values are much greater than those of wind turbines 

and may pose challenges in meeting the corresponding grid regulations concerning ramp 

rates and associated parameters.     

8.2 WEC Connection Options 
8.2.1 Hub 

The WEC connection options were classified into string and hub categories with each 

category having certain variants. The hub variants were divided on the basis of the type of 

hub to be used: 

• Fixed – 2 options (refer Figure 66) 

• Subsea – 3 options (refer Figure 67)  

• Floating – 2 options (refer Figure 68) 

The options with the fixed hub were neglected primarily due to the high cost of the 

platform needed to support the hub. Thereafter, the options with the subsea hub were 

neglected considering the low TRL, high costs and O&M complexity of such hubs. It was 

also assumed that these hubs were required to possess switchgear and the TRL of subsea 

switchgear are not at the required levels.  

Finally, the options with the floating hub in Figure 68 were considered for further analysis. 

The first option in the figure consists of an umbilical power cable connecting to a subsea 

connector (wet/dry) placed on the sea bed and then a dynamic power connects the 

connector to the hub. The second option in the figure has a dry-mate connector on the 

WEC with a dynamic power cable connecting to the hub directly. On comparison of the 

two options, the placement of the connector in the first option was considered to provide 

challenges for O&M procedures; and the first options had two dynamic cables as opposed 

to one in the second option. Overall, it was decided that the second option with one subsea 

connector and one dynamic cable was suitable for further analysis.  
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Figure 66. WEC connection options with a fixed hub 
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Figure 67. WEC connection options with a subsea hub 
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8.2.2 String 
The string category of options were defined to have five options which were divided based 

on the number of dynamic cables per WEC: 

• 2 dynamic cables per WEC – 3 options (refer Figure 69) 

• 1 dynamic cable per WEC – 2 options (refer Figure 70) 

 

 

 

 

Figure 68. WEC connection options with a floating hub 
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Figure 69. Connection options with WEC having two dynamic cables - string layout 
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Option 2 in Figure 69 requires a transformer connector for every two WECs that steps up 

the voltage and connects to the next transformer connector. This connector is thus used 

to transform and aggregate the power from two WECs. But, the connector is only 

conceptual in nature and thus has a very low TRL value for this option to be considered. 

Option 3 has a subsea connector that connects the dynamic cables of two adjacent WECs 

and this connector is laid on the ground. Although this connector may decrease the 

dynamic forces on the dynamic cables along with possibly having the provision of 

switchgear, this option is not considered due to the cost of this connector in addition to 

the two subsea connectors on-board a single WEC. 

Finally, option 1 which has the dynamic cable directly connecting the adjacent WECs due 

to the simplicity of the proposal and the absence of any apparent issues with the TRL. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 70. Connection options with WEC having one dynamic cables - string layout 
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The options with the WEC having one dynamic cable are shown in Figure 70. Both the 

options in the figure require a form of T connector which connect the power from the 

umbilical cable of a WEC to two adjacent WECs through static cables. But option 1 has a 

transformer connector which has the additional function of stepping up the power from 

LV to MV level. Although this connector has been mentioned in [18], [34], there has not 

been any evidence in the advancement of the technology. But for the connector in option 

2, there are pre-commercial designs from MacArtney (mentioned in [16], [17]) for a 

connector which could provide similar functionalities. Thus, option 2 having a greater TRL 

value seemed to be the more realistic case and was considered for further analysis.  

As for the distances between the WECs and between the WEC and the hub, the values 

were discussed with the operations department at CorPower Ocean and a set of 

approximate values were decided on. Factors such as space required for installation and 

O&M procedures were incorporated to arrive at the approximate distances. Though the 

numbers could be better optimized through detailed study, they are assumed to be suitable 

enough for the analysis performed in the thesis. The distance between the WECs in the 

string variants is assumed to be 150 𝑚 and the distance between the WEC and the hub in 

the hub variant is assumed to be 200 𝑚. 

8.3 CAPEX of Stage 6 (10 MW) grids with other variants 
This section shows the CAPEX calculations of the Stage 6 (10 𝑀𝑊) grid when the farm is 

composed of the other two variants – String with T connector and Floating Hub.  

8.3.1 Stage 6 grid with String with T connector 
The spatial configuration of this variant of the Stage 6 grid is the same as the Traditional 

String variant wherein 5 strings of 8 WECs each are connected with a floating substation. 

The primary difference is with the number of dynamic power cables from each WEC being 

1 instead of 2 cables. Otherwise, the WECs in both the variants are assumed to have an 

on-board step-up transformer. For further details on the differences between the variants, 

refer Section 3.4.   

Table 37. CAPEX calculation for the Stage 6 grid - String with T connector 

COMPONENT UNITS RATE (€/u) COST (€) 

Transformers 40 5 047 201 880 

Subsea connectors 40 35 000 1 400 000 

T connectors 40 150 000 6 000 000 

WEC COMPONENTS COST (€) 𝟕 𝟔𝟎𝟏 𝟖𝟖𝟎 

Export cable 4 300 𝑚 468 2 011 540 

Umbilical cables 2 800 𝑚 168 471 240 

Static power cables 6 200 𝑚 214 1 328 660 

String cables 1 000 𝑚 236 235 800 

Substation 1 2 500 000 2 500 000 

TOTAL COST (€) 𝟏𝟒 𝟏𝟒𝟗 𝟏𝟐𝟎 

COST PER WEC (€/u) 𝟑𝟓𝟑 𝟕𝟐𝟖 
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Figure 71. CAPEX breakdown of the Stage 6 grid - String with T connector 

 

8.3.2 Stage 6 grid with Floating Hubs 
This variant of the Stage 6 (10 𝑀𝑊) grid consists of 5 floating hubs with each hub 

comprising 8 WECs. The manner of connection between the WECs and the floating hub 

is the same as described in Section 3.4.3 of the report. As for the floating hubs, each of the 

hubs are placed in an equidistant circle around the floating substation with each of the 

hubs connected to the substation with dynamic power cables. These cables have also been 

included in the results of the calculations in Table 38.   

Table 38. CAPEX calculation for the Stage 6 grid - Floating Hubs 

COMPONENT UNITS RATE (€/u) COST (€) 

Subsea connectors 40 35 000 1 400 000 

WEC COMPONENTS COST (€) 𝟏 𝟒𝟎𝟎 𝟎𝟎𝟎 

Export cable 4 300 𝑚 468 2 011 540 

Dynamic power cables 10 000 𝑚 600 6 000 000 

Floating hub 5 500 000 2 500 000 

Substation 1 2 500 000 2 500 000 

TOTAL COST (€) 𝟏𝟒 𝟒𝟏𝟏 𝟓𝟒𝟎 

COST PER WEC (€/u) 𝟑𝟔𝟎 𝟐𝟖𝟗 
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Figure 72. CAPEX breakdown of the Stage 6 grid - String with T connector 

A comparison of the Stage 6 and Stage 5 variants based on the cost-per-WEC parameter is 

shown in Figure 73 . As mentioned in the report, it can be seen that there is a ~33,000 €/𝑢 

reduction in the cost-per-WEC parameter for the Traditional String when looking from 

Stage 5 to Stage 6. Whereas there is only a ~2500 €/𝑢 reduction in cost-per-WEC for the 

other two variants. This highlights the cost-effective scalability of the Traditional String 

variant into larger grids under the conditions assumed in the thesis.  

 

Figure 73. Comparison of cost per WEC of the Stage 6 network variants based on CAPEX of the 
electrical network 
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8.4 Grid Code Compliance – DNV GL standard 
Certain sections of the standard ‘DNVGL-ST-0125 Grid code compliance’ [80] was referred 

to understand the power quality parameters that need to be analysed for evaluating grid 

code compliance. ‘The standard specifies procedures and requirements for grid code 

compliance subject to DNV GL certification’. The specific parts of the standard that were 

referred are: 

• Appendix section R3 of the standard (Section 2.2.2 in standard) for voltage rating 

o Voltage at PCC is required to be within operational limits specified by the 

local grid code regulations. 

o Voltage at all other parts of the unit and plant shall be assessed. Here, plant 

refers to the electrical network comprising of multiple WECs whereas unit 

refers to the individual WECs. 

• Appendix section R4 of the standard for power rating 

o ‘Continuous rated power at minimum voltage specifies the minimum 

voltage at which it shall be possible to deliver continuous nominal active 

power’. Therefore, the voltage deviation parameter was included in the 

thesis. 

o Other parts of this section of the standard referring to frequency drops 

could not been analysed due to the absence of a dynamic power system 

model for the WEC. 

• Appendix section R6 of the standard for power quality parameters 

o Voltage step and short-term flicker mentioned in this section of the 

standard have been analysed in the thesis. 

o But, parameters such as long-term flicker, voltage imbalance and voltage 

harmonics have not been included in the thesis.   



TRITA EE 2017:162

www.kth.se


	Chapter 1 -  Introduction
	Challenges of Wave Energy
	1.1   Wave Energy Converter
	1.1.1 Types of Devices
	1.1.2 CorPower Ocean
	Future Designs
	Context of the thesis


	1.2 Thesis Background
	1.2.1 Objectives
	1.2.2 Network Variants
	CorPower Stage 𝟒 (Prototype Deployment)
	CorPower Stage 𝟓 (𝟐 𝑴𝑾)
	CorPower Stage 𝟔 (𝟏𝟎 𝑴𝑾)


	1.3    Power System Simulations
	1.3.1 DIgSILENT PowerFactory

	1.4 Thesis Outline

	Chapter 2 -  Wave Farm Electrical Architecture
	2.1 European Marine Energy Centre Test Site
	2.2 Wave Energy Converter Design
	2.2.1 Typical Power Ratings
	Offshore Wind Turbine
	Wave Energy Converter

	2.2.2 Electrical Design of CorPower

	2.3 Wave climate
	2.4 Components of the Electrical Network of a Wave Farm
	2.4.1 Cables
	Export cables
	Array Cables

	2.4.2 Electrical Interface Equipment
	Dry-mate connectors
	Wet-mate connectors

	2.4.3 Hub


	Chapter 3 -  Network Variants and Economic Assessment
	3.1   Cost Components of a Wave Farm
	Transformer
	Connectors
	Cable Cost Model
	Floating Hub/Substation

	3.2 Layout options
	3.3 CorPower Stage 4 prototype deployment
	3.3.1 Stage 4 String
	Transformer on-board the WEC

	3.3.2 Stage 4 Hub

	3.4 CorPower Stage 5 (2 MW) farm
	3.4.1 Traditional String
	3.4.2 String with T connector
	3.4.3 Floating Hub

	3.5 CorPower Stage 6 (10 MW) farm
	3.6 Summary

	Chapter 4 -  Electrical Modelling
	4.1 EMEC Test Site and Orkney Grid
	4.2 Modelling the offshore electrical networks
	4.3 Modelling the output of a WEC
	4.4 Modelling the output of multiple devices in a wave farm
	4.4.1 Applied aggregation method
	4.4.2 Wave Direction


	Chapter 5 -  Network Efficiency
	5.1   Methodology
	5.2 Stage 5 (2 MW) grids
	5.2.1 Results
	Stage 5 Hub
	Stage 5 String
	Mean Efficiency
	Distribution of losses

	5.2.2 Conclusions and Discussion for Stage 5 (2 MW) grids
	5.2.3 Choice of network type for Stage 6 (10 MW) farm

	5.3 Stage 6 (10 MW) farm
	5.3.1 Results
	Mean Efficiency
	Distribution of losses

	5.3.2 Conclusions and Discussion for the Stage 6 grid


	Chapter 6 -  Grid Integration Analysis of Voltage
	6.1 Literature of Grid Integration Studies
	6.2 Standards used to check Grid Code Compliance
	6.3 Storage Integration for the Stage 6 grid
	6.4 Voltage Step
	6.4.1 Methodology
	6.4.2 Results and Discussion
	Stage 5 grids
	Stage 6 grid


	6.5 Voltage Limits
	6.5.1 Methodology
	6.5.2 Results and Discussion
	Stage 5 grids
	Stage 6 grid


	6.6 Flicker
	6.6.1 Methodology
	6.6.2 Results and Discussion
	Stage 5 grids
	Stage 6 grid


	6.7 Summary

	Chapter 7 -  Summary and Conclusion
	7.1   Summary
	7.1.1 Chapter 2 – Wave Farm Electrical Architecture
	7.1.2 Chapter 3 – Network Variants and Economic Assessment
	7.1.3 Chapter 4 – Electrical Modelling
	7.1.4 Chapter 5 – Network Efficiency
	7.1.5 Chapter 6 – Grid Integration Analysis of Voltage

	7.2 Conclusion
	7.3 Future Work

	References
	Appendix
	8.1 Output characteristics of the CorPower Stage 4 WEC
	8.2 WEC Connection Options
	8.2.1 Hub
	8.2.2 String

	8.3 CAPEX of Stage 6 (10 MW) grids with other variants
	8.3.1 Stage 6 grid with String with T connector
	8.3.2 Stage 6 grid with Floating Hubs

	8.4 Grid Code Compliance – DNV GL standard


