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Abstract 
 

Offshore wind power plants are an emerging industry in Europe today. Consequently, 

research and investment are necessary for them to achieve their full potential. 

The effect of varying the AC transmission length as well as the power coming from an 

offshore wind farm is studied. Three AC transmission lengths have been considered: one 

that matches the most common transmission length used in Europe, a second further 

one which is gaining interest, and finally, one length which is not already built. 

Besides, different powers coming from the offshore wind farm have been taken into 

account. The values considered for these powers have been selected based on real 

offshore wind power plants.   

Moreover, the cost associated with the AC transmission system has been studied. 

The project aims to analyse the losses produced generated in the transmission system 

of an offshore wind farm and provide an optimized design that minimizes the power 

losses provided to the grid. The optimization includes the addition of reactive power 

compensation and its possible locations. Furthermore, the cost of each possible 

combination of transmission length and power from the offshore wind farm is studied. 
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1.-List of Acronyms  
 

OWF: Offshore Wind Farm 

HVAC: High-Voltage Alternating Current 

HVDC: High-Voltage Direct Current 

MVAC: Medium-Voltage Alternating Current 

OSS: Offshore electrical Substations 

VSC: Voltage-Source Converter 

LCC: Line-Commutated Converter  

GIS: Gas-Insulated high-voltage Switchgear 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Page. 6                                 Transmission system analysis for connection of offshore wind power plants 

 

2.-Preface 
 

The study that has been done in this final degree project has been about the HVAC 

transmission system that connects an Offshore Wind Power Plant, OWF, to the grid. 

 

2.1-Origin of the project 
 

Nowadays, due to climate change, renewable energies are becoming more popular. In 

addition, citizens, as well as governments, are becoming more interested in produced 

clean energy, which means that multiple actions are taking place around the world.  

One of the ways of producing clean energy is by using the wind since it is an endless 

resource. While conventional wind energy receives negative publicity for its potentially 

harmful effects on local wildlife and ecosystems, there is no evidence that offshore power 

farms harm the aquatic ecosystem in any way [1]. 

In addition, the environment does not need to be changed in any way, since the complete 

system is constructed offshore. Moreover, OWFs are located no further than 150 km to 

the shore [4], where there is not much marine life that can be affected [1]. 

On the other hand, the wind for onshore wind farms can be obstructed in many possible 

ways: hills, mountains, buildings, and different streams reduce the energy output [1]. 

However, these obstructions are not to be found in an offshore wind farm. 

Onshore wind power farms turbines have an average capacity of 3 MW, which produces 

enough electricity for 1.500 households. However, offshore wind power farms turbines 

with a 3,6 MW capacity can provide energy for over 3.300 households per year [1]. 

Another advantage of offshore power farms is the fact that the turbines used do not 

cause distress to the surroundings, since they are far from the shore [1]. 

 

2.2-Motivation 
 

Taking into consideration all the advantages presented above, it is evident that OWFs 

can be an excellent way of producing clean energy in the future. 

Thus, it has been considered that designing the transmissions system for an OWF, 

focusing on minimizing the losses can be very challenging as well as useful.  

Minimizing losses is the main objective since it is desired to use all the power produced 

in the OWFs. 
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3.-Introduction 
 

3.1-Project objectives 
 

This final degree project provides a technical analysis of an HVAC transmissions system 

that connects an OWF to the onshore grid. The purpose of this project is to design the 

optimum transmission system for an OWF. The breakdown of this technical analysis is 

the following: 

• Exposing a detailed methodology on general components as well as on general 

loss calculations of the considered components. 

• Optimization of the equivalent p.u. circuit. 

• Provide a code in multiple numerical computing environments. 

• Study the costs derived from the transmission system components. 

 

Regarding the structure followed in this project, it has the following order: 

• Chapter 4 gives a brief description of offshore wind energy currently. 

• Chapter 5 provides the technical background of offshore wind farms in which the 

possible transmissions systems that can be used are detailed. 

• Chapter 6 describes the components of the HVAC transmission system. In this 

chapter, each component has been modelled. 

• Chapter 7 presents the case study, with the assumptions that have been made, 

the description of the numerical computing environment used, the different 

scenarios that have been studied, and the results. 

• Chapter 8 gives a cost breakdown of the transmission system considered costs, 

with the expressions that have been used. 

• Chapter 9 groups together Chapters 7 and 8, providing the final results.  

 

Concerning the methodology that has been followed, a literature review has been made 

in order to support the technical background and support the modelling decisions made. 

 

3.2-Scope of the project 
 

The project focuses on the study of the transmission system of an OWF, from the 

offshore substation to the grid, considering power cables, power transformers, and their 

model. The losses produced by these elements are of great relevance for this project 

since it is precisely intended to minimize the losses generated in the transmission.  

Everything outside the transmission system is outside the scope of this work. This 

includes wind farm turbines and anything related to the inner working of the OWF. 

Concerning the codes used to solve the system equations established in Chapter 7, the 

objective is to achieve a code that allows the user to solve the non-linear equation system 

in an easy and simple way. The code writing optimization is out of the scope of this 

project. 



Page. 8                                 Transmission system analysis for connection of offshore wind power plants 

 

Regarding the cost calculations, just the costs related directly to the transmission system 

have been considered. That is the cost of the cables, the power transformers, the 

switchgear, the reactors, the AC power losses, and the substation platform.  
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4.-Offshore wind energy 
 

One of the challenges of the 21st century is being able to produce energy in a sustainable 

way, that is, using renewable resources. There are multiple renewable resources, such 

as solar radiation, tides, wind, and water.  

Currently, wind meets 15% of the EU’s power demand on average and much more in 

many countries: Ireland 33%, Portugal 27%, Germany 26%, and Spain 21% [2]. 

The European Wind Energy Association, EWEA, has established that in 2019, Europe 

connected 502 new offshore wind turbines to the grid across 10 projects. This brought 

3.627 MW of new additional capacity. Additionally, Europe now has a total installed 

offshore wind capacity of 22.072 MW from 5.047 grid-connected wind turbines across 12 

countries [3].   

 

Figure 1 Annual offshore wind installations by country (left axis) and cumulative capacity (right axis) (GW) 
(data source: [4]) 

 

In Figure 1 it can be seen the annual offshore wind installations and how the cumulative 

installed capacity in GW is increasing.  

The actual trend of the OWF [4]: 

• The average rated capacity of turbines installed in 2019 was 7,8 MW, which is    

1 MW larger than in 2018. 

• The average size of wind farms in construction almost doubled in one decade. 

• The average distance to shore, 59 km, and water depth, 33 m, continue to 

increase even though most wind farms are bottom-fixed1. 

 
1 Bottom-fixed offshore wind turbines are the ones that are installed on a platform connected to 
the seabed [5]. 
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In Figure 2 it can be seen the new offshore wind installations with grid connection in 2019 

(upper part) and the wind farms that were being under construction in 2019 (lower part). 

 

Figure 2 The new offshore wind installations with grid connection in 2019 and Wind farms under 
construction in 2019 but not yet grid-connected (data source: [4]) 

 

These data illustrate how the UK has the largest amount of offshore wind capacity in 

2019, which represents nearly half of the capacity brought online in Europe [4].  
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5.-Offshore wind farms 
 

An  OWF is composed of several wind turbines, offshore electrical substations (OSSs), 

an onshore connection point (OCP), a medium voltage (MV) grid, and a high-voltage 

(HV) system. The general network configuration is shown in Figure 3 [6]. 

 

Figure 3 General configuration of an OWF network (data source: [6]) 

 
The low-voltage output of each wind turbine generator is connected by a step-up 

transformer to the MV grid, typically 33 kV. Each group of wind turbines is linked to one 

or more offshore substations through MV submarines cables. These several parts 

constitute the internal MV grid. The power collected by each OSS is sent to the land grid 

by an HVAC transmission system [6].  

 

5.1.-Transmission systems 
 

There are two types of transmission systems: High-Voltage Alternating Current (HVAC), 

which is the system that has been used in this project, and High-Voltage Direct Current 

(HVDC). 

In the following chapters, technical information of the considered power transmission 

systems is presented. The function of each system is described as well as the role of the 

main necessary components.  

 

5.1.1.-HVAC 
 

The HVAC transmission system consists of HVAC submarines cables (XPLE cables2), 

offshore transformers, onshore transformers, and reactive power compensation. As 

mentioned before, the offshore transformer steps-up the voltage level because the wind 

 
2 XLPE cable means cross-linked polyethylene insulated aluminium or copper conductor armoured cable 
[7]. 



Page. 12                                 Transmission system analysis for connection of offshore wind power plants 

 

farm usually is in the range of 30-36 kV, and the transmission level is usually in the range 

of 132 kV to 400 kV [8]. 

Figure 4 shows the basic scheme of an HVAC transmission system.   

 

Figure 4 HVAC transmission system (data source: [11]) 

 

This type of transmission is associated with high losses due to reactive power generated 

in the cables, which increases with the cable length and the square of the AC voltage. 

The apparition of reactive power causes a reduction in the active power that can be 

transmitted through the cables. Thus, the cable length of the offshore applications is 

limited considering that the shorter the cables are, the fewer the reactive power 

generated would be. This cable length limitation is also due to the high cost and difficulty 

associated with installing reactive power compensation units [8]. 

As a consequence of this fact, this project conducts a technical analysis on how to 

maximize the active power that is delivered to the grid.    

 

5.1.2.-HVDC 
 

DC systems do not present any sort of reactive power which means that there is no need 

to compensate for the reactive power produced by the cables, lowering the transmission 

system cost. Moreover, the absence of reactive power increases system stability, 

virtually permitting power to be transmitted for very long distances [8]. 

In this type of transmission system, two converter stations are needed. The first one is 

located after the offshore transformer, and it converts from AC to DC. The second 

converter station is located before the onshore transformer, and it converts the 

transferred DC power to AC [8].  

There are two forms of HVDC configuration: voltage-source converter (VSC) and                         

line-commutated converted (LCC) [8]. 
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5.1.2.1.-HVDC Voltage-Source Converter Based Solution 

 

HVDC VSC has only two main system components, including two converter stations, 

one onshore and one offshore, and a pair of polymeric extruded cables. One of the 

converters operates as a rectifier (converts from AC to DC), and the other as an inverter 

at a variable frequency (converts from DC to AC). Both converters can absorb or deliver 

reactive power to the AC grid. This system provides independent control of reactive and 

active power, providing voltage frequency stability [8]. 

 

5.1.2.2.-HVDC Line-Commutated Converter Based Solution 

 

HVDC LCC has never been used for offshore power transmission due to its large size 

and poor performance when connected to weak AC grids, which is usually the case in 

OWFs. The weak performance is because this system is based on power electronics 

that require a strong network voltage to commutate against. The main components of 

this configuration are AC and DC filters, converter transformer, converter based on 

thyristor valves, smoothing reactor, capacitor banks, auxiliary power set, protection, and 

control devices [8]. 

 

 

6.-HVAC transmission systems 
 

In this chapter, a more detailed description of the HVAC components is given. Moreover, 

the model of each component is presented. 

 

6.1-GIS Switchgear 
 

Gas-insulated high-voltage switchgear (GIS), is a compact metal encapsulated 

switchgear consisting of high-voltage components such as circuit-breakers and 

disconnectors, which can be safely operated in confined spaces. GIS is used where 

space is limited [9]. 

A switchgear is a main protective element of a transmission system. It adapts to high 

voltages and high current; it helps to connect and to disconnect in case of a fault or short-

circuit [10]. Besides, the switchgear also contains a measuring instrumental system to 

monitor the transmitted power [12]. 

As its purpose is basically to protect critical components, this component is established 

at the arriving point of the offshore substation as well as at the arriving point of the 

onshore substation. Therefore, two switchgear per cable are needed [12]. 
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6.2.-XLPE Submarine Cable Systems 
 

The subsea cables are in charge of the power transportation between the offshore 

substation and the onshore one. They are a critical component since they represent most 

of the losses and reactive power and all the generated power reaches the grid through 

them [12]. 

There are two different cable types to consider when designing an OWF: single-core 

cables or three-core cables. The first one is used when the three phases are separated. 

The second one is used when the three phases are bundled together in a trefoil 

configuration and surrounded by a common shield and armouring [13].  

As it has been mentioned previously in chapter 5.1.1, the type of cables used for this 

system is XLPE. The cables should have a conductor cross-section adequate to meet 

the system requirements for power transmission capacity. Also, the cost of energy losses 

can be reduced by using a larger conductor. XLPE cables can be loaded continuously to 

a conductor temperature of 90ºC.  The dielectric losses of XLPE insulation are present 

also at no load due to those losses depend on the operating voltage applied, which shall 

be considered above 100 kV [14]. 

The current ratio of submarine cables follows the same rules as for land cables. 

Nonetheless, some differences shall be considered [14]:  

• Three-core submarine cables usually have steel wire armour. Single-core cables 

have non-magnetic armour. 

• Single-core cables can be laid separated or close. Close laying gives lower 

losses. Separation eliminates mutual heating but means higher losses in the 

armour. The introduced current in the armour can be high, up to the same value 

as in the conductor. 

In Figure 5 it can be seen both types of XLPE cables. 

 

Figure 5 On the left side, there is a Single-core cable with lead sheath and wire armour. On the right side 

there is a Three-core cable with optic fibres, lead sheath, and wire armour (data source: [14]) 
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In this project, calculations have been made using three-core cables with copper as a 

conductor. Copper has been selected instead of aluminium because the objective of this 

project is not to minimize cost, so the best conductor has been chosen. Furthermore, 

having a higher conductivity means that the ohmic losses decrease, which is the main 

objective of this project. 

Regarding which type of cable to use, three-core cables have been selected because 

powers above 250 MW have been considered [13]. 

 

6.2.1.-Cable model 
 

In this chapter, it is explained how cables have been modelled.  

To be able to select the adequate cross-section for the three-core cables, which is 

selected from data from the manufacturer [14], the rated current through the cables has 

to be considered.  

The rated current is calculated by using 𝐸𝑞. 1: 

𝐼𝑟,𝑖 =
𝑆𝑜𝑤𝑓,𝑁 · 106

√3 · 𝑈𝑟,𝑡𝑟 · 103
· 1,1   [𝐴]          (𝐸𝑞. 1) 

Where: 

• 𝑆𝑜𝑤𝑓,𝑁  is the rated power of the offshore wind in MVA. 

• 𝑈𝑟,𝑡𝑟 is the rated voltage of the transformer at the transmission system side in kV. 

The rated power of the offshore wind, 𝑆𝑜𝑤𝑓,𝑁, has been calculated following the next 

expression: 

𝑆𝑜𝑤𝑓,𝑁 = √𝑃𝑜𝑤𝑓
2 + 𝑄𝑜𝑤𝑓

2    [𝑀𝑉𝐴]      (𝐸𝑞. 2) 

Where: 

• 𝑃𝑜𝑤𝑓 is the active power coming from the windfarm in MW. 

• 𝑄𝑜𝑤𝑓 is the reactive power coming from the windfarm in MVAr. 

 

The rated current is multiplied by 1,1 because it should be considered that the cables 

must endure if the current increases 10% more than the real value. 

If the rated current 𝐼𝑟,𝑖 exceeds the largest rated current available from the manufacturer 

[14], a multiple number of cable circuit  𝑁𝑐 is considered. 

Once the rated current is calculated, the cross-section can be selected. Table 1 shows 

the values given by the manufacturer for three-core cables and copper conductors in a 

100-300 kV range. 
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Cross section [mm2] Rated current [A] 

300 530 

400 590 

500 655 

630 715 

800 775 

1.000 825 

 
Table 1 Current rating for three-core submarine cables with steel wire armour (data source: [14]) 

 

From the selection of the cross-section and knowing that the nominal voltage considered 

is 220 kV, the following parameters, shown in Table 2, are known from the manufacturer 

data [14]. 

 

Cross section of the 

conductor [mm2] 

Diameter of the 

conductor [mm] 

Capacitance 

[µF/km] 

Inductance 

[mH/km] 

500 22,6 0,14 0,43 

630 29,8 0,16 0,41 

800 33,7 0,17 0,40 

1.000 37.9 0,19 0,38 

 
Table 2 Technical data for XLPE submarine cable systems for three-core cables with lead sheath (data 

source: [14]) 

 

The standardized voltage levels for subsea transmissions that are given by the 

manufacturer, [14], are 110 kV, 132 kV, 150 kV, 220 kV, and 275 kV. 

As a consequence of this few options available and taking into account that a recent 

offshore wind farm called East Anglia [15] has used a nominal voltage of 220 kV, the 

same value has been considered for this project.  

The AC cable resistance has been calculated following the IEC 60287-1-1 international 

standard [16] that defines the resistance as:  

𝑅𝑎𝑐/𝑚 = 𝑅𝑑𝑐/𝑘𝑚 · 10−3 · (1 + 𝑦𝑠 + 𝑦𝑝)   [Ω 𝑚⁄ ]     (𝐸𝑞. 3) 

Where: 

• 𝑅𝑎𝑐/𝑚 is the AC cable resistance in Ω/m. 

• 𝑅𝑑𝑐/𝑘𝑚 is the DC cable resistance in Ω/km.  

• 𝑦𝑠 is the skin effect3. 

• 𝑦𝑝 is the proximity effect4. 

The DC cable resistance has been calculated with the following formula: 

𝑅𝑑𝑐/𝑘𝑚 =
1,02 · 109 · 𝜌20

𝑆
· [1 + 𝛼20 · (𝜃 − 20)]     [Ω 𝑘𝑚⁄ ]      (𝐸𝑞. 4) 

 

 
3 AC tendency to concentrate near the surface of the conductor [17]. 
4 When two or more conductors carrying alternating current are close to each other, the distribution of current 
in each current is affected due to the varying magnetic field of each other [17]. 
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Where: 

• 𝜌20 is the thermal resistivity of the copper conductor at 20 ºC in Ω·m, which is 

1,7241 · 10−08 Ω · 𝑚 

• 𝑆 is the cross-section selected from Table 2 in mm2. 

• 𝛼20 is the thermal coefficient of the copper conductor at 20 ºC in K-1
, which is 

0,00393 𝐾−1. 

• 𝜃 is the copper operating temperature in ºC. It has been set at 90 ºC, since is the 

maximal operational temperature for XLPE cables [14]. 

 

To determine the skin effect, the following equation has been used: 

𝑦𝑠 =
(
8 · 𝜋 · 𝑓 · 10−7 · 𝑘𝑠

𝑅𝑑𝑐/𝑘𝑚
⁄ )

2

192 + (
8 · 𝜋 · 𝑓 · 10−7 · 𝑘𝑠

𝑅𝑑𝑐/𝑘𝑚
⁄ )

2        (𝐸𝑞. 5) 

Where: 

• 𝑓 is the electric frequency in Hz, which has been set at 50 Hz. 

• 𝑘𝑠 is a factor that depends on the conductor geometry. For solid round 

conductors,  𝑘𝑠 = 1 [16]. 

 

Regarding the proximity effect, the formula that has been used is: 

𝑦𝑝 = (
𝑥𝑝

4

192 + 0,8 · 𝑥𝑝
4) · (

𝑑𝑐

𝑠𝑐
)
2

·

[
 
 
 
 

0,312 · (
𝑑𝑐

𝑠𝑐
)
2

+
1,18

𝑥𝑝
4

192 + 0,8 · 𝑥𝑝
4 + 0,27

]
 
 
 
 

      (𝐸𝑞. 6) 

 

𝑥𝑝
4 = (

8 · 𝜋 · 𝑓 · 10−7 · 𝑘𝑠
𝑅𝑑𝑐/𝑘𝑚

⁄ )
2

       (𝐸𝑞. 6) 

 
Where: 

• 𝑑𝑐 is the conductor diameter in mm, which is obtained from Table 2. 

• sc is the spacing between conductor axes in mm.  

 

The spacing between conductor axes has been calculated using the following equation 

[12]: 

𝑠𝑐 = 20,491 + 0,15155 · 𝑈𝑟,𝑡𝑟 + 0,78141 · 𝑑𝑐    [𝑚𝑚]       (𝐸𝑞. 7) 
 
Where: 

• 𝑈𝑟,𝑡𝑟 is the rated voltage of the transformer at the transmission system side in 

kV. 

 

With all of these parameters calculated, a π circuit has been considered. The resulting 

schematic using this model can be seen in Figure 6 [18]. 
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Figure 6 Schematic of the equivalent π circuit 

 

As can be seen in Figure 6, the equivalent parameters are two: 𝑍𝜋 and 𝑌𝜋. The π 

equivalent impedance,  𝑍𝜋, has been calculated following the next formula: 

𝑍𝜋 = 𝑍𝑐 · sinh𝜃    [Ω]      (𝐸𝑞. 8) 

 

Where: 

• 𝑍𝑐 is the characteristic impedance in Ω. 

• 𝜃 is the characteristic angle in rad. 

 

The characteristic impedance has been obtained by using the following formula: 

𝑍𝑐 = √
𝑍

𝑌
    [Ω]       (𝐸𝑞. 9) 

Where: 

• 𝑍 is the series impedance in Ω/m. 

• 𝑌 is the transverse admittance in S/m. 

 
The formulas for these two parameters are shown in Eq.10 and Eq.11. 

𝑍 = 𝑅𝑎𝑐/𝑚 + 𝑗(2 · 𝜋 · 𝑓 · 𝐿𝑐)  [
Ω

𝑚⁄ ]      (𝐸𝑞. 10)  

Where: 

• 𝐿𝑐 is the inductance obtained from the manufacturer from Table 2, in H/m. 

𝑌 = 𝐺 + 𝑗(2 · 𝜋 · 𝑓 · 𝐶)    [𝑆 𝑚⁄ ]        (𝐸𝑞. 11)  
 

Where: 

• 𝐺 is the conductance in S.  

• 𝐶 is the capacitance obtained from the manufacturer from Table 2, in F/m. 

 

Concerning the model of the angle, the next expression has been used: 

𝜃 = 𝐿 · 1000 · √𝑍 · 𝑌    [𝑟𝑎𝑑]       (𝐸𝑞. 12) 

Where: 

• 𝐿 is half of the length of the transmission system in km. 
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The final parameter of the π equivalent circuit is 𝑌𝜋, which has been calculated by 

following the next formula: 

𝑌𝜋 =

tanh (
𝜃

2
)

𝑍𝑐

  [𝑆]       (𝐸𝑞. 13) 

 

Once the parameters have been obtained, they have been transformed into per-unit 

(p.u.5). To do this transformation, base values have been defined.  

The base values, therefore, are the following: 

𝑈𝑏 = 𝑈𝑟,𝑡𝑟 · 103   [𝑉]           (𝐸𝑞. 14) 

𝑆𝑏 = 𝑆𝑜𝑤𝑓,𝑁 · 106  [𝑉𝐴]      (𝐸𝑞. 15) 

𝑍𝑏 =
𝑈𝑏

2

𝑆𝑏
  [Ω]      (𝐸𝑞. 16) 

𝑌𝑏 =
1

𝑍𝑏
   [𝑆]      (𝐸𝑞. 17) 

 

With the base value, the π parameters have been transformed into per-unit using the 

next expressions:  

𝑧𝜋 =
𝑍𝜋

𝑍𝑏
   [𝑝. 𝑢. ]     (𝐸𝑞. 18) 

𝑦𝜋 =
𝑌𝜋

𝑌𝑏
 [𝑝. 𝑢. ]       (𝐸𝑞. 19) 

 
 
The final step followed to model the cables has been calculating the equivalent 

impedances and admittances since they depend on the number of cables  𝑁𝑐. 

This calculation has been made using Eq.20 and Eq.21, presented below. 

𝑧𝜋𝑒𝑞 =
𝑧𝜋

𝑁𝑐
 [𝑝. 𝑢. ]             (𝐸𝑞. 20) 

𝑦𝜋𝑒𝑞 = 𝑦𝜋 · 𝑁𝑐  [𝑝. 𝑢. ]     (𝐸𝑞. 21) 

 

6.3.-Power transformers 
 

Power transformers are devices used in electricity transmission and distribution networks 

to overcome differences between primary (input) and secondary (output) voltage [19]. 

As stated before in chapter 5.1.1, transformers are necessary for an OWF to step up the 

voltage.  

 
5 In Annex A is presented a detailed explanation of what a per-unit system is.  
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Figure 7 HVAC transmission system (data source: [11]) 

 

As can be seen in Figure 7, in the OWF four triphasic power transformers are used. All 

of them are used to step-up the voltage. The OWF is usually in medium voltage, between 

30-36 kV, typically 33 kV, and the transmission level is usually in the range of 110-275 

kV [8], [12], making it necessary to increase the voltage by using offshore transformers. 

Since the rated voltage of the grid is different from the transmission one, which has been 

considered of 400 kV, onshore transformers are needed to step-up the voltage. That 

group of transformers might not be necessary if the transmission voltage was the same 

as the grid connection voltage.  

It is expected that each group of transformers, for each substation, is rated to the OWF 

full power [12]. Based on [20], it has been determined that two transformers per 

substation are needed, each rated at 60% of the OWF maximum power [20]. This is why 

the schematic showed in Figure 7 has four transformers.  In case of a power transformer 

failure, there will be another one that will work with 60% of the capacity. Moreover, 

overrating transformers decrease their losses, as their load index is decreased [12]. 

 

6.3.1.-Power transformer model  
 

In this chapter, the modelling of the power transformers is described. 

The four transformers have been represented as an equivalent circuit referred to the 

transmission system side, as shown in Figure 8. 

 

Figure 8 Equivalent circuit of a transformer 
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As can be seen in Figure 8, two parameters are needed to model the transformer 

behaviour: 𝑍𝑡𝑟 and 𝑌𝑡𝑟. 

To be able to define these parameters, the parameters of the transformer are needed. 

They are shown in Table 3 presented below. These values have been obtained from 

[11]. 

Copper losses (Wcc) 60 kW 

Iron losses (Wo) 40 kW 

Short circuit voltage (uk) 0,18 p.u. 

Open circuit current (io) 0,012 p.u. 

 
Table 3 Power transformer parameters (data source: [11]) 

 

Regarding the origin of these parameters, they are obtained by performing two tests [21]: 

• Open circuit test: it consists of leaving the secondary side of the transformer 

under vacuum. However, the primary side is powered with a nominal voltage. By 

doing this test, Wo and io are achieved. 

• Short circuit test: it is based on causing a short circuit in the secondary side of 

the transformer while on the primary side nominal current is circulating. With this 

test, Wcc and uk are obtained. 

 

The first parameter needed to obtain 𝑍𝑡𝑟 and 𝑌𝑡𝑟 is the rated power of the transformer, 

which has been established as: 

𝑆𝑟,𝑡𝑟 = 0,6 · 103 · 𝑆𝑜𝑤𝑓,𝑁   [𝑘𝑉𝐴]        (𝐸𝑞. 22) 

 
Where: 

• 𝑆𝑟,𝑡𝑟  is the rated power of the transformer in kVA. 

• 𝑆𝑜𝑤𝑓,𝑁  is the rated power of the offshore wind in MVA. 

 

As can be seen in Eq.22, 60% of the rated power of the offshore wind has been 

considered. 

With the values from Table 3, 𝑆𝑟,𝑡𝑟  and the equations obtained from [11], the 

equivalent parameters can be calculated as: 

𝑍𝑡𝑟,𝑖 = 𝑅𝑡𝑟,𝑖 + 𝑗𝑋𝑡𝑟,𝑖   [𝑘Ω]       (𝐸𝑞. 23) 

𝑌𝑡𝑟,𝑖 = 𝐺𝑡𝑟,𝑖 − 𝑗𝐵𝑡𝑟,𝑖  [𝑚𝑆]         (𝐸𝑞. 24) 

Where: 

• 𝑅𝑡𝑟,𝑖 is the resistance of the i transformer in kΩ (i = 1, 2)6. 

• 𝑋𝑡𝑟,𝑖 is the reactance of the i transformer in kΩ (i = 1, 2). 

• 𝐺𝑡𝑟,𝑖 is the conductance of the i transformer in kS (i = 1, 2). 

• 𝐵𝑡𝑟,𝑖 is the susceptance of the i transformer in kS (i = 1, 2). 

 
6 Regarding the transformer’s calculations, just two transformers have been considered because, for each 

substation, they can be grouped.  
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The parameters that define 𝑍𝑡𝑟,𝑖 have been calculated with the following expressions: 

𝑅𝑡𝑟,1 = 𝑊𝑐𝑐
2 · (

𝑈𝑟,𝑡𝑟

𝑆𝑟,𝑡𝑟
)

2

  [𝑘Ω]    (𝐸𝑞. 25) 

𝑅𝑡𝑟,2 = 𝑊𝑐𝑐
2 · (

𝑈𝑔𝑟𝑖𝑑

𝑆𝑟,𝑡𝑟
)

2

[𝑘Ω]    (𝐸𝑞. 26) 

𝑋𝑡𝑟,1 = √(𝑢𝑘 ·
𝑈𝑟,𝑡𝑟

𝑆𝑟,𝑡𝑟
)

2

− 𝑅𝑡𝑟,1  [𝑘Ω]     (𝐸𝑞. 27) 

𝑋𝑡𝑟,2 = √(𝑢𝑘 ·
𝑈𝑔𝑟𝑖𝑑

𝑆𝑟,𝑡𝑟
)

2

− 𝑅𝑡𝑟,2   [𝑘Ω]     (𝐸𝑞. 28) 

Where: 

• 𝑆𝑟,𝑡𝑟 is the rated power of the transformer in KVA. 

• 𝑈𝑟,𝑡𝑟 is the rated voltage of the transformer at the transmission system side in kV. 

• 𝑈𝑔𝑟𝑖𝑑 is the grid voltage in kV. 

• 𝑢𝑘 and 𝑊𝑐𝑐 are known values from Table 3. 

 

As can be seen, each transformer has its resistance and reactance. The values of each 

transformer are different because they have been referenced to the secondary side. 

With regard to 𝑌𝑡𝑟,𝑖, the parameters that define it have been obtained by using the 

following equations: 

𝐺𝑡𝑟,1 =
𝑊0

𝑈𝑟,𝑡𝑟
2   [𝑚𝑆]       (𝐸𝑞. 29) 

𝐺𝑡𝑟,2 =
𝑊0

𝑈𝑔𝑟𝑖𝑑
2  [𝑚𝑆]      (𝐸𝑞. 30) 

𝐵𝑡𝑟,1 = 𝑖0 ·
𝑆𝑟,𝑡𝑟

𝑈𝑟,𝑡𝑟
2   [𝑚𝑆]     (𝐸𝑞. 31) 

𝐵𝑡𝑟,2 = 𝑖0 ·
𝑆𝑟,𝑡𝑟

𝑈𝑔𝑟𝑖𝑑
2   [𝑚𝑆]    (𝐸𝑞. 32) 

Where: 

• 𝑖0 and 𝑊0 are known values from Table 3. 

 

In this case, it happens the same as with the resistance and reactance since each 

transformer has its conductance and susceptance. 

The following steps are the same that have been followed for the cables in section 6.2.1: 

base values have been defined in order to transform the values into per-unit and finally 

calculating the equivalent parameters. 

The base values used for the transformers have been defined using the following 

expressions: 
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𝑆𝑏,𝑜𝑙𝑑 = 𝑆𝑟,𝑡𝑟 · 103  [𝑉𝐴]              (𝐸𝑞. 33) 

𝑆𝑏,𝑛𝑒𝑤 = 𝑆𝑜𝑤𝑓,𝑁 · 106   [𝑉𝐴]        (𝐸𝑞. 34) 

𝑈𝑏,1 =
𝑁1

𝑁2
· 𝑈𝑏,2   [𝑉]     (𝐸𝑞. 35) 

𝑈𝑏,2 =
𝑁3

𝑁4
· 𝑈𝑏,3   [𝑉]      (𝐸𝑞. 36) 

𝑈𝑏,3 = 𝑈𝑔𝑟𝑖𝑑 · 103  [𝑉]   (𝐸𝑞. 37) 

Where: 

• 
𝑁1

𝑁2
 is the offshore wind farm, 𝑈𝑜𝑤𝑓, divided by the rated voltage of the 

transformer at the transmission system side, 𝑈𝑟,𝑡𝑟.   

• 
𝑁3

𝑁4
 is the rated voltage of the transformer at the transmission system side, 𝑈𝑟,𝑡𝑟, 

divided by the grid voltage, 𝑈𝑔𝑟𝑖𝑑.  

 

𝑉𝑏,𝑡𝑟,1,𝑜𝑙𝑑 = 𝑈𝑟,𝑡𝑟 · 103   [𝑉]        (𝐸𝑞. 38) 

𝑉𝑏,𝑡𝑟,2,𝑜𝑙𝑑 = 𝑈𝑔𝑟𝑖𝑑 · 103   [𝑉]      (𝐸𝑞. 39) 

𝑍𝑏,𝑡𝑟,1,𝑜𝑙𝑑 =
𝑉𝑏,𝑡𝑟,1,𝑜𝑙𝑑

2

𝑆𝑏,𝑜𝑙𝑑
  [Ω]         (𝐸𝑞. 40) 

𝑍𝑏,𝑡𝑟,2,𝑜𝑙𝑑 =
𝑉𝑏,𝑡𝑟,2,𝑜𝑙𝑑

2

𝑆𝑏,𝑜𝑙𝑑
 [Ω]           (𝐸𝑞. 41) 

𝑉𝑏,𝑡𝑟,1,𝑛𝑒𝑤 = 𝑈𝑏,2  [𝑉]                   (𝐸𝑞. 42) 

𝑉𝑏,𝑡𝑟,1,𝑛𝑒𝑤 = 𝑈𝑏,3  [𝑉]                    (𝐸𝑞. 43) 

𝑍𝑏,𝑡𝑟,1,𝑛𝑒𝑤 = 𝑍𝑏,𝑡𝑟,1,𝑜𝑙𝑑 · (
𝑉𝑏,𝑡𝑟.1,𝑛𝑒𝑤

𝑉𝑏,𝑡𝑟,1,𝑜𝑙𝑑
)

2

·
𝑆𝑏,𝑜𝑙𝑑

𝑆𝑏,𝑛𝑒𝑤
   [Ω]    (𝐸𝑞. 44) 

𝑍𝑏,𝑡𝑟,2,𝑛𝑒𝑤 = 𝑍𝑏,𝑡𝑟,2,𝑜𝑙𝑑 · (
𝑉𝑏,𝑡𝑟,2,𝑛𝑒𝑤

𝑉𝑏,𝑡𝑟,2,𝑜𝑙𝑑
)

2

·
𝑆𝑏,𝑜𝑙𝑑

𝑆𝑏,𝑛𝑒𝑤
   [Ω]     (𝐸𝑞. 45) 

𝑌𝑏,𝑡𝑟,1,𝑛𝑒𝑤 =
1

𝑍𝑏,𝑡𝑟,1,𝑛𝑒𝑤
  [𝑆]    (𝐸𝑞. 46) 

𝑌𝑏,𝑡𝑟,2,𝑛𝑒𝑤 =
1

𝑍𝑏,𝑡𝑟,2,𝑛𝑒𝑤
  [𝑆]    (𝐸𝑞. 47) 

 

With the base values, the change to per-unit can be done using the next formula: 

𝑧𝑟,𝑡𝑟,𝑖 =
𝑍𝑡𝑟,𝑖 · 103

𝑍𝑏,𝑡𝑟,𝑖,𝑛𝑒𝑤
   [𝑝. 𝑢. ]       (𝐸𝑞. 48) 

𝑦𝑟,𝑡𝑟,𝑖 =
𝑌𝑡𝑟,𝑖 · 10−3

𝑌𝑏,𝑡𝑟,𝑖,𝑛𝑒𝑤
   [𝑝. 𝑢. ]     (𝐸𝑞. 49) 

 
Where  𝑖 = 1, 2. 
 

Finally, the last step to model the parameters of the transformers is making the 

equivalent of both transformers per substation taking into account that they are parallel: 

𝑧𝑡𝑟,𝑖,𝑒𝑞 =
𝑧𝑟,𝑡𝑟,𝑖

2
   [𝑝. 𝑢. ]            (𝐸𝑞. 50) 

𝑦
𝑡𝑟,𝑖,𝑒𝑞

= 𝑦
𝑟,𝑡𝑟,𝑖

· 2     [𝑝. 𝑢. ]     (𝐸𝑞. 51) 
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6.4.-Grid model 
 

In this section, the expressions used to model the grid connection are presented. The 

grid has been modelled with a Thévenin equivalent, where 𝑈𝑔𝑟𝑖𝑑 is the Thévenin voltage 

and 𝑧𝑔𝑟𝑖𝑑 is the Thévenin impedance in p.u.. 

Some values are needed in order to be able to establish a grid model. They are 

presented in Table 4. 

Short circuit ratio (SCR) 5 

Ratio of the system reactance (
𝑥𝑔

𝑟𝑔
) 10 

 
Table 4 Grid model values (data source: [11]) 

 

The first value that has been calculated is 𝑧𝑟,𝑔𝑟𝑖𝑑, following the next formula: 

𝑧𝑟,𝑔𝑟𝑖𝑑 =
1

𝑆𝐶𝑅
  [𝑝. 𝑢. ]       (𝐸𝑞. 52) 

 
Once the 𝑧𝑟,𝑔𝑟𝑖𝑑 is defined, the 𝑟𝑔𝑟𝑖𝑑 can be obtained. From the latter, 𝑥𝑔𝑟𝑖𝑑 can be 

defined. Combining Eq.54 and Eq.55, the 𝑧𝑔𝑟𝑖𝑑 is obtained and the model is complete. 

𝑟𝑔𝑟𝑖𝑑 =
𝑧𝑟,𝑔𝑟𝑖𝑑

√1 + (
𝑥𝑔

𝑟𝑔
)

2

   [𝑝. 𝑢. ]     (𝐸𝑞. 53) 

𝑥𝑔𝑟𝑖𝑑 = 𝑟𝑔𝑟𝑖𝑑 ·
𝑥𝑔

𝑟𝑔

  [𝑝. 𝑢. ]           (𝐸𝑞. 54) 

𝑧𝑔𝑟𝑖𝑑 = 𝑟𝑔𝑟𝑖𝑑 + 𝑗𝑥𝑔𝑟𝑖𝑑  [𝑝. 𝑢. ]      (𝐸𝑞. 55) 

 

 

7.-Case study 
 

As previously commented, this project has as a main objective to minimize the losses 

that are generated in the transmission from an OWF to the grid. 

Based on the circuit shown in Figure 4 and Figure 7, and applying al the simplifications 

described in section 6, the simplified and per-unit schematic of the resulting circuit is: 

 

Figure 9 Simplified and per-unit circuit diagram of the HVAC transmission system 
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Before any calculation has been done, some assumptions have been made. 

 

7.1.-Assumptions 
 

This chapter explains the assumptions that have been made during the development of 

the project. 

• It has been considered that the length from the OWF to node 3 (see Figure 9) is 

the same as the length from node 3 to the grid.  

• The grid voltage, 𝑈𝑔𝑟𝑖𝑑, is a constant value equal to 400 kV. 

• The rated voltage of the transformer at the transmission system side, 𝑈𝑟,𝑡𝑟, is a 

constant value equal to 220 kV. 

• The OWF voltage, 𝑈𝑜𝑤𝑓 , is a constant value equal to 33 kV. 

• Just the active power coming from the OWF has been considered. 

 

7.2.-Numerical computing environments 
 

In this project, a non-linear system of equations formed by complex numbers has been 

established, as can be seen in the following chapter 7.3. To be able to solve this system 

of equations, multiple numerical computing environments have been used. 

Three programs have been used: MATLAB and The Julia Programming Language. 

 

7.2.1.-MATLAB 
 

MATLAB combines a perfected destock environment 

for iterative analysis and design processes with a 

programming language that expresses matrix and 

array mathematics directly [22].  

It allows the user to create scrips with a code 

combination, output, and formatted text. The user can 

divide the code into manageable sections that can be 

executed independently. You can see the output and the visualizations together with the 

code that generated them. You can also improve your code and results with formatted 

text, headers, images, and hyperlinks [23]. 

All these qualities make this numerical environment perfect to solve the system. For 

section 7.3, which does not include constraints nor optimization, the function fsolve has 

been used. It is a function that solves systems of non-linear equations [24]. 

Once constraints were added and optimization was needed, fsolve was not enough so 

the function fmincon has been used. This function looks for the minimum of a 

multivariable function non-linear constrained [25]. 

 

Figure 10 MATLAB logotype (data 

source: [29]) 
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7.2.3- The Julia Programming Language 

 

Julia is dynamically typed, feels like a scripting language, 

and has good support for interactive use. It uses multiple 

dispatches as a paradigm, making it easy to express 

many object-oriented and functional programming 

patterns. Julia provides asynchronous I/O, 

metaprogramming, debugging, logging, profiling, a 

package manager, and more. It is an open-source project 

with over 1.000 contributors and the source code is 

available on GitHub [26]. 

With the work environment, it has been possible to solve the equations systems 

successfully.  

For the equation system with no restrictions and no optimization presented in section 

7.3, the NLsolve package has been used. This package solves systems of non-linear 

equations [27].  

When adding constraints and the need for optimization, as it happens with MATLAB, 

another function or package is needed. So, in this case, the function Ipopt from the JuMP 

module has been used. This module provides support for general smooth non-linear 

(convex and nonconvex) optimization problems [28]. 

 

7.3.-Equation system with no constraints and no optimization 
 

Initially, in this project, the circuit shown in Figure 9 has been studied. The study 

consisted of analysing the power delivered to the grid and the power losses produced 

during the transmission, for multiple scenarios.  These multiples scenarios consist of 

changing the length of the transmission system, 𝐿, as well as the rated power of the 

offshore wind farm, 𝑆𝑜𝑤𝑓,𝑁.  

Three lengths have been considered: 50 km, 100 km, and 150 km. The first one has 

been chosen slightly inferior to the average distance of 59 km [4]. The distance of 100 

km has been selected because two countries have already been constructing an OWF 

during 2019 [4]. Finally, the length of 150 km has been studied for future constructions, 

since at the moment no installation is constructed or being constructed at such distance. 

Regarding the rated power of the offshore wind farm studied, as with the length, three 

values have been considered: 500 MVA, 1.000 MVA, and 1.500 MVA. These values 

have been chosen to take into consideration de data found in [4], which can be seen in 

Figure 12, shown below. 

Figure 11 Julia logotype (data 
source: [26]) 
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Figure 12 Average turbine rated capacity and number of turbines at wind farms under construction in 2019 
(data source: [4]) 

 

The power flow equations that have been used to determine the losses are presented 

below. 

𝑢6 = 𝑣𝑔 = 1 + 0𝑖 [𝑝. 𝑢. ]         (𝐸𝑞. 56) 

𝑢5 = 𝑖6 · 𝑧𝑔 + 𝑢6                    (𝐸𝑞. 57) 

𝑖5 = 𝑢5 · 𝑦𝑡𝑟,𝑒𝑞 + 𝑖6               (𝐸𝑞. 58) 

𝑢4 = 𝑖5 · 𝑧𝑡𝑟,𝑒𝑞 + 𝑢5              (𝐸𝑞. 59) 

𝑖4 = 𝑢4 · 𝑦𝜋𝑒𝑞 + 𝑖5                 (𝐸𝑞. 60) 

𝑢3 = 𝑖4 · 𝑧𝜋𝑒𝑞 + 𝑢4                (𝐸𝑞. 61) 

𝑖3 = 𝑢3 · 2 · 𝑦𝜋𝑒𝑞 + 𝑖4           (𝐸𝑞. 62) 

𝑢2 = 𝑖3 · 𝑧𝜋𝑒𝑞 + 𝑢3                  (𝐸𝑞. 63) 

𝑖2 = 𝑢3 · 𝑦𝜋𝑒𝑞 + 𝑖3                   (𝐸𝑞. 64) 

𝑢1 = 𝑖2 · 𝑧𝑡𝑟,𝑒𝑞 + 𝑢2               (𝐸𝑞. 65) 

𝑖1 = 𝑢1 · 𝑦𝑡𝑟,𝑒𝑞 + 𝑖2                (𝐸𝑞. 66) 

𝑝1 + 𝑞1 = 𝑢1 · 𝑖1
∗                    (𝐸𝑞. 67) 

 

Where: 

• 𝑣𝑔 is the grid voltage, considered as the reference voltage, in p.u.. 

• 𝑢1, 𝑢2, 𝑢3, 𝑢4 and 𝑢5 are the voltages, in p.u., of each node. 

• 𝑖1, 𝑖2, 𝑖3, 𝑖4, 𝑖5 and 𝑖6 are the currents, in p.u., of each node. 

• 𝑧𝑔 is the grid impedance, in p.u.. In chapter 6.4 it is presented how it has been 

calculated. 

• 𝑧𝑡𝑟,𝑒𝑞 and 𝑦𝑡𝑟,𝑒𝑞 are the equivalent impedance and admittance, respectively, of 

the power transformers of the HVAC system, in p.u.. In chapter 6.3.1, the formula 

used is shown. It can be noticed that there is no distinction between transformer 
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1 and transformer 2. That is because, in the end, both impedances and 

admittances were equal. 

• 𝑧𝜋𝑒𝑞 and 𝑦𝜋𝑒𝑞 are the equivalent impedance and admittance of the cables of the 

circuit in π, in p.u.. The formula used to find these values can be seen in chapter 

6.2.1. 

 

For each possible combination of length and rated power of the OWF, in addition to the 

values for each variable mentioned above, the active delivered power, the reactive 

delivered power, and the power losses have been calculated following the next 

expressions: 

𝑝𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑 = 𝑅𝑒(𝑢5·𝑖6
∗)  [𝑝. 𝑢. ]      (𝐸𝑞. 68) 

𝑞𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑 = 𝐼𝑚(𝑢5·𝑖6
∗)  [𝑝. 𝑢. ]      (𝐸𝑞. 69) 

𝑝𝑙𝑜𝑠𝑠𝑒𝑠 = 1 − 𝑝𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑   [𝑝. 𝑢. ]       (𝐸𝑞. 70) 

Where: 

• 𝑝𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑 is the active delivered power to the grid in p.u.. 

• 𝑞𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑 is the reactive delivered power to the grid in p.u.. 

• 𝑝𝑙𝑜𝑠𝑠𝑒𝑠 is the power losses in p.u.. 

 

7.3.1.-Results 

 

In this section, some of the results obtained when solving the equation system 

established above, are presented. 

Regarding the values of impedances and admittances that modelled the HVAC 

transmission system, they are to be seen in Annex B.  

Concerning the powers, Table 5 shows the values obtained for the active delivered 

power and reactive delivered power to the grid in addition to the power losses for each 

configuration. 

𝐿 [𝑘𝑚] 𝑆𝑜𝑤𝑓,𝑁 [𝑀𝑉𝐴] 𝑝𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑  [𝑝. 𝑢. ] 𝑞𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑  [𝑝. 𝑢. ] 𝑃𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑  [𝑀𝑊] 𝑃𝑙𝑜𝑠𝑠𝑒𝑠 [𝑀𝑊] 
50 500 0,99240934 0,33507610 496,20466776 3,79533224 
50 1000 0,99274488 0,33472773 992,74488153 7,25511847 
50 1500 0,99285674 0,33461155 1489,28510256 10,71489744 

100 500 0,97910388 1,93077794 489,55193897 10,44806103 

100 1000 0,97970798 1,93026123 979,70798286 20,29201714 

100 1500 0,97990932 1,93008887 1469,86397503 30,13602497 

150 500 0,87619382 6,39647229 438,09691223 61,90308777 

150 1000 0,87811283 6,39576333 878,11283250 121,88716750 

150 1500 0,87875245 6,39552603 1318,12866827 181,87133173 
 

 
Table 5  𝑝𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑  , 𝑞𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑 , 𝑝𝑙𝑜𝑠𝑠𝑒𝑠  in p.u. and 𝑃𝑙𝑜𝑠𝑠𝑒𝑠  in MW for the studied combinations 
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The equation that has been used to calculate the power losses in MW is Eq.71: 

𝑃𝑙𝑜𝑠𝑠𝑒𝑠 = 𝑝𝑙𝑜𝑠𝑠𝑒𝑠  · 𝑃𝑜𝑤𝑓   [𝑀𝑊]      (𝐸𝑞. 71) 

Where: 

• 𝑝𝑙𝑜𝑠𝑠𝑒𝑠 are the power losses in p.u.. 

• 𝑃𝑜𝑤𝑓 is the active power coming from the windfarm in MW. 

 

In Table 5, the dependency of the power losses with the cable length can be seen. It can 

also be seen, more easily, in Figure 13. 

 

Figure 13 Power losses in MW according to the transmission length in km and the active power coming 

from the OWF in MWA 

 

To illustrate the need for constraints, the results for the first combination studied, which 

considers a transmission length of 50 km and a power coming from the OWF of 500 

MWA are shown below.  

𝑢1 = 1,01545922 + 0,48614507i [p. u. ];  |𝑢1| = 1,12583057 [p. u. ] 

𝑢2 =  1,07504079 + 0,36698003i [p. u. ];  |𝑢2| = 1,13595204 [p. u. ] 

𝑢3 =  1,07573741 + 0,35225562i [p. u. ];  |𝑢3| = 1,13194302 [p. u. ] 

𝑢4 =  1,07154367 + 0,33721327i [p. u. ];  |𝑢4| = 1,12335152 [p. u. ] 

𝑢5 =  1,04773787 + 0,19082858i [p. u. ];  |𝑢5| = 1,06497427 [p. u. ] 
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𝑖1 =  0,80115476 + 0,38354808i [p. u. ];  |𝑖1| = 0,88823312 [p. u. ] 

𝑖2 =  0,79399180 + 0,39809291i [p. u. ];  |𝑖2| = 0,88820096 [p. u. ] 

𝑖3 =  0,84142627 + 0,25909628i [p. u. ];  |𝑖3| = 0,88041413 [p. u. ] 

𝑖4 =  0,93248774 − 0,01907677i [p. u. ];  |𝑖4| = 0,93268286 [p. u. ] 

𝑖5 =  0,97607370 − 0,15762091i [p. u. ];  |𝑖5| = 0,98871847i [p. u. ] 

𝑖6 =  0,97315813 − 0,14256402i [p. u. ];  |𝑖6| = 0,98354524 [p. u. ] 

 

As can be seen in Table 5 and Figure 13, the power losses increase with the length of 

the transmission system, which was expected, but this increment is more significant at a 

higher length. Regarding the reactive power delivered to the grid, by taking into 

consideration the values shown in Table 5,  it is evident that the value is high because 

no reactive power compensation is included in the model.  

Regarding the voltages, it can be seen how high the modules are. Therefore, the 

constraints in the next section are introduced. 

 

7.4.-Constraints 
 

In the previous section, it has been presented the need to introduce constraints to the 

model to adjust the range generated reactive power. Besides, as established by [30], 

constraints referred to the voltages and currents are to be added to fulfil the requirements 

in selected grid codes. 

The requirements in selected grid codes [30] established that the voltage module should 

follow: 

0,9 ≤ 𝑢𝑖 ≤ 1,1 

Where 𝑖 = 1,… ,5. 

Regarding the current module regulations, [30] established that it must be fulfilled the 

following constraint: 

𝑖𝑖 ≤ 1,1 

Where 𝑖 = 1,… ,6. 

Regarding the delivered reactive power into the transmission system, [30] determine 

different ranges based on different countries. As this range depends on the country, for 

this project the selected range of values has been: 

−0,001 ≤ 𝑞𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑 ≤ −0,001 
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If the 𝑞𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑    shown in Table 5 in the previous section is considered, it is evident that 

the values obtained are completely outside the range. 

 

7.5.-Equation system with constraints, optimization and reactive 

compensation 
 

In section 7.4 has been explained the necessity of adding constraints related to the 

voltage and current module as well as for the reactive power. 

This means that the equation system for this new scenario is the same as the one 

presented in section 7.3 and the following new expressions: 

0,9 ≤ 𝑢𝑖  [𝑝. 𝑢. ]    (𝐸𝑞. 72) 

𝑢𝑖  ≤ 1,1 [𝑝. 𝑢. ]    (𝐸𝑞. 73) 

Where 𝑖 = 1,… ,5. 

𝑖𝑖 ≤ 1,1  [𝑝. 𝑢. ]   (𝐸𝑞. 74)  

Where 𝑖 = 1,… ,6. 

−0,001 ≤ 𝑞𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑   [𝑝. 𝑢. ]  (𝐸𝑞. 75) 

𝑞𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑 ≤ 0,001  [𝑝. 𝑢. ]     (𝐸𝑞. 76) 

 

Besides, to minimize the reactive power delivered, 𝑞𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑 , and because the voltages 

are exciding the limits established by [30], reactive compensation is needed. Thus, an 

impedance has been added to the simplified and per-unit circuit diagram of the HVAC 

transmission system.   

This new impedance has the next appearance: 

𝑦𝑙 =
1

𝑗 · 2 · 𝜋 · 𝑓 · 𝐿𝑙
  [𝑝. 𝑢. ]    (𝐸𝑞. 77) 

 

Where: 

• 𝑓 is the frequency in Hz. 

• 𝐿𝑙 is the inductance of the reactive compensation impedance in H. 

 

The location for the reactive compensation impedance, 𝑦𝑙, generates more scenarios 

than the ones presented in section 7.3, since the impedance can be located in multiple 

nodes (from node 1 to node 5). This means that there are 31 possible combinations the 

position of the reactors. For instance, just one reactor can be added in node 1, then in 

node 2, and so on generating five configurations. Then, two reactors can be added at 

the same time, generating combinations such as reactor in node 1 and node 2, node 1 
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and node 3, and so on until generating 31 configurations. The schematic of the positions 

in which the reactors can be added are shown in Figure 14. 

 

Figure 14 Reactors positions 

 

Lastly, an objective function has been settled to optimized the power losses. The 

objective function, hence, is: 

𝑚𝑖𝑛{𝑃𝑜𝑤𝑓 − 𝑃𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑}      (𝐸𝑞. 78) 

 

7.5.1-Results separated by transmission length and power coming from the 

OWF 

 

After adding the constraints and the objective function, all the possible combinations 

have been studied. 

As the impedances and admittances only depend on the transmission distance and the 

power coming from the OWF, and not on the reactors nor the use of constraints, their 

values are the same as the ones presented in Annex B.  

In the following subsections, from the 9 scenarios combining transmission length and 

power coming from the OWF, results from 3 cases have been shown in detail: 

• Transmission length of 50 km and a coming power from the OWF of 500 MWA. 

• Transmission length of 100 km and a coming power from the OWF of 1.000 MWA. 

• Transmission length of 150 km and a coming power from the OWF of 1.500 MWA. 

 

These three combinations that are presented below, show one case of each OWF rated 

power and transmission length. They have been considered representative of the 

behaviour that the power losses have for the rest of the combinations. 

 

7.5.1.1.-Transmission length of 50 km and a coming power from the OWF of          

500 MWA 

 

Hereunder, in Table 6 and Table 7, there are presented the reactors position, their value, 

the power delivered to the grid, and the power losses for a transmission length of 50 km 

and a coming power from the OWF of 500 MWA.  
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Reactor position. 

Nodes: 

𝑃𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑 [𝑀𝑊] 𝑃𝑙𝑜𝑠𝑠𝑒𝑠 [𝑀𝑊] 

2 and 5 495,79995843 4,20004157 

1, 2 and 5 495,79995843 4,20004157 

1, 4 and 5 495,79995843 4,20004157 

1 and 5 495,79995843 4,20004157 

4 and 5 495,79995843 4,20004157 

5 495,79995843 4,20004157 

2, 4 and 5 495,79995723 4,20004277 

1, 3 and 5 495,79995723 4,20004277 

1, 2, 3 and 5 495,79995683 4,20004317 

1, 3, 4 and 5 495,79995683 4,20004317 

1, 2, 4 and 5 495,79995683 4,20004317 

2, 3, 4 and 5 495,79995683 4,20004317 

1, 2, 3, 4, and 5 495,79995643 4,20004357 

3 and 5 495,79994246 4,20005754 

2, 3 and 5 495,79993448 4,20006552 

3, 4, and 5 495,79993446 4,20006554 

3 and 4 495,66739700 4,33260300 

3 495,66739676 4,33260324 

1 and 3 495,66739635 4,33260365 

1, 2, 3, and 4 495,66739556 4,33260444 

2, 3 and 4 495,66727861 4,33272139 

2 and 3 495,66700899 4,33299101 

1, 3 and 4 495,66682813 4,33317187 

1, 2 and 3 495,66681822 4,33318178 

1, 2 and 4 495,61506870 4,38493130 

2 and 4 495,61506151 4,38493849 

1 and 4 495,61441263 4,38558737 

4 495,58976086 4,41023914 

2 495,57309916 4,42690084 

1 and 2 495,57309916 4,42690084 

1 495,57007276 4,42992724 

 
Table 6 Reactors positions and power losses ordered from lowest to highest in MW considering a 

transmission length of 50 km and a coming power from the OWF of 500 MWA 
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Reactor position. 

Nodes: 

𝑦𝑙1  [𝑝. 𝑢. ] 𝑦𝑙2  [𝑝. 𝑢. ] 𝑦𝑙3  [𝑝. 𝑢. ] 𝑦𝑙4  [𝑝. 𝑢. ] 𝑦𝑙5  [𝑝. 𝑢. ] 

2 and 5 0,00000000i 0,00000000i 0,00000000i 0,00000000i -0,21954840i 

1, 2 and 5 0,00000000i 0,00000000i 0,00000000i 0,00000000i -0,21954840i 

1, 4 and 5 0,00000000i 0,00000000i 0,00000000i 0,00000000i -0,21954840i 

1 and 5 0,00000000i 0,00000000i 0,00000000i 0,00000000i -0,21954840i 

4 and 5 0,00000000i 0,00000000i 0,00000000i 0,00000000i -0,21954840i 

5 0,00000000i 0,00000000i 0,00000000i 0,00000000i -0,21954840i 

2, 4 and 5 0,00000000i -0,00000164i 0,00000000i -0,00000036i -0,21954597i 

1, 3 and 5 -0,00000162i 0,00000000i -0,00000270i 0,00000000i -0,21954291i 

1, 2, 3 and 5 -0,00000162i -0,00000164i -0,00000270i 0,00000000i -0,21954075i 

1, 3, 4 and 5 -0,00000162i 0,00000000i -0,00000270i -0,00000036i -0,21954246i 

1, 2, 4 and 5 -0,00000162i -0,00000164i 0,00000000i -0,00000036i -0,21954380i 

2, 3, 4 and 5 0,00000000i -0,00000164i -0,00000270i -0,00000036i -0,21954246i 

1, 2, 3, 4, and 5 -0,00000162i -0,00000164i -0,00000271i -0,00000036i -0,21954028i 

3 and 5 0,00000000i 0,00000000i -0,00005387i 0,00000000i -0,21948222i 

2, 3 and 5 0,00000000i -0,00003269i -0,00005377i 0,00000000i -0,21943927i 

3, 4, and 5 0,00000000i 0,00000000i -0,00005386i -0,00000718i -0,21947314i 

3 and 4 0,00000000i 0,00000000i -0,17375265i -0,00000134i 0,00000000i 

3 0,00000000i 0,00000000i -0,17375403i 0,00000000i 0,00000000i 

1 and 3 -0,00000225i 0,00000000i -0,17375170i 0,00000000i 0,00000000i 

1, 2, 3, and 4 -0,00000219i -0,00000226i -0,17374288i -0,00000671i 0,00000000i 

2, 3 and 4 0,00000000i -0,00022492i -0,17290588i -0,00064054i 0,00000000i 

2 and 3 0,00000000i -0,00109569i -0,17268044i 0,00000000i 0,00000000i 

1, 3 and 4 -0,00105779i 0,00000000i -0,16998428i -0,00277107i 0,00000000i 

1, 2 and 3 -0,00103141i -0,00106807i -0,17164112i 0,00000000i 0,00000000i 

1, 2 and 4 -0,00015903i -0,07452703i 0,00000000i -0,10007986i 0,00000000i 

2 and 4 0,00000000i -0,07469063i 0,00000000i -0,10007974i 0,00000000i 

1 and 4 -0,07245340i 0,00000000i 0,00000000i -0,10185163i 0,00000000i 

4 0,00000000i 0,00000000i 0,00000000i -0,17782973i 0,00000000i 

2 0,00000000i -0,17139855i 0,00000000i 0,00000000i 0,00000000i 

1 and 2 0,00000000i -0,17139855i 0,00000000i 0,00000000i 0,00000000i 

1 -0,17256573i 0,00000000i 0,00000000i 0,00000000i 0,00000000i 

 
Table 7 Reactors position and their value in p.u. considering a transmission length of 50 km and a coming 

power from the OWF of 500 MWA 

 

From the two tables shown above, it can be seen that the case that minimizes the power 

losses the most, when considering a transmission length of 50 km and a power of 500 

MWA, is the one that has one reactor added in node 2 and 5. It has been shaded in 

green in both Table 6 and Table 7. Despite considering that a reactor is added in node 

2, as can be seen in Table 7, its value is so small that it is practically zero. The same 

happens in the next six rows. 
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This case has an active power delivered to the grid of 495,80 MW and a power loss of 

4,20 MW, which represents 0,84% of the total active power coming from the OWF. 

In Table 6, power losses are ordered from lower to higher, and it can be concluded that 

to minimize the power losses, considering a transmission length of 50 km and a power 

coming from the OWF of 500 MWA, just one reactor it is needed. In the worst-case 

scenario, last row of Table 6, the power loss represents 0,88% of the active power. 

 

7.5.1.2.-Transmission length of 100 km and a coming power from the OWF of          

1.000 MWA 

 

In this section are presented the results for the combination of a 100 km transmission 

length and a coming power from the OWF of 1.000 MWA. 

The power losses are presented in Table 8, ordered from lower to higher, followed by 

Table 9, in which the reactor’s positions and their values are presented. 

In Table 8, the number of rows has diminished in comparison with the previous case. 

That is to say that when the transmission length is 100 km, some cases cannot comply 

with the constraints at the same time that minimizing the power losses. 

 

Reactor position. 

Nodes: 

𝑃𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑 [𝑀𝑊] 𝑃𝑙𝑜𝑠𝑠𝑒𝑠 [𝑀𝑊] 

1, 2, 3, 4 and 5 984,76381579 15,23618421 

1, 2, 3, and 984,76381073 15,23618927 

2, 3 and 5 984,76377740 15,23622260 

2, 3, 4 and 5 984,76377460 15,23622540 

1, 3 and 5 984,76291770 15,23708230 

1, 3, 4 and 5 984,76291762 15,23708238 

3 and 5 984,62814366 15,37185634 

3, 4 and 5 984,62814362 15,37185638 

1, 2 and 5 984,31277768 15,68722232 

1, 2, 4 and 5 984,31277648 15,68722352 

2 and 5 984,31272782 15,68727218 

2, 4 and 5 984,31272759 15,68727241 

1 and 5 984,30372278 15,69627722 

1, 4 and 5 984,30372278 15,69627722 

2, 3 and 4 983,68724187 16,31275813 

1, 2, 3 and 4 983,68724164 16,31275836 

1, 3 and 4 983,68655035 16,31344965 

3 and 4 983,62800440 16,37199560 

2 and 3 983,54473828 16,45526172 

1, 2 and 3 983,54473820 16,45526180 

1 and 3 983,54406271 16,45593729 

3 983,48982240 16,51017760 

1, 2 and 4 982,76227268 17,23772732 

2 and 4 982,76227231 17,23772769 

1 and 4 982,75306020 17,24693980 

 
Table 8 Reactors positions and power losses ordered from lowest to highest in MW considering a 

transmission length of 100 km and a coming power from the OWF of 1.000 MWA 
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Reactor position. 

Nodes: 

𝑦𝑙1  [𝑝. 𝑢. ] 𝑦𝑙2  [𝑝. 𝑢. ] 𝑦𝑙3  [𝑝. 𝑢. ] 𝑦𝑙4  [𝑝. 𝑢. ] 𝑦𝑙5  [𝑝. 𝑢. ] 

1, 2, 3, 4 and 5 -0,02054357i -0,09546662i -0,26068180i -0,00000039i -0,38535374i 

1, 2, 3, and -0,02181521i -0,09418974i -0,26069749i 0,00000000i -0,38532974i 

2, 3 and 5 0,00000000i -0,11620029i -0,26069065i 0,00000000i -0,38534043i 

2, 3, 4 and 5 0,00000000i -0,11620070i -0,26069389i -0,00000039i -0,38533493i 

1, 3 and 5 -0,11579827i 0,00000000i -0,26167669i 0,00000000i -0,38532484i 

1, 3, 4 and 5 -0,11579801i 0,00000000i -0,26167695i -0,00000002i -0,38532481i 

3 and 5 0,00000000i 0,00000000i -0,39144232i 0,00000000i -0,37069653i 

3, 4 and 5 0,00000000i 0,00000000i -0,39143969i -0,00000002i -0,37070010i 

1, 2 and 5 -0,02212059i -0,30067313i 0,00000000i 0,00000000i -0,45475532i 

1, 2, 4 and 5 -0,02221355i -0,30057955i 0,00000000i -0,00000019i -0,45475534i 

2 and 5 0,00000000i -0,32298543i 0,00000000i 0,00000000i -0,45475533i 

2, 4 and 5 0,00000000i -0,32298540i 0,00000000i -0,00000004i -0,45475535i 

1 and 5 -0,33489038i 0,00000000i 0,00000000i 0,00000000i -0,45475685i 

1, 4 and 5 -0,33489038i 0,00000000i 0,00000000i 0,00000000i -0,45475685i 

2, 3 and 4 0,00000000i -0,08076799i -0,46110962i -0,13020392i 0,00000000i 

1, 2, 3 and 4 -0,00019548i -0,08056905i -0,46110969i -0,13020400i 0,00000000i 

1, 3 and 4 -0,07947243i 0,00000000i -0,46202359i -0,13019649i 0,00000000i 

3 and 4 0,00000000i 0,00000000i -0,54704884i -0,12818843i 0,00000000i 

2 and 3 0,00000000i -0,07801408i -0,58926525i 0,00000000i 0,00000000i 

1, 2 and 3 -0,00004019i -0,07797327i -0,58926516i 0,00000000i 0,00000000i 

1 and 3 -0,07667956i 0,00000000i -0,59016641i 0,00000000i 0,00000000i 

3 0,00000000i 0,00000000i -0,67044046i 0,00000000i 0,00000000i 

1, 2 and 4 -0,00001023i -0,31577862i 0,00000000i -0,36097766i 0,00000000i 

2 and 4 0,00000000i -0,31578874i 0,00000000i -0,36097799i 0,00000000i 

1 and 4 -0,32363418i 0,00000000i 0,00000000i -0,36261869i 0,00000000i 

 
Table 9 Reactors position and their value in p.u. considering a transmission length of 100 km and a 

coming power from the OWF of 1.000 MWA 

 

When considering a transmission length of 100 km and a power coming from the OWF 

of 1.000 MWA, the configuration that has the lowest power losses corresponds with 

adding one reactor in each node simultaneously (configuration shaded in green in Table 

8 and Table 9). By doing this, 984,76 MW are supplied to the grid. However, there are 

15,24 MW of losses, which represents 1,52% of the active power coming from the OWF.  

In Table 8, power losses are ordered from lower to higher, and it can be concluded that 

to minimize the power losses, three or more reactors should be added, especially when 

having the reactor in the middle of the cable. Also, having two reactors could be an 

optimal solution, as the losses are 1,54% of the active power coming from the OWF. 

  

7.5.1.3.-Transmission length of 150 km and a coming power from the OWF of          

1.500 MWA 

 

In this section, the results for the last combination: a transmission length of 150 km and 

a coming power from the OWF of 1.000 MWA are shown.  

In the previous section, when considering a transmission length of 100 km, there has 

been a reduction in the number of rows in comparison with the case in which the length 
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is 50 km. When considering a transmission length of 150 km, the same phenomenon 

happens. Once again, this is happening because of the impossibility of complying with 

the constraints as well as optimizing the power losses. 

 

Reactor position. 

Nodes: 

𝑃𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑 [𝑀𝑊] 𝑃𝑙𝑜𝑠𝑠𝑒𝑠 [𝑀𝑊] 

1, 2, 3 and 5 1466,46067749 33,53932251 

2, 3, 4 and 5 1466,46062879 33,53937121 

2, 3 and 5 1466,46062823 33,53937177 

1, 2, 3, 4 and 5 1466,46002617 33,53997383 

1, 3, 4 and 5 1466,45474959 33,54525041 

1, 3 and 5 1466,45473384 33,54526616 

3 and 5 1464,79641544 35,20358456 

3, 4 and 5 1464,79629575 35,20370425 

2, 3 and 4 1463,40030402 36,59969598 

1, 2, 3 and 4 1463,40030147 36,59969853 

1, 3 and 4 1463,39650786 36,60349214 

3 and 4 1462,51507826 37,48492174 

1, 2 and 3 1462,00679984 37,99320016 

2 and 3 1462,00679890 37,99320110 

1 and 3 1462,00317754 37,99682246 

3 1461,21317031 38,78682969 

1, 2, 4 and 5 1460,84519988 39,15480012 

2, 4 and 5 1460,84516253 39,15483747 

1, 4 and 5 1459,25168677 40,74831323 

1, 2 and 4 1458,54304706 41,45695294 

2 and 4 1458,54300734 41,45699266 

 
Table 10 Reactors positions and power losses ordered from lowest to highest in MW considering a 

transmission length of 150 km and a coming power from the OWF of 1.500 MWA 
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Reactor position. 

Nodes: 

𝑦𝑙1  [𝑝. 𝑢. ] 𝑦𝑙2  [𝑝. 𝑢. ] 𝑦𝑙3  [𝑝. 𝑢. ] 𝑦𝑙4  [𝑝. 𝑢. ] 𝑦𝑙5  [𝑝. 𝑢. ] 

1, 2, 3 and 5 -0,02218753i -0,24547016i -0,60432878i 0,00000000i -0,39091324i 

2, 3, 4 and 5 0,00000000i -0,26784876i -0,60432875i -0,00000002i -0,39091322i 

2, 3 and 5 0,00000000i -0,26784873i -0,60432880i 0,00000000i -0,39091326i 

1, 2, 3, 4 and 5 -0,04566415i -0,22191726i -0,60433472i -0,00004310i -0,39091657i 

1, 3, 4 and 5 -0,27430629i 0,00000000i -0,60561918i -0,00000002i -0,39062054i 

1, 3 and 5 -0,27430422i 0,00000000i -0,60562150i 0,00000000i -0,39062100i 

3 and 5 0,00000000i 0,00000000i -0,94088256i 0,00000000i -0,31554230i 

3, 4 and 5 0,00000000i 0,00000000i -0,94086448i -0,00001551i -0,31555495i 

2, 3 and 4 0,00000000i -0,20413713i -0,69755364i -0,27278137i 0,00000000i 

1, 2, 3 and 4 -0,00160492i -0,20250663i -0,69755340i -0,27278175i 0,00000000i 

1, 3 and 4 -0,20605809i 0,00000000i -0,69850933i -0,27276460i 0,00000000i 

3 and 4 0,00000000i 0,00000000i -0,92418734i -0,26354762i 0,00000000i 

1, 2 and 3 -0,00004241i -0,19505407i -0,96519228i 0,00000000i 0,00000000i 

2 and 3 0,00000000i -0,19509722i -0,96519228i 0,00000000ii 0,00000000i 

1 and 3 -0,19641148i 0,00000000i -0,96612195i 0,00000000i 0,00000000i 

3 0,00000000i 0,00000000i -1,17393121i 0,00000000i 0,00000000i 

1, 2, 4 and 5 -0,01862203i -0,61054462i 0,00000000i -0,26479715i -0,37512269i 

2, 4 and 5 0,00000000i -0,62934821i 0,00000000i -0,26477376i -0,37516454i 

1, 4 and 5 -0,46960105i 0,00000000i 0,00000000i -0,52773848i -0,30101197i 

1, 2 and 4 -0,00011830i -0,56792181i 0,00000000i -0,62209847i 0,00000000i 

2 and 4 0,00000000i -0,56804228i 0,00000000i -0,62209944i 0,00000000i 

 
Table 11 Reactors position and their value in p.u. considering a transmission length of 150 km and a 

coming power from the OWF of 1.500 MWA 

 

As can be seen in Table 10, the combination of reactors that minimizes the power losses 

the most, when considering a transmission length of 150 km and a coming power from 

the OWF of 1.500 MWA, is having one reactor added in each node 1, 2, 3 and 5 at the 

same time. Having this scenario means that 1.466,46 MW would arrive at the grid, which 

means a loss of 33,54 MW. This loss represents 2,24% of the active power coming from 

the OWF. These values have been shaded in green. Moreover, the value of each reactor 

is shown in Table 11, also shaded in green. 

Considering the results shown in Table 10, it can be concluded that that three or more 

reactors are to be added to minimize the power losses the most. It can also be seen in 

Table 10 that with just two reactors a loss of 35,20 MW can be expected. 

 

7.5.2.-Results considering the number of reactors added 
 

In section 7.5.1 presented above, the results have been presented based on the 

transmission length and the power coming from the OWF. However, in this section, the 

results are expressed taking into consideration the number of reactors used. Hence, 

Table 12 includes the following: the number or reactors added, the transmission length, 
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the power coming from the OWF, and the power losses. Regarding the power losses 

that are shown in Table 12, they are the lowest ones. 

 

𝑆𝑜𝑤𝑓,𝑁 [𝑀𝑉𝐴] 𝐿 [𝑘𝑚 Number of reactors 𝑃𝑙𝑜𝑠𝑠𝑒𝑠  [𝑀𝑊] 
 
 
 
 
 
 

500 

50 1 4,20004157 
50 2 4,20004157 
50 3 4,20004157 
50 4 4,20004317 
50 5 4,20004357 

100 1 8,41361196 
100 2 7,85155624 
100 3 7,85163600 
100 4 7,78410087 
100 5 7,78406077 

150 1 13,13778740 
150 2 11,95194287 
150 3 11,39976901 
150 4 11,39976908 
150 5 11,39972438 

 
 
 
 
 
 
 

1.000 

50 1 8,07371007 
50 2 8,07371007 
50 3 8,07371127 
50 4 8,07371167 
50 5 8,07371047 

100 1 16,51017760 
100 2 15,37185634 
100 3 15,23622260 
100 4 15,23618927 
100 5 15,23618421 

150 1 25,96212560 
150 2 23,57778521 
150 3 22,46959538 
150 4 22,47018999 
150 5 22,46954567 

 
 
 
 
 
 
 

1.500 

50 1 11,94735394 
50 2 11,94735394 
50 3 11,94735532 
50 4 11,94735555 
50 5 11,94735594 

100 1 24,60682998 
100 2 22,89202086 
100 3 22,89203647 
100 4 22,68820366 
100 5 22,68816210 

150 1 38,78682969 
150 2 35,20358456 
150 3 33,53937177 
150 4 33,53932251 
150 5 33,53997383 

 
Table 12 Power losses in MW based on the number of reactors added, their position, the transmission 

length in km, and the power coming from the OWF in MWA 

 

The results presented in Table 12 are also represented in a graph form below. In each 

figure, it can be seen the power losses in MW for each power coming from the OWF in 

MWA, each transmission length in km, and the number of reactors added. Figure 15 

correspond to the case in which the power is 500 MWA, Figure 16 concern the case in 

which the power is 1.000 MWA and finally, Figure 17 considers the case in which the 
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power is 1.500 MWA. Each possible number of reactors added has been shaded in 

different colours as can be seen in the legend on the right of each figure. 

As can be seen in both Table 12 and the figures, regardless of the power coming from 

the OWF when the transmission length is 50 km, the power losses are practically the 

same. That is because, as it has been said in section 7.5.1.1 when adding two or more 

reactors at the same time, most of the values are equal to zero. As the transmission 

distance increases, the value and number of the reactor gains more importance. 

When the transmission length is 100 km or 150 km, the best option is to have four or five 

reactors added at the same time. 

 

 

 
Figure 15 Power losses in MW for 500 MWA coming from the OWF 
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Figure 16 Power losses in MW for 1.000 MWA coming from the OWF 

 

 

 

Figure 17 Power losses in MW for 1.500 MWA coming from the OWF 
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8.-Costs 
 

In this chapter, the formulas used to calculate the cost of the cables, power transformers, 

reactors, switchgear, substation platforms, and AC power losses are presented.  

The cost has been used to select the more economic scenario once the losses are 

minimized. 

 

8.1.-Cable cost 
 

The formula used to calculate the cable cost has been obtained from [31], and the 

expression is: 

𝐶𝑐 = 𝐾1 + 𝐾2 · 𝑒𝐾3·𝐼𝑎𝑚𝑝    [
𝑘€

𝑘𝑚
]      (𝐸𝑞. 79) 

Where: 

• 𝐶𝑐 is the cost of a single cable in k€/km. 

• 𝐾1, 𝐾2 and 𝐾3 are defined in Table 13, which are dependent on the cable voltage 

rating. 

• 𝐼𝑎𝑚𝑝 is the ampacity of the cable in A. 

 

Voltage rating [kV] 𝐾1 𝐾2 𝐾3 

33 45,6 66,1 2,34 ·10-3 

45 57,2 67,8 2,33 ·10-3 

66 76,3 69,3 2,34 ·10-3 

132 219 23,3 3,80 ·10-3 

220 353 12,2 4,62 ·10-3 

 
Table 123 Coefficients for XLPE submarine AC cables (data source: [31]) 

 

Combining Eq.79 with the adequate coefficients from Table 13, the final expression is: 

𝐶𝑐 = 353 + 12,2 · 𝑒4,62·10−3·𝐼𝑎𝑚𝑝    [
𝑘€

𝑘𝑚
]      (𝐸𝑞. 80) 

 

Since the following prices have been calculated in M€, the cost of the cables in the same 

units is: 

𝐶𝑐𝑎𝑏𝑙𝑒 = 𝐶𝑐 · 𝐿 · 10−3  [𝑀€]     (𝐸𝑞. 81) 

Where: 

• 𝐶𝑐𝑎𝑏𝑙𝑒 is the cost of the cables in M€. 

• 𝐿7 is the total length of the transmission system in km. 

 

 
7 The values of the length are 50 km, 100 km, and 150 km. 
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8.2.-Power transformer cost 
 

The cost of the power transformer has been calculated following Eq.82, obtained from 

[11]. The expression is: 

𝐶𝑡𝑟 = 0,0427 · 𝑆𝑟−𝑡𝑟
0,7513  [𝑀€]    (𝐸𝑞. 82) 

Where: 

• 𝐶𝑡𝑟 is the cost of one transformer in M€. 

• 𝑆𝑟−𝑡𝑟 is the rated power of the transformer in MVA. 

 

8.3.-Cost of reactors 
 

Following Eq.83, acquired from [11], the cost of reactors has been obtained. The 

expressions used are: 

𝐶𝑟𝑒𝑎𝑐𝑡𝑜𝑟𝑠 = 𝐾 · 𝑄𝑙 + 𝑃  [𝑀€ ]  (𝐸𝑞. 83) 

Where: 

• 𝐶𝑟𝑒𝑎𝑐𝑡𝑜𝑟𝑠 is the cost of reactors in M€. 

• 𝐾 and  𝑃 are constant values defined in Table14. They are dependent on the 

location of the reactor. 

• 𝑄𝑙 is the reactive power compensated by the reactors in MVAr. 

𝑄𝑙 = 𝑈𝐴𝐶−𝑁
2 · 𝑦𝑙 · 𝑃𝑜𝑤𝑓 [𝑀𝑉𝐴𝑟]     (𝐸𝑞. 84) 

Where: 

• 𝑈𝐴𝐶−𝑁  is the nominal transmission voltage in p.u.. 

• 𝑃𝑜𝑤𝑓 is the active power coming from the windfarm in MW. 

• 𝑦𝑙 is the value of the reactor in p.u.. 

 

Location K P 

Onshore 0,01049 0,8312 

Offshore 0,01576 1,244 

Middle 0,01576 12,44 

 
Table 134 Coefficients for shunt reactors (data source: [11]) 

 

As can be seen in Figure 18, reactors 1 and 2 are located offshore, reactor 3 is located 

in the middle, and reactors 4 and 5 are located onshore. 
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Figure 18 Reactor locations 

 

Thus, based on Eq.83, the specific expression for this project is: 

𝐶𝑟𝑒𝑎𝑐𝑡𝑜𝑟𝑠 = 1,244 + |𝑦𝑙1| · 0,01576 · 𝑃𝑜𝑤𝑓 + 1,244 + |𝑦𝑙2| · 0,01576 · 𝑃𝑜𝑤𝑓 + 12,44 + |𝑦𝑙3|

· 0,01576 · 𝑃𝑜𝑤𝑓 + 0,8312 + |𝑦𝑙4| · 0,01049 · 𝑃𝑜𝑤𝑓 + 0,8312 + |𝑦𝑙5|

· 0,01049 · 𝑃𝑜𝑤𝑓  [𝑀€]     (𝐸𝑞. 85) 

Where: 

• 𝑦𝑙𝑖 is the value of the reactor i in p.u., where 𝑖 = 1,… , 5. 

Eq.85 can be used in all the possible combinations since the reactors that are note being 

considered are equal to zero. 

 

8.4.-Switchgear cost 
 

The expression used to calculate the cost of a single GIS has been obtained from [12]. 

The formula is: 

𝐶𝐺𝐼𝑆 = 0,0117 · 𝑈𝑟,𝑡𝑟 + 0,0231  [𝑀€]   (𝐸𝑞. 86) 

Where: 

• 𝐶𝐺𝐼𝑆 is the single switchgear cost in M€. 

• 𝑈𝑟,𝑡𝑟 is the rated voltage of the transformer at the transmission system side in kV. 

 

As mentioned previously in section 7.1, the value of 𝑈𝑟,𝑡𝑟 is constant. Hence, 𝐶𝐺𝐼𝑆 is a 

constant value for all the combinations analysed. Thus, the switchgear cost is           

2,5971 M€. 

 

8.5.-Substation platform cost 
 

In this section, the equation used to calculate the substation platform cost is expressed. 

The aforementioned expression has been obtained from [11]. 

𝐶𝑠𝑠 = 2,534 + 0,0887 · 𝑃𝑜𝑤𝑓  [𝑀€]  (𝐸𝑞. 87) 
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Where: 

• 𝐶𝑠𝑠 is the substation platform cost in M€. 

• 𝑃𝑜𝑤𝑓 is the active power coming from the windfarm in MW. 

 

8.6.-AC power losses cost 
 

The expression used to determine the AC power losses has been obtained from [11]. 

The formula is: 

𝐶𝑙𝑜𝑠𝑠𝑒𝑠 = 8760 · 𝑡𝑜𝑤𝑓 · 𝐶𝐸 · 𝑃𝑙𝑜𝑠𝑠𝑒𝑠 · 10−6 [𝑀€]       (𝐸𝑞. 88) 

Where: 

• 𝐶𝑙𝑜𝑠𝑠𝑒𝑠 is the cost of the AC losses in M€. 

• 𝑡𝑜𝑤𝑓 is the lifetime of the wind power plant in years. The lifetime considered in 

this project, based on [11], has been of 25 years8. 

• 𝐶𝐸 is the cost of the energy in €/MWh. Based on [11], an energy cost of 100 €/MW 

has been considered. 

• 𝑃𝑙𝑜𝑠𝑠𝑒𝑠 are the losses obtained from section 7 in MW. 

 

8.7.-Total cost 
 

Based on the expression for the unit cost of each considered component (power 

transformers, cables, GIS, reactors, substations, and AC power losses), in this section, 

the total cost equation has been determined. 

The total cost includes 4 transformers, the cost of all the switchgear needed, which is 

two times the number of cables. That is because each cable requires 2 switchgear, and 

the number of cables, 𝑁𝑐 , depends on the studied scenario. The cost of a single cable 

is to be found multiplied by the number of cables as done with the GIS cost. Besides, the 

total cost considers the cost of the substation and the cost of the AC power losses. 

Moreover, the reactor cost should be added. Thus, the resultant expression is: 

𝐶𝑡𝑜𝑡𝑎𝑙 = 4 · 𝐶𝑡𝑟 + 2 · 𝑁𝑐 · 𝐶𝐺𝐼𝑆 + 𝑁𝑐 · 𝐶𝑐𝑎𝑏𝑙𝑒 + 𝐶𝑟𝑒𝑎𝑐𝑡𝑜𝑟𝑠 + 𝐶𝑠𝑠 + 𝐶𝑙𝑜𝑠𝑠𝑒𝑠  [𝑀€]  (𝐸𝑞. 89) 

 

Where: 

• 𝐶𝑡𝑟 is the cost of one transformer in M€. 

• 𝐶𝐺𝐼𝑆 is the single switchgear cost in M€. 

• 𝐶𝑐𝑎𝑏𝑙𝑒 is the cost of the cables in M€. 

• 𝐶𝑟𝑒𝑎𝑐𝑡𝑜𝑟𝑠 is the cost of reactors in M€. 

• 𝐶𝑠𝑠 is the substation platforms cost in M€. 

• 𝐶𝑙𝑜𝑠𝑠𝑒𝑠 is the AC power losses cost in M€. 

 
8 It has been decided to work with the minimum expected lifetime of the power wind plant. 
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As mentioned previously, costs that are not related to the transmission system, such as 

maintenance and turbines, are out of the scope of this project.  

 

 

9.- Case study results 
 

The results obtained during the analysis have been presented in chapter 7.5.1 and 

chapter 7.5.2. These values include the scenarios in which the power losses were 

minimum regardless of the price, which was not included. 

In this chapter, a similar approach to the chapters aforementioned has been taken. First, 

an analysis is done considering the transmission length and the power coming from the 

OWF. Second, the analysis is based on the number of reactors searching for the 

minimum power losses and total cost. 

 

9.1.-Results separated by transmission length and power coming from the 

OWF 

 

9.1.1.- Transmission length of 50 km and a coming power from the OWF of 500 

MWA 

 

In this section, a transmission length of 50 km and a coming power from the OWF of 500 

MWA has been considered. Table 15 below is shown, for the selected scenario, the 

reactor position, the total cost, and the power losses. 
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Reactor position. 

Nodes: 

𝑃𝑙𝑜𝑠𝑠𝑒𝑠  [𝑀𝑊] 𝐶𝑡𝑜𝑡𝑎𝑙  [𝑀€] 

1 4,42992724 262,98119015 

1 and 2 4,42690084 262,90571456 

1, 2 and 3 4,33318178 260,87172246 

1, 2, 3 and 4 4,33260444 260,85916719 

1 ,2, 3, 4 and 5 4,20004357 257,73845764 

1, 2, 3 and 5 4,20004317 257,73844934 

1, 2 and 4 4,38493130 261,74940623 

1, 2, 4 and 5 4,20004317 257,73844594 

 1, 2 and 5 4,20004157 257,73840743 

1 and 3 4,33260365 260,85916676 

1, 3 and 4 4,33317187 260,86477537 

1, 3, 4 and 5 4,20004317 257,73844725 

1, 3 and 5 4,20004277 257,73843900 

1 and 4 4,38558737 261,75547359 

1, 4 and 5 4,20004157 257,73840743 

1 and 5 4,20004157 257,73840743 

 2 4,42690084 262,90571456 

2 and 3 4,33299101 260,86782470 

2, 3 and 4 4,33272139 260,86019446 

2, 3, 4 and 5 4,20004317 257,73844744 

2, 3 and 5 4,20006552 257,73904093 

 2 and 4 4,38493849 261,74959909 

2, 4 and 5 4,20004277 257,73843577 

2 and 5 4,20004157 257,73840743 

3 4,33260324 260,85915848 

3 and 4 4,33260300 260,85914933 

3, 4 and 5 4,20006554 257,73899974 

3 and 5 4,20005754 257,73883455 

4 4,41023914 262,12291984 

4 and 5 4,20004157 257,73840743 

 5 4,20004157 257,73840743 

 
Table 145 Reactors position, 𝑃𝑙𝑜𝑠𝑠𝑒𝑠  in MW and 𝐶𝑡𝑜𝑡𝑎𝑙  in M€ considering a transmission length of 50 km 

and a coming power from the OWF of 500 MWA 

 

For this scenario, in section 7.5.1.1 it has been established that the combination that 

minimizes the most power losses is the one that considers one reactor nodes 2 and 5. 

This situation is shaded in green in Table 15. This configuration has a total cost of   

257,74 M€ and a loss of 4,20 MW.  
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This combination has also the lowest total cost. Hence, it can be concluded that adding 

reactors in nodes 2 and 5 is the best option to minimize the power losses as well as 

having the lowest total cost. 

 

9.1.2.- Transmission length of 100 km and a coming power from the OWF of 1.000 

MWA 

 

In this section, a transmission length of 100 km and a coming power from the OWF of 

1.000 MWA has been considered. In the table below it is shown, for the selected 

scenario, the reactor position, the total cost, and the power losses. 

 

Reactor position. 

Nodes: 

𝑃𝑙𝑜𝑠𝑠𝑒𝑠 [𝑀𝑊] 𝐶𝑡𝑜𝑡𝑎𝑙  [𝑀€] 

1, 2 and 3 16,45526180 835,96925125 

1, 2, 3 and 4 16,31275836 832,23789244 

1 ,2, 3, 4 and 5 15,23618421 808,73417170 

1, 2, 3 and 5 15,23618927 808,73419132 

1, 2 and 4 17,23772732 851,35242310 

1, 2, 4 and 5 15,68722352 818,49050677 

1, 2 and 5 15,68722232 818,49048807 

1 and 3 16,45593729 835,97722604 

1, 3 and 4 16,31344965 832,24699270 

1, 3, 4 and 5 15,23708238 808,76587385 

1, 3 and 5 15,23708230 808,76587213 

1 and 4 17,24693980 851,69503327 

1, 4 and 5 15,69627722 818,87944967 

1 and 5 15,69627722 818,87944967 

2 and 3 16,45526172 835,96926061 

2, 3 and 4 16,31275813 832,23793998 

2, 3, 4 and 5 15,23622540 808,73806926 

2, 3 and 5 15,23622260 808,73800385 

 2 and 4 17,23772769 851,35243287 

2, 4 and 5 15,68727241 818,49460653 

2 and 5 15,68727218 818,49460125 

3 16,51017760 837,22173794 

3 and 4 16,37199560 833,59559682 

3, 4 and 5 15,37185638 811,78409522 

3 and 5 15,37185634 811,78409807 

 

Table 16 Reactors position, 𝑃𝑙𝑜𝑠𝑠𝑒𝑠  in MW and 𝐶𝑡𝑜𝑡𝑎𝑙  in M€ considering a transmission length of 100 km 

and a coming power from the OWF of 1.000 MWA 

 

The best configuration established in section 7.5.1.2, which has been shaded in green 

in Table 16, is adding reactors in each node. This combination has a power loss of 15,24 

MW with a total cost of 808,73 M€. 

When looking for the minimum cost, it happens to meet the same that has been shaded 

in green, which corresponds to adding one reactor in each node. This configuration 

minimizes power losses and has the lowest total cost. 
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It can be concluded, thus, that the best option when considering a transmission length 

of 100 km and a power coming from the OWF of 1.000 MWA, is having reactors in each 

node simultaneously.  

 

9.1.3.- Transmission length of 150 km and a coming power from the OWF of 1.500 

MWA 

 

In this section, the results of the final combination are shown. They correspond to a 

transmission length of 150 km and a coming power from the OWF of 1.500 MWA has 

been considered. In the table below it is presented, for the selected scenario, the reactor 

position, the total cost, and the power losses. 

 

 Reactor position. 

Nodes: 

𝑃𝑙𝑜𝑠𝑠𝑒𝑠 [𝑀𝑊] 𝐶𝑡𝑜𝑡𝑎𝑙  [𝑀€] 

1, 2 and 3 37,99320016 1782,17489236 

1, 2, 3 and 4 36,59969853 1749,83556073 

1 ,2, 3, 4 and 5 33,53997383 1683,98385717 

1, 2, 3 and 5 33,53932251 1683,97052571 

1, 2 and 4 41,45695294 1853,81903934 

1, 2, 4 and 5 39,15480012 1805,12734346 

1 and 3 37,99682246 1782,30728462 

1, 3 and 4 36,60349214 1749,98698528 

1, 3, 4 and 5 33,54525041 1684,28341936 

1, 3 and 5 33,54526616 1684,28377713 

1, 4 and 5 40,74831323 1839,22439965 

2 and 3 37,99320110 1782,17493060 

2, 3 and 4 36,59969598 1749,83610926 

2, 3, 4 and 5 33,53937121 1683,97610833 

2, 3 and 5 33,53937177 1683,97612118 

2 and 4 41,45699266 1853,81997597 

2, 4 and 5 39,15483747 1805,13274378 

3 38,78682969 1799,87788645 

3 and 4 37,48492174 1769,60907923 

3, 4 and 5 35,20370425 1720,86324310 

3 and 5 35,20358456 1720,86060620 

 
Table 17 Reactors position, 𝑃𝑙𝑜𝑠𝑠𝑒𝑠  in MW and 𝐶𝑡𝑜𝑡𝑎𝑙  in M€ considering a transmission length of 150 km 

and a coming power from the OWF of 1.500 MWA 

 

The combination with the lowest power losses defined in section 7.5.1.3 has been 

shaded in green in Table 17. It corresponds to having one reactor added to nodes 1, 2, 

3, and 5 at the same time. This configuration has a power loss of 33,54 MW and a total 

cost of 1.683,97 M€. 

Following the tendency of the previous sections, when searching for the lowest total cost 

it can be seen in Table 17 that the combination shaded in green has both the minimum 

power losses as well as the total cost. Thus, it can be concluded that adding one reactor 

to nodes 1, 2, 3, and 5 is the best option. 
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9.2.- Results considering the number of reactors added 

 

In this section, the results are presented focusing on the number of reactors used. Thus, 

in Table 18 it is shown: the number of reactors added, the transmission length, the power 

coming from the OWF, and the total cost. Concerning the total cost shown in Table 18, 

it is the lowest for each combination. 

 

𝑆𝑜𝑤𝑓,𝑁 [𝑀𝑉𝐴] 𝐿 [𝑘𝑚 Number of reactors 𝐶𝑡𝑜𝑡𝑎𝑙  [𝑀€] 
 
 
 
 
 
 

500 

50 1 257,73840743 
50 2 257,73840743 
50 3 257,73840743 
50 4 257,73844594 
50 5 257,73845764 

100 1 433,23655609 
100 2 420,67510219 
100 3 419,15990085 
100 4 419,15751797 
100 5 419,15757414 

150 1 619,75178126 
150 2 593,60044124 
150 3 581,36199194 
150 4 581,35937546 
150 5 581,35946232 

 
 
 
 
 
 
 

1.000 

50 1 486,02193786 
50 2 486,02193786 
50 3 486,02193786 
50 4 486,02197704 
50 5 486,02194773 

100 1 837,22173794 
100 2 811,78409807 
100 3 808,73800385 
100 4 808,73419132 
100 5 808,73417170 

150 1 1210,33078301 
150 2 1157,75103519 
150 3 1133,18964540 
150 4 1133,18553710 
150 5 1133,18553296 

 
 
 
 
 
 
 

1.500 

50 1 713,26484683 
50 2 713,26484683 
50 3 713,26484683 
50 4 713,26488491 
50 5 713,26489597 

100 1 1240,16882841 
100 2 1201,85002922 
100 3 1197,27287111 
100 4 1197,26752984 
100 5 1197,26753242 

150 1 1799,87788645 
150 2 1720,86060620 
150 3 1683,97612118 
150 4 1683,97052571 
150 5 1683,98385717 

 

Table 18 Total cost in M€ based on the number of reactors added, their position, the transmission length in 

km, and the power coming from the OWF in MWA 
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As it has been done in section 7.5.2, to illustrate the lowest cost of each case presented 

in Table 18, the results have been graphed separated by each power coming from the 

OWF. In each figure, it is shown the total cost in M€, for each length and regarding the 

number of reactors added. In the legend on the right side of each figure, it can be seen 

which colour corresponds to the number of reactors. Figure 19 illustrates the case where 

the power coming from the OWF is 500 MWA, Figure 20 shows the total cost for a 1.000 

MWA power, and Figure 21 for the case of considering 1.500 MWA coming from the 

OWF. 

As it has happened in section 7.5.2, for the transmission length of 50 km, the reactors 

added are so small that the total cost for all the combinations is practically the same. 

Also, the transmission length of 100 km is preferable to add reactors in all the nodes 

whereas for a transmission length of 150 km is better to have four reactors added. 

 

 

Figure 19 Total cost in M€ for 500 MWA coming from the OWF 

 

 

0

100

200

300

400

500

600

700

50 100 150

500

To
ta

l c
o

st
 [

M
€

]

Transmission length [km]
Power coming from the OWF [MWA

1

2

3

4

5



Page. 52                                 Transmission system analysis for connection of offshore wind power plants 

 

 

Figure 20 Total cost in M€ for 1.000 MWA coming from the OWF 

 

 

 

Figure 21 Total cost in M€ for 1.500 MWA coming from the OWF 
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Conclusions 
 

In chapter 4 it was stated the importance that offshore wind farms are obtaining in Europe 

during the last years. If the tendency followed until now continues, there will be more 

OWFs taking part as an energy resource.  

In this final degree project, technical analysis of the transmission system has 

successfully been done. This analysis includes a brief description of the different 

available technologies and a detailed description of HVAC technology. For the selected 

technology, HVAC, each component has been described and modelled. 

As settled in the Introduction, the project aims to design a transmission system that 

minimizes power losses, and it has been accomplished.  

Regarding the optimization of the power losses, the code to obtain the results has been 

implemented with MATLAB and Julia Programming Language. Analysing with two 

different numerical computing environments has allowed the comparison of the results. 

In both cases, the same results have been successfully acquired. All the results have 

been stored in a spreadsheet to allow proper data manipulation of each studied case.     

The economic analysis has established the total cost of the transmission system. As 

mentioned before, the economic analysis has only considered the costs directly related 

to the transmission system in itself. In the same spreadsheet used to store the data, the 

economic analysis was implemented.  

With the optimization of the power losses and the economic analysis, for each 

combination of transmission system length and power coming from the OWF, the best 

solution for each combination has been defined. Hereunder, in Table 19, there is a 

summary of the best configurations of reactors according to the transmission length and 

the power coming from the OWF.  

 

Reactor position. 

Nodes: 

𝐿 [𝑘𝑚] 𝑆𝑜𝑤𝑓,𝑁 [𝑀𝑉𝐴] 𝑃𝑙𝑜𝑠𝑠𝑒𝑠 [𝑀𝑊] 𝐶𝑡𝑜𝑡𝑎𝑙  [𝑀€] 

2 and 5 50 500 4,20004157 257,73840743 

5 50 1.000 8,07371007 486,02193786 

1, 2 and 5 50 1.500 11,94735394 713,26484683 

1, 2, 3 and 5 100 500 7,78405764 419,15751797 

1, 2, 3, 4 and 5 100 1.000 15,23618421 808,73417170 

1, 2, 3 and 5 100 1.500 22,68816234 1197,26752984 

1, 2, 3 and 5 150 500 11,39971972 581,35937546 

1, 2, 3, 4 and 5 150 1.000 22,46954567 1133,18553296 

1, 2, 3 and 5 150 1.500 33,53932251 1683,97052571 

 
Table 1915 Reactor positions that minimize the power losses and have the lowest cost for each 

combination 

 

As expected, the combinations that have shorter transmission length have losses inferior 

to 1% of the active power coming from the OWF. However, it is possible to implement 

an OWF with a transmission system of 150 km and a loss equal to 2,28% of the active 

power coming from the OWF. 
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Upon request, a non-protected version of the spreadsheet can be provided, concerning 

introducing more costs, alternative cost functions, or to improve the models. The same 

applies to the codes.  

Taking into account the work done in this project, a series of possible improvements are 

derived: 

• A deeper study of the cost functions, considering indirect factors and 

components.  

• Add HVDC analysis.  

• Optimizing the codes used to solve the non-linear equation system. 
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