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ABSTRACT 
 

The main objective of this thesis is to develop a new methodology to evaluate the 

transmission cable losses of wind-generated electricity. The research included the power 

loss variations of submarine cables in relation to the line length, cable capacity and the 

transmission technology in an offshore wind farm having a capacity of 500 MW. The 

literature of similar studies helped to generate a solid background for the research.  

 

The comprehensive analysis carried out is based on a hypothetical wind farm and using 

three different power transmission wind farm models to investigate the technical reliability 

of transmission technology, namely, High Voltage Alternative Current (HVAC), High 

Voltage Direct Current Voltage Source Converter (HVDC VSC) and High Voltage Direct 

Current Line Commutated Converter (HVDC LCC). The analyses carried out are 

performed under assumptions and simplifications of power system models to evaluate the 

submarine cable transmission losses of 3 different transmission systems by using the 

MATLAB/ Simulink software. 

 

With relevance to the simulation results, the HVAC submarine cable has more losses than 

any other transmission technology cables and it is suitable for short distance power 

transmission. The VSC technology has less losses than HVAC. Comparing with afore-

mention technologies the HVDC LCC technology transmission links have the lowest line 

losses. Moreover, the transformer losses and the converter losses were calculated. The 

simulation results also included the overall power system losses by each of the 

transmission models. 

 

Key Words: Power Loss, Offshore Windfarm, Submarine Cables, HVAC, HVDC LCC, 

HVDC VSC, MATLAB/ Simulink 
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NOMENCLATURE 

 

MW Mega Watt 

HV High Voltage 

AC Alternative Current 

DC Direct Current 

HVAC High Voltage Alternative Current 

HVDC High Voltage Direct Current 

LCC Line Commutated Converter 

VSC Voltage Source Converter 

HVDC LCC High Voltage Direct Current Line Commutated Converter 

HVDC VSC High Voltage Direct Current Voltage Source Converter 

XLPE Cross-Linked Poly Ethylene 

GIL Gas-Insulated Lines  

LPOP Low-pressure oil-filled 

SCFF Self-Contained Fluid-Filled 

SCOF Self-Contained Oil-Filled 

AL Aluminum 

Cu Copper 

HDPE High-Density Polyethylene 

LDPE Low-Density Polyethylene 

PVC Poly Vinyl Chloride 

PU Polyurethane 

e. m. f electromagnetic force  

IGBT Insulated Gate Bipolar Transistor 

MV Medium Voltage 

LFAC Low-Frequency Alternative Current 

STATCOM Static Synchronous Compensator 

PCCs Common Coupling Points 
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CHAPTER 1. INTRODUCTION  
 

Power transmission losses elevate the cost of power production and it directly impacts the 

power consumer. Moreover, if green energy prices rise over other power sources, demand 

for the green energy will drop down gradually. Therefore, conducting a research focused 

on evaluating the submarine cable losses in an offshore wind farm can be more beneficial 

to decrease the losses that occur in offshore power transmission. 

 

This research mainly focuses on designing three different power transmission models and 

calculating the power losses based on the different submarine cable distances. The power 

system models based on three main power transmission technologies namely HVAC, High 

Voltage Direct Current Line Commutated Converter (HVDC LCC) and High Voltage 

Direct Current Voltage Source Converter (HVDC VSC). The losses are being evaluated 

with distances to find the feasibility of the transmission technology. The analysis of the 

losses in all the models are being discussed in the following sections.  

 

Overall, the research discusses the wind generated power transmission, and more 

specifically, the following research questions were investigated. 

 

1. Which transmission configuration has the lowest losses in submarine cables? 

2. Which transmission configuration has the highest losses in submarine cables? 

3. How the main system component’s losses propagate with the subsea cable 

distances?  

4. In term of power losses, which transmission technologies and cable capacities are 

suitable for long distance and short distance power transmission? 
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To find solutions to the above issues, this thesis is formulated as follows:  

 

Chapter 2 summarizes the background literature of this research carried out and work 

completed so far in this given research area. The comprehensive details about the power 

transmission technologies, cable types, and losses are explained in detail here.  

 

Chapter 3 describes the methodological framework of this research. The MATLAB/ 

Simulink transmission model design and power loss techniques are demonstrated 

according to the Sim Power System blocks.  

 

Chapter 4 covers the results which were obtained from the transmission models. The 

analysis was done according to the losses at substations, submarine cables, and converter 

stations which were associated with the cable distance to the onshore grid.  

 

Chapter 5 details the results evaluated based on the capability of the transmission systems 

with losses.  Also compared are the suitability of the transmission technologies with the 

distance to the onshore grid.  

 

Chapter 6 derives the conclusion of the research made and the limitations with the future 

research interests.  
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CHAPTER 2. LITERATURE REVIEW 
 

This chapter provides the necessary understandings for the research interest. It also 

discusses some of the similar research work which has been done related to a power loss 

of offshore wind farm. Appendices A - C provides more information on offshore power 

transmission systems with broad information relating to submarine power cables. 

 

2.1 Offshore Power Transmission Trend 

Currently, many offshore wind farms use High Voltage Alternative Current (HVAC) 

power transmissions. Since offshore power generation became the trend of wind power 

sector, the turbine manufacturers started to manufacture higher capacity of turbines and 

design wind parks further away from the coast (Shi et al., 2016).  Developers gradually 

narrowed down their interest of HVAC transmission, due to the cost attached with long 

distance and a number of huge losses. This was mostly caused by reactive power which 

was generated by transmission cables, which boosts the accompanying cable length and 

square of transmitting Alternative Current (AC) voltage. Hence, active power is 

minimized by the reactive power in cables and it caused to limit the cable length. This 

requires reactive power compensation for transmission cables to control reactive power. 

Reactive compensators make the project costlier. Although compensators can provide 

small marginal support for power transmission, they can only be installed to the end of the 

transmission application (Reed et al., 2013).  

 

For that reason, research is conducted to expand the efficiency of HVAC transmission in 

the marine environment. One of the results presented by Kling, Hendricks and Den Boon 

(2008) says, low-frequency electrical system can reduce the offshore power transmission 

complexity (cable layering and converter station) and help to improve the operational 

lifetime of the plant. Also, Low-Frequency Alternative Current (LFAC) transmission is 

compatible with the offshore wind farm power links at a range of 80-180km. As per the 

authors, the major design challenges in LFAC are bigger low-frequency transformers and 

extra frequency conversion equipment which caused to build large offshore platforms. 
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Then it increases the investment cost and it directly impacts the feasibility of the project 

negatively. Another research revealed that use of more than 3 phases of voltage can 

transmit power to longer distances. This method is impractical in marine environment due 

to increase of cables. Not only that, this research proved that use of more than 3 phases 

were not economically and technically beneficial (Burges et al., 2007).  

 

Therefore, Project developers have focused on Direct Current (DC) transmission 

technology to overcome such hindrances in long-distance offshore power transmission 

(Shi et al., 2016). Nevertheless, High Voltage Direct Current (HVDC) transmission is still 

challengeable in the complex offshore environment due to stationing and operating of 

Voltage Sources Converter (VSC) substations. Hence, researchers and the industry have 

been looking for new system designs to reduce costs and to improve the reliability of 

power transmission systems (Ruddy et al., 2016).   

2.2 Submarine Cables for Power Transmission  

 

In previous decades, the designing and manufacturing industry of submarine power cables 

developed dramatically.  The five subsea cable types were used for power transmission in 

offshore wind farms, but the cable selection criteria varied, depending on the requirement. 

Submarine cable types can be categorized in many ways: type of insulation, models of 

current carrying conductors (single phase and three phase) etc. See Appendix B (Worzyk, 

2009). 

 

The following shows the submarine cable categorization based on the cable insulation 

procedure (Worzyk, 2009). 

 

(a) Extruded Insulation: Most often used for cross-linked polyethylene (XLPE) 

cables  

(b) Paper insulation with lubricants: following cable types are being used currently. 

● Low-Pressure Oil-Filled (LPOP) 
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● Self-Contained Fluid-Filled (SCFF) 

● Self-Contained Oil-Filled (SCOF) 

(c)  Paper-mass impregnated insulation: using HVDC LCC topology 

(d) Gas-filled cable insulation 

(e) Gas-Insulated Lines (GIL) insulation  

 

Furthermore, water leaks can always damage the cable insulation. Therefore, the cable 

required an affordable waterproof sheath to manage a good transmission line with the low 

level of losses. Rather than that, proper metallic sheaths also can handle an induced current 

and a fault current. The following types of sheaths are distinguished as mentioned below 

(Worzyk, 2009). 

 

(a) Lead and lead alloys sheaths 

(b) Aluminum (Al) sheaths (Welded, Laminated, Extruded) 

(c) Copper (Cu) sheaths (manufactured using welded and corrugated copper strips) 

(d) Polymeric Sheaths (High-Density Polyethylene (HDPE), Low-Density 

Polyethylene (LDPE); other polymeric materials:  polyvinyl chloride (PVC), 

Nylon (Polyamide) and Polyurethane (PU))  

 

Armor protects the cables from the physical damage and ensures the tension stability of 

submarine cables. Commonly, armors are available in single and double layers and it 

includes flat metal wires which wind around the cables. Also, non-metallic outers are 

manufactured with an extruded polymeric sheath or wound yarn layers. The outer of the 

cable serves as armor protection from corrosion at the time of cable laying, burying and 

exploitation (Worzyk, 2009).   

 

Although, designs of current carrying conductors are essential for proper power 

transportation, Subsea cable conductors are made of Cu or Al. Based on the density and 

the durability, most of the cables are made of Cu. According to the conductor types and 

shapes, they can be categorized as follows (Worzyk, 2009): 
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(a) Solid conductor (hollow conductor, round single strand conductor, oval 

conductor)   

(b) Milliken (Segment) conductor and segmental hollow conductor 

(c) Standard round conductor 

(d) Profile wire conductor and profile wire hollow conductor  

 

Single core cables and three-core cables are the main cable types which are used in AC 

power transmission when considering the number of conductors and the design. In DC 

power transmission systems, they use single core cables, two-core cables and coaxial 

cables (Parol et al., 2015). Fiber optics are integrated into the submarine cable for several 

purposes in offshore wind industry: Data transmission, fault detection, to identify 

locations, distribute measurement of temperature (also called as DTS), detect physical 

cable changes and to find the changes in sediment cover over the subsea cables etc. Also, 

Parol et al., (2015) described, subsea cables use single-core optical fiber cables and three-

core optical fiber cables are being used according to the data transmission requirement 

through the link. 

 

Submarine cable accessories are another essential part in power transmission. Cable joints, 

cable terminations, J-tubes, hang-off, bending protection devices and holding devices are 

considered a sensible and highly technical equipment. ABB from Sweden, Prysmian from 

Italy, NSW from Germany, NKT Cables from Denmark, JDR Cables from UK and Nexan 

from France are few main key players in the submarine cable manufacturing industry.  

Appendix C shows some of the existing subsea cable links with their basic technical data 

(Parol et al., 2015). 
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2.3 Losses for Offshore Wind-Generated Electricity  

 

2.3.1 Losses in Wind Turbine Generators 

 

Wind turbine generators have mechanical and electrical losses which harm the power 

generation directly. Mainly, the wind turbine rotor, generator bearings, drive shafts and 

the gearbox can generate the mechanical losses inside the wind turbine. Primarily, the 

wind turbine generator, transformer, and the converter generate the electrical losses in the 

wind turbine nacelle. Altogether, wind turbine power curve represents the output power 

at the higher voltage side of the wind turbine step-up transformer by including all the 

electrical and mechanical losses (Tasnim.,2012). 

 

2.3.2 Losses in Transformers 

 

Mainly, the transformer losses are generated from the transformer core. The transformer 

core is energized due to the magnetizing current, then three forms of losses are generated. 

Namely, no-load, copper and load losses. The no-load losses generate due to eddy current 

flow and hysteresis losses in the core laminations on the no-load condition. Copper and 

load losses are identified as losses due to the resistance of the primary and secondary 

windings in transformers. Load losses fluctuate due to the power load entered to the 

transformer by the square of the current passing through the windings (Baggini and 

Copper Alliance Initiatives, 2017). According to Negra et al. (2006), transformer nominal 

losses are 0.2-0.4%, negligible amount of losses comparing to the entire losses in offshore 

wind farm power transmission.    

 

2.3.3 Losses in Converters 

 

The power converters are included in the power transmission systems to transmit the 

power farther than HVAC transmission. In HVDC transmission LCC and VSC, both use 

converter stations. As per the Negra et al. (2006) research, converter stations have a higher 

amount of losses compared to overall system losses in HVDC systems but less than HVAC 
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losses. Inverter stations invert the AC power to DC and transmit to the next converter 

station which has rectifiers to convert DC power to AC. It is evident that energy 

transformation of AC to DC and DC to AC cause more losses than other components 

(Negra et al,.2006). Losses from AC and DC filters, switching losses and conduction 

losses are the main sources of loss in converter stations (Zhang et al., 2016).  

 

2.4 Losses in Submarine Cables  

Cables consist of 3 layers: outer metallic layer(s), a dielectric layer, and conductor(s). 

When electrical current flows through the cables, it generates heat. As a result, the cable 

layers generate a different type of loss which could lower the power transmission through 

the cables. Therefore, the current ratings of the cables are dependent on how heat circulates 

through the cables and how it dissipates to the next medium. Mainly, Moore (1997) 

described, there are: 

   

● Conductor losses  

● Dielectric losses 

● Sheath losses: Sheath eddy current losses & Sheath circuit loss 

 

2.4.1 Conductor losses 

 

Conductor losses are another name for ohmic losses in AC power transmission. When the 

AC current is transmitted through the cable, it does not evenly flow through the cross-

section of the conductor. Therefore, these types of effects are called skin effect and 

proximity effect. Conductor losses denote as per the following Equation 1.  

 

Conductor losses = I2Rθ  (Watt)     (1) 

 

Where  I = current carrying by the conductor (A) 
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  Rθ = ohmic AC resistance of the conductor at θ0C(Ω) 

   

The skin effect and proximity effects increase the cable line losses. The skin effect relies 

on the length of the conductor, the diameter of the conductor, the transmit voltage 

frequency and the amount of current flowing through the conductor. The proximity effect 

is a function of cable resistance which increases with the proximity of magnetic field of 

conductors in the cable. By increasing space between conductors in the cables, the 

proximity effect can be minimized for up to a certain level (Moore and BICC Cables Ltd, 

1997).  

 

2.4.2 Dielectric Losses 

 

Dielectric losses mainly effect on AC subsea cables more than DC links. Losses are 

proportional to transmit voltage frequency, power factor, conductor capacitance and the 

phase voltage. Dielectric losses are formed in Equation 2. 

   

Dielectric Losses = n ω C U0
2 tan δ 10−6 (Watt/km)                           (2) 

 

Where       n = number of cores 

ω = 2π multiplied by frequency 

  C =  capacitance to neutral (μF/km) 

  U0 =  Phase to neutral voltage (V) 

  tan δ = dielectric power factor 

 

The Equation 2 describes Loss component power factor known as the current in phase 

with the applied voltage. The power factor is made up of leakage current (current flowing 

through the dielectric (insulators) which has no relationship with voltage frequency. Also, 

the leakage current can occur in AC and DC applications, dielectric hysteresis (this is the 

largest effect caused to increase insulator losses in cables because it affects interact with 
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alternate fields of molecules of the components in the cable insulations) and partial 

discharge (i.e. ionization).   

 

The power factor of cable insulation depends on insulation temperature and carrying a 

voltage of the conductor. Comparing with conductor losses, it is quite a less amount until 

the voltage carrying capacity increases up to 50kV. Likewise, losses increase rapidly 

above 50kV voltage level, and then, dielectric losses are taken into calculations for 

measuring the current carrying capacity in subsea cables (Moore and BICC Cables Ltd, 

1997).   

 

2.4.3 Sheath losses  

 

Moore (1997) described the current carrying through the single-core cable causes to 

induce electromagnetic forces (e.m.f) in the cable sheath and around it. Due to that, two 

types of losses are generated, namely, sheath eddy current loss and sheath circuit loss. 

Therefore, the total sheath losses can be calculated in Equation 3. 

 

𝑇𝑜𝑡𝑎𝑙 𝑆ℎ𝑒𝑎𝑡ℎ 𝐿𝑜𝑠𝑠𝑒𝑠 = 𝑆ℎ𝑒𝑎𝑡ℎ 𝑒𝑑𝑑𝑦 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑙𝑜𝑠𝑠 +  𝑆ℎ𝑒𝑎𝑡ℎ 𝑐𝑖𝑟𝑐𝑢𝑖𝑡 𝑙𝑜𝑠𝑠𝑒𝑠       (3) 

 

(a) Sheath eddy current loss  

 

The eddy current induces due to the current flowing through the conductors of the cables 

or current flowing through the nearby conductors, but the eddy current is not acting over 

the cross sections of the cable (The distance between two centers of the cables called 

sheath bonding). The eddy currents are mutually exclusive from any types of sheath 

bonding. Therefore, the higher sheath bonding minimizes the eddy current losses in 

conductors. Following Equation 4 is expresses the sheath of eddy current losses in 

Electrical Cable Hand Book by Moore (1997). 
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Se =  I2 [
3ω2

Rs
 (

dm

2S
)

2

× 10−8] (Watt/km per phase)                               

  

Where      Se = Sheath eddy current loss 

 I = Current (A) 

  ω = 2π multiplied by frequency 

  dm = mean diameter of the sheath (m) 

  S = distance between cable centers (m) 

  Rs = Sheath resistance (Ω/km) 

 

b) Sheath Circuit Losses 

 

The sheath circuit losses occur when current flows through the conductor of the cable. It 

induces e.m.f to the cable sheath and the e.m.f at the cable sheath transfer AC current from 

the conductor. Then, the current in the sheath transmits, current to the earth cable or 

sheaths of the earth cable joints and that causes to generate losses in the entire power 

circuit (transmission system). Following Equation 5 shows how to calculate sheath circuit 

loss (Moore and BICC Cables Ltd, 1997).  

 

The sheath current losses per phase =  
I2 Xm

2  Rs

Rs
2 +Xm

2   (Watt/km)  

        

Where  I = Current (A) 

  Xm =

2π multiplied by frequency & 𝑡ℎ𝑒 𝑚𝑢𝑡𝑢𝑎𝑙 𝑖𝑛𝑑𝑢𝑐𝑡𝑎𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟 𝑎𝑛𝑑 𝑠ℎ𝑒𝑎𝑡ℎ 

  Rs = Sheath resistance (Ω/km) 

  

Power transmission in the subsea cables generate heat in the cable conductor, insulators 

(dielectric), cable sheath and the armor. The Heat leads to produce cable losses, and it 

then transfers to the surrounding mediums such as the ground, water, air or other 

material. The subsea cable new design considerations can be supportive to minimize 

(4) 

(5) 
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generating heat and strengthen the thermal resistivity of the cable. Although, the current-

carrying capacity have a huge influence on the electrical system requirement, maximum 

cable handling temperature and the cable manufacturing materials (Moore and BICC 

Cables Ltd, 1997).  

2.5 Related Research Work in Cable Loss Calculations 

There were different types of research work conducted recently with regards to wind 

power generated electricity solutions for offshore wind farms with different transmission 

technologies. This section describes a summary of the previous research work carried out 

in power loss calculations for subsea cables.  

 

(a) Cable Loss Calculations in HVAC  

 

To calculate the loss of HVAC power cables, the temperature of the conductor and the 

transmission cable length were considered by Brakelmann (2003). Brakelmann used 

XLPE subsea cables for 132 kV and 220 kV power transmission and trefoil formation of 

single core cables for 400 kV transmission. The Equation 6 shows the cable losses per unit 

length.  

 

P′ = (Pmax
′ − PD

′ ) (
I

IN
)

2

VƟ + PD
′  

 

Where 𝑃′ is the cable loss per unit length, 𝑃𝑚𝑎𝑥
′  the total cable loss, 𝑃𝐷

′  the dielectric loss 

per core, 𝐼 the load current, 𝐼𝑁 the nominal current, and 𝑉Ɵ the temperature correction 

coefficient. The temperature correction is calculated by using Equation 7.  

 

VƟ =
Cα

Cα + αTΔƟmax [1 − (
I

IN
)

2

]

 

 

Where 𝐶𝛼 is the constant, 𝛼𝑇 the temperature coefficient of the conductor resistivity (1/K), 

𝛥Ɵ𝑚𝑎𝑥 the maximum temperature rises in the cables 90°𝐶, i.e. 𝐶𝛼 = 1 − 𝛼𝑇(20°𝐶 −

Ɵ𝑎𝑚𝑏), Ɵ𝑎𝑚𝑏 is the ambient temperature and it is expected to be 15°𝐶.  

 

(7) 

(6) 
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Brakelmann (2003) described that the output current of the wind farm fluctuates 

depending on the length and the position of the subsea cable (𝐼 = 𝑓(𝑥)), and it is denoted 

in Equation 8. 

 

Pl0

′ =
Pmax

′

l0IN
2 ∫ I2(x)dx + PD

′l0

x=0
                  

 

Solving the equation 8, the cable losses per unit length was gained. The total cable losses 

are calculated by multiplying the actual cable length with power loss of the unit length 

which is obtained by Equation 8 (Brakelmann, 2003).  Ackermann (Ed.). (2005) & Negra 

et al. (2006) have used this method and equations for their transmission models and the 

research results increase the credibility of Brakelmann’s (2003) equations in power 

simulation.  

 

(b) Cable Loss Calculation in HVDC LCC 

 

The investigation of power losses in subsea cables carried out by Brakelmann (2003), has 

proven that power losses in DC systems are also associated with temperature along subsea 

cables.  Brakelmann (2003) has developed the Equation 9 to 13 to calculate the cable 

losses Pcab in transmission cables.    

Pcab = PLmax

′ (
I

IN
)

2

VƟ 

 

 

PLmax
′ = R0 Cm IN

2  lcable 

 

 

Cm = 1 + α20(ΔƟLmax + Ɵu − 20°C) 

 

 

Cα = 1 − α20(20°C − Ɵu) 

 

 

VƟ =
Cα

Cα + α20ΔƟLmax [1 − (
l

IN
)

2

]

 

(8) 

(9) 

(10) 

(11) 

(12) 

(13) 
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 Where PLmax

′  is the power loss at the maximum operating temperature, R0 DC conductor 

resistance at 20°C, Cm is the constant of cable conductor mass, α20 cable conductor 

temperature coefficient at 20°C,  ΔƟLmax the maximum operating temperature of the 

conductor, Ɵu ambient temperature (expected to be 15°C), IN rated current in the cable, I  

actual current flowing to the cable and,  lcable is the power transporting subsea cable length 

(Brakelmann, 2003), (Ackermann (Ed.), 2005) & (Negra et al,.2006). Negra et al. (2006) 

described in their research that there are no methods identified so far to calculate power 

converter losses. But Siemens has provided data for power loss variation in converter 

stations which have linear power loss fluctuations between 0.11% at no load and 0.7% at 

fully load conditions respect to rated power generation at the wind farm (Siemens AG, 

2017).    

 

(c) Cable Loss Calculation in HVDC VSC 

 

 

Negra et al. (2006) described, to calculate power losses in HVDC VSC and LCC power 

transmission equipment specially in converter losses, is essential to calculate received 

power in each node ( P1,  P2, 𝑃𝑖𝑛,  𝑃𝑜𝑢𝑡)  as the Figure 1. Moreover, Negra et al. (2006) has 

assumed converter station S1 and S2 losses take similar percentile values. According to 

their assumptions, the following Equation 14 to 16 was implemented.  

 

 
Figure 1. System block diagram for the VSC and LCC HVDC transmission (Negra et 

al,.2006). 

 

P1 = (1 − Xs)Pin 

 

PC = P1 − P2 = I2R = R (
P1

Vc
)

2

 

(13) 

(14) 
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Pout = (1 − Xs)P2 
 
Where Vc is the nominal voltage of cable and I is the current flowing through it. Therefore, 

the equation 17 was implemented by combining Equation 14, 15, 16. 

 
𝑅

𝑉𝑐
2

(1 − 𝑋𝑠)3𝑃𝑖𝑛
2 − (1 − 𝑋𝑠)2𝑃𝑖𝑛 + 𝑃𝑜𝑢𝑡 = 0 

 

Negra et al. (2006) revealed a solution to calculate the converter power losses by solving 

the third power equation 17 for 𝑋𝑠 (Converter loss). To get the influence of temperature 

to the calculation, the Brakelmann (2003) DC cable temperature equation 18 is used. 

 

𝑅 = 𝑃𝐿𝑚𝑎𝑥
′

𝑉Ɵ

𝐼𝑁
2  

 

Therefore, to find the power losses using the above equations, it is essential to measure 

current passing through the cable and the cable resistance. The similar method is described 

in the loss calculation of HVDC LCC and used Brakelmann (2003) DC cable temperature 

equation to get the temperature influence to make realistic simulation results.  

 

2.6 Conclusion for the literature 

Subject to the existing literature of power losses calculations of submarine cables in 

offshore power transmission, different types of research are being conducted to evaluate 

power losses in power systems. Among Power systems evaluation research, this thesis 

analysis has a new methodology to investigate power losses in offshore power 

transmission systems. The investigation will be carried out by designing three 500 MW 

power transmission systems using MATLAB/ Simulink software. The difference between 

previous methodologies and the one used in this thesis is the MATLAB/ Simulink 

Powergui system blocks which includes the reviewed equations and formula in the 

computational way compared with the previous. Therefore, research gap is identified to 

evaluate power losses in transmission cables in a 500 MW hypothetical wind farm by 

(15) 

(16) 

(17) 
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using MATLAB/Simulink tool. Methodology section describes the method and 

assumptions taken to design and simulate the results of the losses related to the offshore 

power transmission links with different distances.       
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CHAPTER 3. MATERIALS AND METHODS 
 

The main objective of this research is to analyze the power loss variations of submarine 

cables in relation to the line length in offshore wind environments. This chapter describes 

the methodology that has been used to implement the research questions by using 

MATLAB simulation. The basic structure of the wind farm for HVAC, HVDC LCC & 

HVDC VSC technologies are already developed in SimPower System/Simulink of 

MATLAB. The models do not exist with loss calculations and HVDC models which are 

suitable for a wind farm. The modifications of the models and new sub-systems and blocks 

details are discussed in this chapter. 

 

3.1 DESCRIPTION OF EXPERIMENT  

The proposed comprehensive analysis is based on a hypothetical wind farm, and we used 

several different wind farm transmission models to investigate the technical reliability of 

transmission technology, namely, HVAC, HVDC VSC and HVDC LCC. The analyses 

are performed on the submarine cable transmission losses of 3 different transmission 

systems by using the MATLAB/ Simulink modeling tool. Therefore, the aim of the 

research is to find the answers to the following areas. 

 

1. The influence of the cable length to power transmission losses 

2. The influence of the different power transmission models to power transmission 

losses  

3. The technology comes with lowest power losses relevant to the distance 

4. How power losses propagate with transmission technology and submarine cable 

capacity types 

 

The basic models for the 500 MW capacity offshore wind farm and transmission 

technologies HVAC and HVDC show in Figure 2 & 3 respectively. 
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The transmission losses are calculated by assuming that the wind farm has a 100% 

availability for the given parameters; transmission technology, cable length and voltage 

levels. The calculated losses have described the answers for the research questions in 

Chapter 4 and result analysis and evaluation of power losses are discussed in Chapter 5. 

 

 

 

 

 

 

Figure 2. Basic HVAC transmission technology framework 

Figure 3. Basic HVDC transmission technology framework 
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3.2 DESCRIPTION OF MATHEMATICAL MODELLING 

3.2.1 Introduction to Mathematical modeling tool 

 

To evaluate the above three power technologies, an acceptable analysis is needed to make 

decisions regarding HVAC & HVDC power systems. Therefore, arguments are made for 

the three power technologies that are essential to have the software which has featured 

tools for modeling, simulating and analyzing the simulated data. Among modern power 

analysis software/tools like SaberRD, ETAP, Simplorer, and DigSILENT, this study will 

be carried out by MATLAB/ Simulink. 

 

MATLAB has its own capabilities of matrix-oriented programming and complex plotting. 

It is an acceptable tool for modeling, simulating and analyzing for power systems. 

Simulink is a featured tool in MATLAB. Under the Simulink tool, Simscape power system 

offers a variety of component library for system modeling. Simulink provides an associate 

graphical environment with MATLAB code or even C/C++ and Fortran codes for design 

and creates own systems or edit sample models using built-in-blocks from Simulink 

library. 

 

3.2.2 Wind farm as a three-phase dynamic load 

 

For the modeling and simulation of a large wind farm with a power transmission capacity 

of 500 MW, clear assumptions and parameter limitations are needed to narrow down to 

the research area. Therefore, 500 MW wind farm is taken as one three-phase dynamic load 

for simplifying the total design. See Figure 4. Also, few assumptions are taken to show all 

the current and voltages loads are balanced under any unbalancing conditions in the wind 

farm. According to that, the three-phase dynamic load block parameters are changed to 

simulate within the positive-sequence voltages and the zero and negative-sequence 

voltages are neglected to minimize the complexity of the results.  
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Table 1 shows parameters of the three-phase dynamic load which is considered for 

designing the 500 MW wind farm. The designing parameters are taken as a reference to 

similar capacity offshore projects done by Siemens (Siemens AG, 2017). 

 

Table 1. Three phase dynamic load parameters suitable for 500 MW wind farm 

Parameters Units Values 

Nominal L-L voltage (Vn) kVrms 33 

Frequency (fn) Hz 50 

Active Power (Po) at initial stage MW 500 

Reactive Power (Qo) at initial stage MVar 250 

Magnitude at Positive-Sequence 

Voltage 
Per unit 0.994 

Phase at Positive-Sequence Voltage Degree 0 

Minimum Voltage (p.u) Per unit 0.7 

Filtering time Constant (s) seconds 0.0001 

 

3.2.3 Transformers 

 

The Simscape three-phase two winding and three winding transformer blocks are used to 

design different voltage levels of the power systems. See Figure 5. Three winding 

transformer blocks are used in HVAC transmission and two winding transformers are used 

in HVDC transmission technologies. By using three winding transformers in HVAC 

systems can rectify the voltage unbalance which occurs in more than HVDC systems. 

HVDC systems have a negligible amount of effect from voltage unbalance comparing to 

HVAC systems due to consisting of power electronic converters (Grande-Moran, 2010). 

 

Figure 4. Three Phase Dynamic Load (500MW Wind Farm) 
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The transformer parameters are taken from the Windpower transformer designing 

presentation done by Philip J. Hopkinson at the 2014 IEE conference, Chicago and 

reference to similar capacity offshore projects done by Siemens (Hopkinson, 2014) 

(Siemens AG, 2017). The power systems offshore transformers’ parameters are described 

in Appendix D. 

  

 

 

 

 

 

 

 

3.2.4 Power Converter stations (Inverters and Rectifiers)  

 

In HVDC LCC and HVDC VSC models, have different types of Power converter 

methodologies and models. Moreover, both system models are using two converter 

stations which do the power Inverting from AC to DC (Sending from the wind farm) and 

power rectifying DC to AC (Receiving from the submarine cable). LCC and VSC 

converter models are already designed in MATLAB. See Figure 6. The model parameters 

are changed according to the system requirement which is taken from Siemens Power 

Engineering Guide handbook (Siemens AG, 2017). The following shows the modeling 

parameters of converters in LCC (Thyristors based) and VSC (IGBT based) in inverters 

and rectifiers which are used in the Simscape power system blocks. Also, in HVDC 

converter station, system blocks used inverter station and rectifier station as “Converter 

Station 1” and “Converter Station 2” respectively. Converter Station 1 included inverter 

transformer and inverter and Converter station 2 included rectifying transformer and 

rectifier according to the transmission technology. Inverters, rectifiers and their 

transformers parameters are described in Appendix D. 

            
 

Figure 5. Three winding and Two winding three-phase Transformer models 
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3.2.5 Submarine Power Cables 

 

For the simulation purposes, all transmission lines are taken into the account without the 

power unbalance parameters because consideration of unbalance parameters make the 

system modeling more complicated. Therefore, the balanced transmission lines are taken 

into design and modeling considerations of HVAC and HVDC lines of the power systems. 

See Figure 7. The Simulink transmission line parameter models required the following 

data to calculate the line losses in HVAC and HVDC transmission models. See Table 2. 

Required cable parameters are taken from the latest high voltage cable catalog issued by 

Prysmian Group (Prysmian Cables & Systems, 2016.). 

 

Figure 7. HVAC, HVDC LCC & VSC Submarine Cable Models 

 

 

 

            

Figure 6. IGBT-Based and Thyristor-Based HVDC Converter Station Models 
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Table 2. HVAC and HVDC cable parameters (Prysmian Cables & Systems, 2016.) 

XLPE insulated HV Copper Conductor 

Cables 132kV 220kV 400kV 

 Transmission Technology HVAC HVAC HVAC HVDC 

System Frequency (Hz) 50 50 50 50 

Resistance (Ω/km) 0.024 0.024 0.0233 0.0176 

Inductance (H/km) 3.75E-04 4.13E-04 4.01E-04 4.01E-04 

Capacitance (µ/km) 2.20E-07 1.80E-07 1.70E-07 1.70E-07 

Nominal Current (A) 947 921 900 900 

Cable Section (mm2) 1000 1000 1000 1000 

Max. Operating Temperature (°C)  90 90 90 20 

 

3.2.6 Electric Grid 

 

The hypothetical power grid has been chosen to build the power system models to transmit 

the power from 500 MW capacity of the hypothetical offshore wind farm. The 400 kV, 

50Hz AC transmission grid has been modeled to collect the power from the 500 MW 

offshore wind farm. See Figure 8. The following transmission parameters are used to build 

the transmission grid in the Simulink modeling tool and the electrical grid data taken from 

Siemens Power Engineering Guide (Siemens AG, 2017). See Table 3. 

 

 

 

 

 

Figure 8. 400kV Electrical Grid Model 

Table 3. Grid Parameters 

400 kV Grid parameters Values 

Short Circuit Power (MVA) 500 

Nominal L-L voltage (kV) 400 

X/R Ratio 3 

Phase angle (Degrees) 0 

Frequency (Hz) 50 
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3.2.7 Loss Calculations 

  

To calculate the losses in cables, it is essential to measure the power in all nodes at the 

offshore wind farm to the onshore power grid. The MATLAB/ Simulink three phase V-I 

blocks, and voltage and current measurement blocks are used to measure the voltage and 

current values passing through the different nodes in HVAC and HVDC power systems. 

See Figure 9. Thereafter, to calculate the power passing through the nodes, two blocks are 

designed, which are “ACPowerCalc” & “DCPowerCalc” for HVAC & HVDC power 

systems accordingly. See Figure 10. ACPowerCalc designed by product of the measured 

voltages, current and cosine value between voltage and current by multiplying square root 

3 to interpret 3 phases in the HVAC systems at HVAC and HVDC transmission 

technologies. DCPowerCalc designed by product of measured voltage and current at the 

HVDC cables in HVDC LCC & HVDC VSC systems. 

 

 

 

 

 

 

 

 

 

 

Figure 10. AC & DC Power Calculation Models 

                

             

Figure 9. Voltage - Current Measurement Models 



 25 

By measuring the power differences between adjacent power system components, can 

calculate the power losses in desired components in the system. The following equations 

6- 13 are used to calculate power losses across the main equipment. The blocks and sub-

systems are developed by using MATLAB/ Simulink with the mathematical equations 

given below. “ACLossCalc 1-3” and “DCLossCalc 1-2” sub-systems are designed which 

calculated losses in HVAC and HVDC systems respectively. See Figure 11. Finally, cable 

losses are calculated by the percentage of total power production in the offshore wind farm 

by creating sub-systems called “HVAC Cable Power Loss%”, “HVDC LCC 

SubmarineCablePower Loss%” and “HVDC VSC SubmarineCablePower Loss%”. See 

Figure 12. 

 

 

 

 

 

 

 

Figure 12. AC, HVDC LCC & VSC Submarine Cable Power Loss% Calculation Models 

 

PLossSs1
=  PGen − PTSending

        (6) 

PLossAC
=  PTSending

−  PTReceiving
         (7) 

PLossSs2
=  PTReceiving

− PGrid        (8) 

PLossAC Cable% = [
PLossAC

PGen
] ∗ 100%        (9) 

              

Figure 11. AC & DC Power Loss Calculation Models 

  



 26 

PLossCS1
=  PGen −  PLossCS1

         (10) 

PLossDC
=  PCS1Inverter

−  PCS2Rectifier
         (11) 

PLossCS2
=  PCS2Rectifier

− PGrid         (12) 

PLossDC Cable% = [
PLossDC

PGen
] ∗ 100%        (13) 

 

PLossSs1
= Power Loss at Offshore SubStation1 

PGen = Generated Power at the Offshore Wind Farm 

PTSending
= Power measured at the beginning of the Sending Transformer 

PLossAC
= Power Loss in the HVAC submarine cable 

PTReceiving
= Power measured at the beginning of the Receiving Transformer 

PLossSs2
= Power Loss at the Offshore Substation 2 

PGrid = Power measured at the 400kV onshore grid 

PLossAC Cable% = Power Loss in AC cable relevant to the rated production%   

PLossCS1
= Power Loss at the Offshore Converter Station 1 

PCS1Inverter
= Power measured at the beginning of the Converter Station 1 

PLossDC
= Power Loss in the HVDC submarine cable 

PCS2Rectifier
= Power measured at the beginning of the Converter Station 2 

PLossCS2
=  Power Loss at the Offshore Converter Station 2 

PLossDC Cable% = Power Loss in DC cable relevant to the rated production%   

 

3.2.8 The MATLAB/Simulink Power systems models of 500 MW Offshore wind 

farms  

 

Figure 13, 14 & 16 show the MATLAB/Simulink power system simulation diagrams 

which presented for HVAC, HVDC LCC and HVDC VSC technologies respectively. 

The mathematical models are used to calculate the losses using blocks and sub-systems 

of VI measurements, PowerCalc and LossCalc. 

 



 27 

 

Figure 13. Simulation diagram of the HVAC power system 
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Figure 14. Simulation diagram of the HVDC LCC power system 
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Figure 15. Simulation diagram of the HVDC VSC power system 
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3.3. Description of the methodological framework  

 

The methodological framework of the research assisted the research topic to find the 

expected results. All the three systems of simulation diagrams are presented in Figures 13, 

14 and 15. The connection between major components of the systems frameworks are 

shown in Figure 2 & 3. Power systems modeling and designing was done by 

MATLAB/Simulink. Although, the Powergui block helped to analyze the system current 

flow according to the input system parameters in the transmission models. The Powergui 

block is the integration of the solutions method block in Simscape Power systems software 

in MATLAB. This block has 3 types of integration methods such as continuous method 

solution, discretization solution method, and phasor solution method. Considering the 

specification of the 3 power systems, phasor solution method is used in HVAC 

transmission system and discrete solution method taken for the HVDC systems to 

calculate the circuit power values and mathematical calculations.  The phasor solution 

method conducts simulations by considering magnitudes and phasors of voltages and 

currents through the entire system using differential equations. Thus, it takes more 

simulation time system, but the results are more accurate than the results which are taken 

under the discrete method for HVAC system. The system like HVDC LCC and VSC 

(Power electronic based systems), is optimal to use the discrete methods due to the highly 

accurate simulation results than  continuous method (“Choosing an Integration Method - 

MATLAB & Simulink - MathWorks Nordic,” n.d.). See Figure 16. Finally, power system 

evaluation can be done according to the simulation results. This methodology only 

considered different transmission technologies, distance with cable losses. Therefore, the 

lowest cable losses with the highest distance are taken as the highest accurate transmission 

model and the suitable technology for the power transmission in the offshore environment. 

Moreover, another implementation of the methodology is derived in Figure 7. The 

simulation results are discussed in Chapter 4 and according to the obtained results, analysis 

and evaluation of power systems. 
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Figure 17. Thesis Methodology 

 

 

     

Figure 16. PowerGUI Blocks in HVAC, HVDC LCC & VSC Power System Models 
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3.4 Reflection on the Methodology 

 

The three transmission models are demonstrated on the hypothetical 500 MW offshore 

wind farm. All the methodology is based, assuming wind farm has 100% availability and 

by feeding the rated power output to a three phase three winding step-up transformer. In 

HVAC systems, the level up voltages of the sending edge transformer transmits the 

voltage via HVAC cables to the receiving end step-up transformer. The receiving end step-

up transformers are positioned on the closest substations to the coast or onshore stations 

to minimize the losses on entire systems. Then, the receiving transformer stepping up the 

voltage up to desired grid voltage level and then passes to the power grid.  In HVDC power 

systems, three winding converter transformers stepping up the voltage level and fed into 

the inverter model (Thyristor or Insulated Gate Bipolar Transistor (IGBT)) to invert the 

voltage & current from AC to DC. Then, the inverter feeds the DC voltage to the DC 

transmission cable to the receiving converter station. The receiving converter station is 

collected to the DC power and rectify the power DC to AC by the rectifier (Thyristor or 

IGBT) and feed to the step-up converter transformer to level up the voltage to the grid 

level and then transmit to the grid. All the losses obtained throughout the entire systems 

are integrated into loss calculations of each model. Moreover, the representation of wind 

turbine losses and array cable losses would have elevated the accuracy of the results. 

However, the limitations and design issues had to be considered. This required more data, 

system modeling knowledge, and a lot of time investment. 

 

Taking everything into account, this could be just models without getting real measured 

data of losses. Concluding the methodology, this research can serve the research area more 

comprehensive in the future. 
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CHAPTER 4.  POWER LOSS INVESTIGATION: RESULTS & 

ANALYSIS 
 

4.1 Experimental Results 

 

With regards to offshore wind power projects conducted so far, the availability of real 

measured data resources of power transmission systems is limited. Therefore, this analysis 

has used power difference between adjacent components to calculate losses in power 

systems. This methodology has never been used to calculate power losses in submarine 

cables by using the MATLAB/Simulink software except other simulation platforms. Due 

to that, comparing results with another simulation platform results would not be beneficial 

for this evaluation instead real measured data. Therefore, this research proceeds with 

simulation results taken under the Simscape Power system tool powered by 

MATLAB/Simulink.  

 

4.2 Mathematical Results Analysis 

This chapter describes the mathematical results analysis for the power system models 

discussed in the methodology section. All the results are based on the simulation done 

through the MATLAB/ Simulink considering several assumptions. The different sequence 

of input data obtained to create arguments and analyze the results which are derived from 

the simulations. The different cable distances & cable capacities, transformer 

arrangements, power converter technologies, and power transmission technologies are 

considered as input variables in this research.  

 

The analysis is focused on a short distance to long distance offshore power transmission. 

Therefore, the cable capacity and lengths should be varying within the given distance and 

capacity of the power system. Moreover, cables are taken as 50, 100, 150, 200, 250 and 

300 km and, the XLPE insulated HV copper cable section area is chosen as 1000 mm2 by 

considering maximum power transmission capacity in all power system models. Also, 
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considered the temperature variation is independent of the cable resistance, cable 

resistance is constant and equal to the maximum value that can obtain at a highest 

operating temperature (70°C) in the cable. Other than that, the HVAC system used 

different voltage capacity cables to calculate the power transmission ability in each: 132, 

220 and 400 kV. Whereas, to afford the power load from the wind farm, the cable amounts 

have been designed from 132 kV to 4 cables, 220 kV to 3 cables and 400 kV to 1 cable in 

HVAC systems referring to similar research done by Negra et al. (2006). But in HVDC 

systems only used 400 kV cable to minimize the variables in this research.   

 

In HVAC power transmission, the lowest losses are obtained from 400 kV XLPE insulated 

copper cable for the shorter distances like 50 km, 100 km, and 150 km. But, for the high 

lengthen cable routes like 200 km, 250 km, and 300 km, it is most convenient to use 

minimum voltage capacity cables: 132 kV. The simulation results prevail that 220 kV and 

400 kV cables are not suited for long-distance power transmission due to high reactive 

power production from cables and the power systems under the given parameters. In 220 

kV cables losses after the 250 km and 400 kV cable losses after 200 km are considered as 

the whole system reached to an infinite amount of losses due to the maximum current 

outreach from the amount which can be fitted to the cables. For all that, HVAC 

transmission loss gain marginally less 7% and 19% for the short & long-distance cables 

in 132 kV cables accordingly.  See Figure 18. 
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Figure 18. Submarine Cable Power Loss% in HVAC Power System 

 

Comparing to the HVAC transmission losses in the system, losses have taken much fewer 

values at HVDC thyristor and IGBT power systems. The thyristor-based power system 

gains massively fewer power losses in short and long-distance transmission than any other 

transmission systems and it does not exceed 0.3% in short distance and the long distance 

1.1% losses from the entire rated power production at the wind farm. As per the simulation 

results in IGBT based transmission, it is slightly below 1% and 2.4% power loss for the 

short and the long-distance transmissions accordingly.  See Figure 19 & 20. 
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Figure 19. Submarine Cable Power Loss % in HVDC LCC Power System 

  

 

 
 

Figure 20. Submarine Cable Loss % in HVDC VSC Power System 

 

 

The overall cable transmission losses are concluded in Figure 21 based on the simulation 

results obtained by power systems. The Figure 21 revealed that the lowest transmission 

losses are obtained through the HVDC transmission systems for the shorter and the longer 
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distances. In HVDC systems, LCC system’s cable gained the lowest losses amount from 

rest of other systems. Technically, HVDC LCC system is convenient for the short and the 

long-distance power transmission. Nevertheless, the economically HVDC system needed 

more axially equipment rather than HVAC systems and then the power transmission might 

be costlier than the cost of losses for the entire lifespan of the wind park. Therefore, to get 

a clear picture required a feasibility research with considering entire facts and figures of 

costs and losses.  

 

Figure 21. Submarine Power Loss% in HVAC, HVDC LCC & VSC Power Systems 

 

Also, relevant to transmission capacity, power systems required appropriate transformer 

models to transmit the power. Therefore, three winding transformer models are used to 

level up the voltages in low level to medium level and then high levels in HVAC power 

systems. In this research, three winding transformers are allocated at HVAC power system 

in substation 1 & substation 2. The HVAC system used following voltage levels: 380/33 

kV, 400/380 kV. Other than that, to present the wind farm transformer, used existing two 

winding transformer designs from the MATLAB environment by changing the design 

parameters according to the wind farm model. For the design, real-time two winding 



 38 

transformer parameters are used:0.69/33kV. In HVDC LCC and VSC models, two 

winding converter transformers are used which are embedded with inverters and rectifiers 

in converter stations 1 & 2. No changes were done for the wind turbine transformer 

parameters. Therefore, the existing wind farm parameters are considered like HVAC 

systems. The following transformer voltages are used in HVDC power transformers which 

are embedded with converters: 380/33 kV, 400/380 kV.  

 

Considering losses in the transformers also have more or less impact to the entire power 

system. As per the simulation results, it is clearly seen that transformer losses also 

gradually increased when the transmission length runs shorter to longer distances. The 

sending transformer losses are changed 0.17-0.73% from rated production at the wind 

farm during the 50 to 150 km transmission range and the distance from 200 to 300. It 

increased slightly below 3%. Comparing to the sending transformer, receiving transformer 

has lower loss percentage but it has marginally greater than 1% by rated capacity of the 

wind farm. The HVDC systems transformer losses and the converter losses are measured 

as a unit. Therefore, transformer losses are taken as the converter station losses in the 

power system models. 

 

Moreover, transmission losses for thyristor-based converters are varied 0.76- 0.95% in the 

short distance at the inverter station.  Also, the rectifier station gains slightly similar but 

less amount: 0.76-0.95%. At 200 km, the inverter station transmission line loss 

unexpectedly dropped to 0.87% and again it increased up to 1.03%. Similar amount of 

losses dropped at the rectifier station. At the LCC rectifier station, for the distance, 50-150 

km, loss varied 0.75-0.93% and at 200 km it dropped to 0.65% and increased to 0.77% for 

300 km. See Appendix E: figure 28. 

 

The simulation results prevail that the IGBT based converter stations have more losses 

than LCC converter stations. Nevertheless, it has more losses than HVAC sending and 

receiving transformer stations. Like thyristor-based converters, in IGBT inverter stations 
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and the rectifier stations, they are having 13.53% and 15.52% power loss drop at the 200-

km comparing to the power loss at 150 km. See Appendix E: figure 29.  

 

Referring Negra et al. (2006) research, the converter stations losses are unevenly 

increased, and the results have not been dropped. Therefore, the losses drop can be 

presumed due to the numerical modelling from the MATLAB/ Simulink.  

 

A huge amount of power can produce from 500 MW capacity of wind farm.  Also, the big 

wind park cable designing is complicated. Instead of designing a wind park on the 

simulation platform, the whole wind farm took a three-phase dynamic load with zero phase 

angle to simplify the power system model. Moreover, the unbalancing voltage drops and 

the power losses of wind farm inter-array cables, transformer cables, and converter cables 

are not considered in this research. The main onshore grid voltage model is taken as a 

three-phase dynamic load. The main electrical grid also considered as the phase angle as 

zero for reducing the unbalancing voltage drops of the entire system and assumed that no 

phase variations occurred during the power transmission.  

 

4.3 Comparing with similar studies 

According to the research conducted by the Meah and Ula (2007), revealed that HVAC 

transmission without reactive power compensations for long distances is impossible due 

to the heavy losses. Furthermore, it has more limitations than HVDC power transmission 

because of transmission line non- uniform stability problems in HVAC systems. HVDC 

systems avoid from frequency variations and distance limitations. Also, Meah and Ula 

(2007) found the cost per unit length of HVDC cables are cheaper and power equipment 

for HVDC is costlier than HVAC systems. Additionally, their research concerned about 

the environmental impact due to power transmission and it revealed that HVDC power 

transmission systems have a lower impact than HVAC. Finally, the breakeven distances 

for overhead power lines calculated with HVAC and HVDC cable lengths which varies 

with 500- 800 km. Even though the research has mismatching conditions like onshore 
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overhead line power transmission and in the study results, it explains HVDC power 

transmission is handier for the long distances and HVAC has more economic benefits for 

short distance transmission than HVDC.  

 

Brakelmann (2003) examined the 500 MW capacity HVAC and HVDC offshore 

transmission for 100 km and calculated HVAC submarine cables has 92% efficiency and 

HVDC cables has efficiency than HVAC but not in that big amount. Considering IGBT 

and thyristor-based converters have 6-10% losses and the total losses of HVDC systems 

scale up more than 10%. Therefore, Brakelmann showed HVAC transmission system is 

more preferred for power transmission in the offshore environment as much as it feasible 

with considering wind farm economic feasibility, cable, and substation maintenance and 

system upgrades. But according to the simulation results, the loss values for converter 

station and transmission lines are minimal and losses are taken lesser values comparing to 

HVAC systems for more than 100 km distances. 

  

Moreover, Negra et al. (2006) investigated the total power losses in offshore power 

transmission in HVAC, HVDC thyristor and IGBT based technologies for large offshore 

wind park, the capacity more than 200 MW to 1000 MW. The research of Negra’s (2006) 

revealed that HVAC system has minimal losses until the transmission distance reached to 

70 km. Then, after, HVDC LCC has the lowest losses in the point of view in total power 

transmission. It also considered a number of cables used for power transmission, 

transmission accuracy, total project cost and the grid code. However, the research has 

more similar results like cable loss variation, power system accuracy with Negra et al. 

(2006) research but according to the simulation results of the current research, HVDC 

system has the lowest loss if consider the losses in the cables.  

 

(De Prada Gil et al., 2015) carried out their research about a feasibility of offshore power 

plants with DC collection grid and they have investigated HVDC transmission is 

potentially cost-effective rather than HVAC conventional link. De Prada Gil et al, (2015) 

satisfied DC links have a lower cost of energy losses and higher amount of capital 
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expenditure during construction to operations and maintenances by doing a sensitivity 

analysis for a given wind farm configurations. Even more, research showed that DC links 

are feasible for long distance power transmission and HVAC links are more suitable for 

shorter distance power transmission in the frame of the economy. Therefore, De Prada Gil 

et al, (2015) research is comparable with the simulation results at the point of view of 

transmission power loss. 

 

Nevertheless, the above research findings have a different type of study approaches. The 

current study results are mainly about the system designing and computing power losses 

for offshore power transmission systems by using the MATLAB simulation software. 

Therefore, obtained results can be varied, but the simulation results gained more similar 

results when comparing with these findings.   
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CHAPTER 5.  CONCLUSIONS 
 

5.1 The general conclusion for the simulation results 

 

The main purpose of the research was to develop a new methodology to evaluate the 

transmission losses in submarine cables from the power generated by 500 MW offshore 

wind farm through HVAC, HVDC LCC, and HVDC VSC power transmitting 

technologies. Three simulators have been developed for power transmission systems 

which are guided to analyze power transmission cable losses. Based on the power systems, 

the transmission technologies have been evaluated by providing logical explanations for 

the transmission losses under the different behaviors via the simulation.  

 

Comparing transmission losses in different quantities of cables in HVAC transmission, 

investigated that 400 kV or 220 kV cables are well fitted to the shorter distance like 50 to 

150 km power transmission and 132 kV cable is adequate for the long-distance 

transmission 150 - 300 km. The one 400 kV submarine cable was chosen for HVDC power 

transmission. Therefore, HVDC Thyristor based converter technology showed the lowest 

losses in the transmission link. The IGBT converter technology had the second minimum 

losses. The HVAC power system had more losses than either HVDC LCC and HVDC 

VSC technologies. Consequently, HVDC LCC based converter stations had the lowest 

losses, whereas the IGBT converter stations had more losses than HVAC transformers and 

LCC stations. Even though IGBT based converter stations have more transmission losses, 

it has more possibility to stabilize the offshore power system from onshore weaker grids 

than any other transmission models. 

 

5.2 Limitations of the Research 

 

The conducted thesis had a variety of limitations which narrowed down the research for 

evaluating transmission losses in the stable condition of the wind farm. Time and power 

system data access restrictions were the major limitations of this research. The wide range 



 43 

of subject areas have been studied to satisfy the research questions; offshore power 

transmissions, the behavior of submarine cables, cable specification, designs of 

substations and converter stations, the behavior of main grid, grid code, data acquisition 

and designing power systems by using the MATLAB/Simulink software. Nevertheless, 

the absence of real measurements of power electronic converters, offshore setup 

transformers, and power cables make it difficult to validate the simulation results and the 

whole investigation. 

 

The simulation tools also had some limitations when it obtained into the load flow 

calculations in such big capacity of power systems. The professional power system 

software like PSSE, PSCAD, and DigSILENT are commonly used for heavy power 

transmission projects and that software would be more suitable when considering the 

designing of the system and the simulation time. Furthermore, during the simulation, there 

were more system designing and modeling barriers and system parameter simplifications. 

Some main parameters like wind speed, wind turbine generator losses, annual energy 

production, temperature variations, had not been applied in the simulation and that may 

lead to results getting less accurate. 

 

5.3 The proposal for the future research  

 

The current work leads to make new transmission concepts by combining two or three 

transmission technologies together and make another transmission model. This concept 

can be demonstrated by taking major competencies of each technology to transmit for long 

distance which minimizes the power losses and keeping financially achievable. The 

investigation is unable to consider the compensation units in HVAC power system. 

According to the power loss evaluations, HVAC power systems are limited to the short 

distance transmissions because of generation of a high amount of reactive power in 

submarine cables. However, installation of offshore compensation platforms for lengthy 

submarine cables would decrease the reactive power generation in cables.  
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Power losses can be brought down if more consideration was given to power cable 

layering possibilities in seawater with the flat formation. This may also be a very 

interesting research topic which intends to make more feasible offshore power 

transmission projects in the future. Considering cable designing, decreasing the elevation 

distance between each core, increasing the size of insulation thickness and conductor cross 

section can enhance the possibility to transmit more power through the cable links and 

their economic feasibility should be kept for future work. 

 

Finally, software-based interesting research topic would be tolerances analysis for power 

simulation tools. By comparing actual wind farm power link losses which have been 

monitored at least for one year and design a similar model in different power simulation 

software platforms could be used to calculate and analyze the tolerance in the simulation 

results.   
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APPENDIX A. Power Transmission Systems 

A.1 Offshore Wind Resource 

The offshore wind power is one of the latest trends and it plays a significant role in green 

energy. Research in wind energy conversion systems has been carried out for about twenty 

years, and wind power contributes green energy to the market from all around the world, 

and there is an increasing demand for wind-generated electricity (Alagab et al., 2015). 

Currently, the main concern of wind farm developers is to expand the building of offshore 

wind farms. Building in the large marine environment has several benefits; there is a 

steady wind flow, less gust turbulence, the distance from populated areas means less visual 

impact, and a low level of noise (Huang et al., 2011). Further, the energy production can 

be increased, since the fatigue on the wind turbine structure, and the blades are less on 

offshore power plants. The European goal is to install 40 GW capacity of offshore power 

collection by the end of 2020 (Alagab et al., 2015). 

 

However, the power transmission is a major challenge in offshore wind farms. There are 

several stages of considering during power transmission; planning, construction, testing, 

operational and maintenance. Mainly, when power is delivered from offshore wind power 

plants to shore, some challenges have integrated with offshore power grids.      Dynamic 

voltage supports and low voltage ride through. Huang et al. (2011), identified grid 

interconnection, ampacity calculations of Medium Voltage (MV), High Voltage (HV) 

power cable connections, and offshore wind farm planning procedures are major offshore 

power transmission planning bottlenecks. Therefore, offshore power transmission 

required efficient and cost-effective methods to minimize the planning issues (Reed et al., 

2013).   

 

A.2 The Introduction to Offshore Power Transmission 

Offshore power transmission started to operate oil and gas extraction machinery on 

offshore platforms.  Subject to distance and power, medium or high voltage AC 
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transmission cables and electrical compensators use for electrical transmission. 

Considerable factors have been identified to measure the power demand of the oil / gas 

platforms; extraction field size, temperature, gas or water injection, the requirement for 

compressor and oil or gas transportation system. Since 2005, HVDC power transmission 

starts to be powered troll platform which has 84 MW rated power and power transmitted 

to 70km from shore. The main difference with oil and gas industry with relevance to 

offshore wind power generation is the margin of the profit. Profits take higher values in 

oil and gas industry with comparing to marine power generation. Oil and gas industry has 

reached to 3 km seabed exploration and floating platforms of offshore wind farms 

submarine cables installation technology only existed up to 1 km. 3 km seabed exploration 

experience which is vital factor to expand offshore power generation in future (de Alegria 

et al., 2009).     

 

According to de Alegria (2009), offshore power transmission has unique alternatives 

rather than onshore transmission. Among the transmission alternatives, HVAC, HVDC 

LCC (Line Commutated Converter) and HVDC VSC (Voltage Source Converter) are 

commonly using in the marine wind power industry. HVAC & HVDC transmission has 

differences in terms of settings in installation. Major installation concerns were identified 

as a type of current transmit, distance from shore, meteorology, seabed soil and naval 

traffic.   

A.3 HVAC power transmission technology 

HVAC offshore power transmission system is a well-settled technology, carrying 

electrical power within shore and marine wind station. The following main components 

consist of an HVAC system (Ackermann (Ed.), 2005). See Figure 1.  

 

● AC collecting system within offshore wind farm 

● Offshore transformer station with reactive power compensation 

● Three-phase HVAC submarine cable (Three-core polyethylene insulation 

(XLPE)) to shore 
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● Onshore Substation with reactive power compensation and transformers  

 

 

Figure 22. Basic Configuration of HVAC transmission system in marine environment 

(Ackermann (Ed.), 2005) 

 

Horns Rev is the first offshore wind farm which uses HVAC transmission technology with 

the power of 160MW and transmission distance of 21km. The generator technology of the 

wind turbines is the main reliable factor in offshore collector system. General collector 

voltage (33kV) might be well-enough if the distance to transformer substation is short. 

Sometimes transformer is not necessary when the voltage of the transmission line and grid 

voltages are tally with each. The Cape Wind offshore wind farm is an example in present. 

It uses 115 kV submarine transmission line to connect 115 kV onshore grid without a 

transformer. But the distance to collection substation is long, collector voltage not the 

quite necessary cause of line losses. Therefore, by raising the transmission voltage can be 

a solution for long-distance power transmission. Distribution capacitance gets a higher 

number in submarine cables relative to overhead transmission lines by submarine cable 

construction. Accordingly, submarine transmission cable lengths must be optimized in 

offshore projects. The long distance required reactive power compensation equipment at 

the two edges of the line to minimize the reactive losses which increase with carrying 

voltage and line length in submarine cables (de Alegría et al., 2009).  
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A.4 HVDC power transmission technologies 

 

Offshore HVDC power transmission technology categorized into main two schemes based 

on converter technology types where it uses for converting voltages AC to DC and DC to 

AC: Technologies are HVDC LCC (High Voltage Direct Current Line Commutated 

Converter) and HVDC VSC (High Voltage Direct Current Voltage Source Converter).  

A.4.1 HVDC Line Commutated Converter (LCC) system 

 

HVDC LCC technology is also called as classical HVDC system. Unlike HVAC system, 

HVDC technology uses thyristors as the switching element (Arrillaga, 2008). LCC is the 

model which helps to commutate the power properly than HVAC. It helps to minimize the 

power losses, pretty much low like 1-2% and the switching frequency of LCC can regulate 

within 50-60 Hz. This type of a transmission system can distribute power between two or 

more functioning power grids in the offshore wind farm.  The main advantages can be 

accountable as Extendable power transmission with large geographical distance and an 

availability to control power flickering at a certain level of this system is vital (de Alegría 

et al., 2009).   

 

The first official HVDC LCC link was installed to interconnect Sweden mainland and the 

island of Gotland in 1954. The transmission system used a 100 kV submarine cable for a 

length of 96 km with transmission capability up to 20MW.  Since then, LCC technology 

has been used in various regions in the world. The following shows well-established and 

well-known HVDC technology examples: (Ackermann (Ed.), 2005). 

 

The Pacific Intertie DC link: Rated power 3100 MW, link distance 1354 km, DC 

voltage ±500 kV; (Ackermann (Ed.), 2005) 

The Itaipu DC link: Between Brazil and Paraguay, rated power 6300 MW (two bipoles 

of 3150 MW), link distance 780 km, DC voltage ±600 kV; 

(Ackermann (Ed.), 2005) 
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The following shows the main components use by HVDC LCC systems: See Figure xxx 

 

● Three-phase two-winding Converter Transformers 

● Thyristors based LCC power converter 

● AC and DC filters 

● Reactance for filter dc current  

● As reactive power compensation: Capacitors, STATCOM or Diesel generator 

● DC submarine cable. 

 

 

Figure 23. Basic configuration of HVDC LCC transmission system in marine 

environment (Ackermann (Ed.), 2005) 

 

Three-phase two-winding converter Transformers: transformers, step-up the voltage 

at the required level for both ends of substations to adequate the transmission line voltage. 

This type of transformer designs is challengeable considering the transformer tapping and 

isolation at the AC plus DC voltages. Therefore, transformer uses 12-pulse converters to 

eliminate harmonics. Meanwhile, it helps to optimize the filter design and boost the 

performances of the transformer. Generally, 12-pulse converter use star and delta 

connections both in the same design (Arrillaga, 2008).  
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Thyristors based LCC power converter: capable of converting AC to DC and vice versa 

in HVDC system and identify as the heart of the system. LCC has different abilities in 

onshore and offshore environments: Arrillaga’s High Voltage Direct Current 

Technologies (2008) book mentioned that LCC can handle rated capacities of 1000 MW 

and 500 MW respectively in onshore and offshore power production. The controlling 

angle of the thyristors caused to phase out the current and the line voltage. Therefore, 

converter requires reactive power to manage the control angle precisely. The angle value 

of thyristors is controlled by the reactance of the transformer and the line voltage. If the 

angle could not stay in stable range, it will affect the whole power transmission system 

stability. Therefore, keeping the reactive power controlled is vital for the power system 

lifetime.  

 

AC and DC filters: LCC produced low-frequency harmonics while converting current on 

transmission lines. AC filters support to provide some amount of reactive power which is 

needed in LCC. DC filters are helping to bypass the AC currents in DC current cable (de 

Alegría et al., 2009).   

 

Reactance has been using in LCC to bypass current interruption with a minimum load, 

minimize DC fault current and optimize harmonic current in submarine cables (de Alegría 

et al., 2009).  

 

As reactive power compensation: Capacitors or STATCOM. The operation of reactive 

power demand in the grid is very important in a power transmission. Therefore, reactive 

power compensation or in other terms short-circuit capacity supply by Capacitors, 

STATCOM (Static Synchronous Compensator) or diesel generators (Cartwright, Xu and 

Sasse, 2004).    

 

Moreover, considering single line HVDC higher transmission capacity over 300 MW 

links, recommended that to use VSC based HVDC system or HVAC system by 
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Ackermann, Editor of Wind power in power systems (2005). As per the author, HVDC 

LCC system is more benefited for small to medium-sized wind farms which have rated 

capacity less than 300 MW.  

A.4.2 HVDC Voltage Source Converter (VSC) System 

 

HVDC VSC system is designed to reduce harmonic distortion than HVDC LCC 

technology. With a rapid elevation of the three-phase Insulated Gate Bipolar Transistor 

(IGBT) inverter design technology, it kept transmission system frequency range of 1-2 

kHz (Multilevel converters are the convenient choice of higher voltage transmission with 

a lower range of harmonic order) (Meier et al., 2005). When it considers with LCC system, 

VSC takes low value than harmonic distortion in LCC system. Nevertheless, VSC system 

has a higher value of power losses (4-5%) than LCC system (de Alegría et al., 2009). 

PWM (Pulse Width Modulation) techniques are using to control gate switching frequency 

of the IGBT to optimize the transmission losses (Oni, Davidson, and Mbangula, 2016). 

Manufacturers are promoting HVDC VSC technology using different types of names: 

ABB use trademark as HVDC Lite, Simens use HVDC Plus. Currently, applications with 

related to this technology approach capacity of 1800 MW and transmission line voltage of 

500kV. Nordlink is an example for recent evidence that overrides the boundaries of VSC 

technology. The transmission link is driven 623 km within Statnett in Norway and TenneT 

in Germany as interconnection grid with capable of 1400 MW and line voltage of ±525 

kV. Power system modeling, simulations, VSC controlling and power system stability 

analysis are the major trends of recent researches in HVDC VSC power systems (Oni, 

Davidson, and Mbangula, 2016).  

 

HVDC VSC system consisted of the following main components. See Figure xxx 

 

● An AC based collector system including transformers  

● Offshore HVDC VSC-converter substation  

● Onshore converter station  

● AC and DC filters 
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● DC current filtering reactance. 

● DC cable 

 

 

Figure 24. Basic configuration of HVDC VSC transmission system in marine 

environment (Ackermann (Ed.), 2005) 

Although, due to the high flexibility of the VSC system, it helps to control active and 

reactive power totally and independently. Reactive power used to regulate voltages in 

PCCs (Common Coupling Point) (DC voltage bus) onshore and marine environments. 

Offshore generators and onshore substation compensate reactive power for the system 

respectively. Furthermore, DC voltage bus helps to eliminate the transformers, extremely 

lowering heat of the system and reduce power line losses. Also, it helps to save energy of 

the entire system (Asplund, Eriksson and Svensson, 1997). DC Active power 

compensation is used to regulate the onshore grid frequency and it is very effective when 

the onshore grid is going down below the grid code frequencies. Even though, marine 

wind park existed with active power, regulating reactive power in an onshore substation 

can satisfy the grid code requirement. Moreover, situations like grid collapsed or dead, the 

alternative mechanism would not require to start-up the VSC system because the system 

may start by itself. Another advantage of VSC-converter stations is more compact and 

optimized the offshore platform size. Due to that reason, platform costs have been reduced 

(Meier et al., 2005).  
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APPENDIX B. Submarine Cables 

 
Table 4. Five regular subsea cables types (Worzyk, 2009) 
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APPENDIX C. Existing Submarine cable links and basic technical data 
 

 

 

 

 

 

 

 

 

 

 

Table 5. Existing submarine cable links and basic technical data (Parol et al., 2015). 



 58 

APPENDIX D. Simulink Power System Modelling Parameters 
 

D.1 Transformer Parameters 
 

Table 6. Wind Farm Transformer Parameters 

Wind Farm Transformer Parameters 33/0.69kV 

Nominal Power 7 MVA 

Primary Winding Connection Delta 

Primary Winding Nominal Voltage (kV) 33  

Secondary Winding Connection Wye Grounded 

Secondary Winding Nominal Voltage (kV) 0.69 

Transformer Resistance 0.00055785per unit 

Transformer Inductance 0.0989669 per unit 

 

 

Table 7. HVAC Sending Transformer Parameters 

HVAC Sending Transformer Parameters 380/33kV 

Nominal Power (MVA) 500 

Primary Winding Connection Wye Grounded 

Primary Winding Nominal Voltage (kV) 380 

Secondary Winding Connection Wye 

Secondary Winding Nominal Voltage (kV) 220 

Tertiary Winding Connection Delta 

Tertiary Winding Nominal Voltage (kV) 13.8 

Transformer Resistance (Ω) 500 

Transformer Inductance (H) 500 
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Table 8. HVAC Receiving Transformer Parameters 

HVAC Receiving Transformer 

Parameters 
400/380kV 

Nominal Power (MVA) 500 

Primary Winding Connection Wye Grounded 

Primary Winding Nominal Voltage (kV) 400 

Secondary Winding Connection Wye 

Secondary Winding Nominal Voltage (kV) 220 

Tertiary Winding Connection Delta 

Tertiary Winding Nominal Voltage (kV) 13.8 

Magnetization Resistance (Ω) 500 

Transformer Inductance (H) 500 

 

Table 13. HVDC LCC inverter Transformer Parameters 

HVDC Inverter Transformer Parameters 380/33kV 

Nominal Power (MVA) 500 

Primary Winding Connection Wye 

Primary Winding Nominal Voltage (kV) 70 

Secondary Winding Connection Wye Grounded 

Secondary Winding Nominal Voltage (kV) 11 

Transformer Resistance (Ω) 500 

Transformer Inductance (H) 500 

 

Table 9. HVDC LCC Rectifier Transformer Parameters 

HVDC Rectifier Transformer Parameters 400/380kV 

Nominal Power (MVA)                            500 

Primary Winding Connection                          Wye 

Primary Winding Nominal Voltage (kV)                            400 

Secondary Winding Connection         Wye Grounded 

Secondary Winding Nominal Voltage (kV)                            250 

Transformer Resistance (Ω)                             500 

Transformer Inductance (H)                             500 
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 Table 10. HVDC VSC Inverter Transformer Parameters 

 

HVDC LCC Inverter Transformer 

Parameters 
380/33kV 

Nominal Power (MVA) 500  

Primary Winding Connection Wye Grounded 

Primary Winding Nominal Voltage (kV) 380  

Secondary Winding Connection Wye 

Secondary Winding Nominal Voltage (kV) 100  

Transformer Resistance (Ω) 1.4876e+05  

Transformer Inductance (H) 473.53 

 

 

Table 11. HVDC VSC Rectifier Transformer Parameters 

 

HVDC LCC Inverter Transformer 

Parameters 
400/380kV 

Nominal Power (MVA) 500 

Primary Winding Connection Wye Grounded 

Primary Winding Nominal Voltage (kV) 400 

Secondary Winding Connection Delta  

Secondary Winding Nominal Voltage (kV) 200 

Transformer Resistance (Ω) 500 

Transformer Inductance (H) 500 
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D.2 Inverter & Rectifier Parameters 

 

Table 12. HVDC LCC (Thyristor-Based) Converter Station (Inverter & Rectifier) 

Parameters 

Thyristor-Based HVDC Converter 

Parameters 
Values 

Filtering Method High Pass 

Filter Connection Wye Ground 

Nominal Voltage (kV) 400 

Nominal Reactive Power (MVar) 500 

Universal Bridges Bridge Y Bridge D 

No of Bridge arms 3 3 

Snubber Resistance Rs (Ohms) 2000 2000 

Snubber capacitance Cs (F) 1.00E-07 1.00E-07 

Ron (Ohms) 1.00E-03 1.00E-03 

Lon (H) 0 0 

Forward voltage Vf (V) 0 0 

 

Table 13. HVDC VSC (IGBT-Based) Converter Station (Inverter & Rectifier) Parameters 

IGBT-Based HVDC Converter 

Parameters 
Values 

Filtering Method High Pass 

Filter Connection Wye Ground 

Nominal Voltage (kV) 400 

Nominal Reactive Power (MVar) 500 

Phase Reactor per unit 0.15 

Universal Bridges Parameters Values 

No of Bridge arms 3 

Snubber Resistance Rs (Ohms) 5000 

Snubber capacitance Cs (F) 1.00E-06 

Ron (Ohms) 1.00E-03 

Forward voltage at Device Vf (V) 0 

Forward voltage at Diode Vfd (V) 0 
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APPENDIX E. Overall Power System Losses (Cables & Converter 

Stations) 

E.1 Overall Simulation Results 

 

Table 14. Summary of the MATLAB simulation results for Submarine Cable Losses in 

Three Transmission Technologies 

Power Loss % Offshore Wind Farm Capacity: 500 MW 

Subsea Cable 

Length (km) 

HVAC  HVDC LCC  HVDC VSC  

132kV:4 

cables 

220kV: 3 

Cables 

400kV: 1 

Cable 

400kV: 1 

Cable 
400kV: 1 Cable 

50  2.26 1.0625 0.6125 0.22731 
0.784315 

100  4.17 2.355 1.675 0.24296 0.863502 

150  6.8475 4.19 3.7475 0.25862 
0.94269 

200  10.315 6.725 13.9925 0.76047 2.021522 

250  14.445 10.63 ∞ 0.80478 2.180745 

300  18.5975 ∞ ∞ 0.84909 2.338209 
 

 

Table 15. Summary of the MATLAB simulation results for Submarine Cable Losses in 

Three Transmission Technologies 

 

 

 

 

Offshore Wind Farm Capacity: 500 MW 

HVAC Transmission Technology 

Subsea 

Cable 

Length 

(km) 

Loss at 

Sending 

Transformer 

(MW) 

Submarine Cable Power Loss (MW) 
Loss at Receiving 

Transformer (MW) 

AC cable Power Loss% 

132 kV:4 220kV:3 400 kV:1 132kV 220kV 400kV 

50 0.853125 11.3 5.3125 3.0625 0.29575 2.26 1.0625 0.6125 

100 1.89 20.85 11.775 8.375 0.6552 4.17 2.355 1.675 

150 3.6375 34.2375 20.95 18.7375 1.261 6.8475 4.19 3.7475 

200 5.806875 51.575 33.625 69.9625 2.01305 10.315 6.725 13.9925 

250 9.043125 72.225 53.15 ∞ 3.13495 14.445 10.63 ∞ 

300 14.7825 92.9875 ∞ ∞ 5.1246 18.5975 ∞ ∞ 
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Table 16.The MATLAB simulation results for HVDC LCC Power System Losses 

Offshore Wind Farm Capacity: 500 MW 

Subsea Cable 

Length (km) 

HVDC LCC System Power Loss (MW) 

CS1 DC cable CS2 DC cable% 

50 3.79919 1.13553 3.77024 0.22711 

100 4.26379 1.2744 4.23131 0.25488 

150 4.72855 1.41331 4.69253 0.28266 

200 4.34849 4.30387 3.24634 0.86077 

250 4.73751 4.6889 3.53677 0.93778 

300 5.12667 5.07406 3.82729 1.01481 

 

 
Table 17. The MATLAB simulation results for HVDC VSC Power System Losses 

Offshore Wind Farm Capacity: 500 MW 

  HVDC VSC System Power Loss (MW) 

Subsea Cable 

Length (km) 

Converter 

Station 1 DC cable 

Converter 

Station 2 DC cable% 

50 9.0998 3.9216 9.0161 0.7843 

100 10.0186 4.3175 9.9264 0.8635 

150 10.9374 4.7135 10.8367 0.9427 

200 9.4290 10.1076 9.1877 2.0215 

250 10.1716 10.9037 9.9114 2.1807 

300 10.9061 11.6910 10.6270 2.3382 

 

 



 64 

E.2. HVAC Power System 

 

 

Figure 25. Overall Power Loss in HVAC Power System with 132kV:4 Cables 
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Figure 26. Overall Power Loss in HVAC Power System with 220kV:3 Cables 
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Figure 27. Overall Power Loss in HVAC Power System with 400kV:1 Cable 
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E.2 HVDC LCC Power Systems 

 

Figure 28. Overall Power Loss in HVDC LCC Power Systems 
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E.3 HVDC VSC Power Systems 

 

 

Figure 29. Overall Power Loss in HVDC VSC Power Systems 


