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Abstract 

 
Submarine power production installations use the power of the ocean to generate 
renewable energy for the population to use.  To bring this electricity back to land, use of 
electrical cables is required.  The choice of cable will affect both the quality of received 
power and the security of the transmission line.   
 
To find the inductance and capacitance of these submarine transmission lines, a study of 
the electric and magnetic fields that are produced due to the power flow on these cables 
must be performed.  The armor that is used to protect the cable from underwater hazards 
is significant in determining the cable losses and finding the equivalent inductance and 
capacitance.   
 
Finding the inductance and capacitance of the submarine cable will allow for the 
determination of the two port parameters of the cable.  These parameters will allow for 
the analysis of the transient and steady state performance of the cable. 
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Chapter 1: Introduction 

Submarine power production installations use the power of the ocean to generate 

renewable energy for the population to use.  To bring this electricity back to land, use of 

electrical cables is required.  The choice of cable will affect both the quality of received 

power and the security of the transmission line.  There are various cable types that could 

be used to transmit the power from the ocean to land.  In order to determine how good the 

various cables are at transmitting the electrical power, the line parameters of the cable 

must be studied.  These line parameters are found from studying the magnetic and 

electric field that exist around the cable.  It turns out that the line parameters are solely 

dependent on the materials used and geometry of the cable.  This has the implication that 

by varying the materials and geometry used for the different cable layers that the quality 

of the power at the receiving end of the transmission line can be controlled.   

 

1.1 Thesis Objectives 

The objective of this research is to study the line parameters for various types of 

submarine cables that are used to transmit electrical power from the ocean to land.  This 

is necessary in order to study the performance of the transmission link between the ocean 

and shore.  The performance of the transmission link is determined by the efficiency, 

voltage regulation, and reactive power requirements of the line.  In addition to studying 

the performance for various types of submarine cables, the effects from the various cable 

layers will be examined.  This work will allow for the analysis of what reactive power 

support will be required to improve the quality of the power when it gets to shore.  It will 

also allow for the modeling of the generators’ interaction with the transmission line to 



determine if resonances will occur.  Modeling of offshore power generation 

interconnection can also be performed.  This allows for designing cables that would result 

in optimal power flows to land and minimize magnetic field effects on the submarine life.  

 

1.2 Thesis Contribution 

In this work, the analysis of submarine power cable line parameters is considered.  A 

MatlabTM program is developed to determine the line parameters for various submarine 

cable types, materials, and geometries.  The author’s contribution to this work includes 

gathering all information concerning submarine power cable design, performing the 

analytical analysis for the various cable types, and carrying out the numerical 

simulations.   

 

1.3 Thesis Outline 

The work in this thesis is organized as follows: 

 
Chapter 2 introduces a brief description of the different kinds of submarine power cables 

and how they are different from overhead transmission lines.  The different layers in a 

submarine cable are discussed and the generic geometrical model for a submarine cable is 

developed.  The cables’ magnetic field effects on undersea life are also discussed. 

 

Chapter 3 introduces the electromagnetic field theory that is required to derive the surface 

impedances of cylindrical shells.  This is extended to finding the total impedance of 

multiple cylindrical shell layers of insulation or conductors. 



Chapter 4 introduces steady state two-port network theory that is used to find the 

receiving end voltage, power, reactive power, efficiency, and voltage regulation.  It also 

introduces the transient response of the transmission line. 

 

Chapter 5 finds the various line parameters for different kinds of single-core and three-

core submarine cables.  The effect that the different cable layers have on the impedance 

of the cable is also examined. 

 

Chapter 6 finds the various steady state response values for the receiving end of the 

transmission line.  This analysis is performed for various types of submarine cables.  

Finally, the transient response of the transmission line when a generating source is 

connected at the sending end is analyzed. 

 

Finally, Chapter 7 presents the conclusion of the research and proposes possibilities for 

future endeavors in this field of study. 



Chapter 2: Submarine Cable Construction 

This chapter provides a brief overview of submarine cable design considerations, 

different cable configurations, and the cable electrical properties.  From this, a generic 

geometrical model is developed for different possible cable configurations. 

 

2.1 Introduction 

There is a fundamental difference between transmitting electrical power through 

conductors suspended in air versus in underwater cables.  For overhead transmission lines 

a bare conductor is used to transmit electrical power since air is a good natural insulator.  

An electrically conductive substance, such as salt water, on the other hand surrounds 

submarine cables.  An electrical insulator must surround the core conductor of the 

submarine cable; this confines the current flow to the core conductor and not the seawater 

surrounding it.  Without insulation surrounding the core conductor there would be 

significant electrical power loss to the body of water surrounding it.  So the insulation can 

be thought of as keeping the electrical power flowing through the conductor and not in 

the body of water surrounding it.  The insulation material commonly used is susceptible 

to water damage and must then be protected from water and humidity [2].  A metallic or 

polymer sheath is added around the insulation; its purpose is to keep water and water 

vapor from reaching the insulation [2].  Finally, a layer is required to protect the cable 

from uncontrolled external causes of possible damage [2].  There are many 

considerations in designing these different layers of the cable.  The differences between 

cable constructions have drastic effects on the parameters for submarine power cables.   



Submarine power cables are used in both AC and DC underwater power transmission 

systems.  There are different cable configurations that can be used for the AC or DC 

applications.  For AC, either three single core cables or a single three-core cable can be 

used [2].  For DC, either two single core cables or a single two-core cable can be used 

[2].  The choice of which cable configuration to use is an important design choice issue. 

 

All of these design considerations will be discussed in further detail in subsequent 

sections.  A generic geometric model for the different cable configurations is also 

developed.  This geometric model will be used to develop the electromagnetic models 

used to find the inductance and capacitance of different cable configurations. 

 

2.2 Submarine Cable Components 

A submarine cable is very different from an overhead transmission line.  An overhead 

transmission line for the most part is a bare copper or aluminum or composite design 

conductor.  A submarine cable has many more components associated with it such as: the 

core conductor, the insulation, the sheath, the armor, and the fact that an electrically 

conductive liquid surrounds the cable [2].  The reasoning for requiring these extra 

components and their design considerations will be discussed in this chapter. 

 

2.2.1 Core conductor 

For any cable overhead or underwater the properties of the core conductor are vital in 

determining its efficiency.  There are many design considerations to take into account 



when choosing a conductor to use for an application.  These factors include: conductor 

material, skin, and proximity effects, and the geometry/manufacturing of the conductor.   

 

The choice of the conductor material has a direct relation to how large the conductor 

surface area must be.  To compare between two commonly used conductor materials 

aluminum and copper; if material A is aluminum which has a resistivity of 2.82e-8 and if 

material B is copper which has a resistivity of 1.68e-8.  Then it can be seen that 

 [4].  This means that the required cross sectional area of the aluminum 

conductor would be significantly larger than that of the copper conductor.  For 

transmission lines, the conductors will inherently require large cross sectional areas so as 

to minimize power losses and making the transmission line more efficient.  So if an 

aluminum and copper conductor were required to carry the same current; then the 

aluminum conductor would require a larger cross sectional area than the copper 

conductor.  Due to this, copper conductors are generally used in submarine cables as 

opposed to aluminum since the cross sectional area is desired to be smaller. 

 

Skin effect is the tendency for high frequency electromagnetic waves to concentrate in a 

ring around the inner-outside edge of a conductor.  This causes the current flow to mainly 

exist in this outer ring.  This will increase the resistance of the conductor because the 

cross sectional area is effectively reduced.  The skin depth is defined as the distance 

inward from the outer conductor edge in which the original wave amplitude is diminished 

by e-1, which is approximately 37% of its value at the outer edge of the conductor.  This 

skin depth can be found as follows [4]: 



                              (2.1) 

Where f is the frequency, µ is the permeability, and σ is the conductivity of the 

conductor.  For a copper conductor at 60Hz, the skin depth is approximately 8.4 mm [4].  

The skin effect can have a dramatic effect on the efficiency of the transmission line due 

to it increasing the resistance and hence the losses in the conductor. 

 

The proximity effect is when an external electromagnetic field attracts the electrical 

current to one side of the conductor.  The current gets pushed to one side of the cable, 

which increases the resistance of the conductor by making the cross sectional area 

effectively smaller.  Similar to skin effect, this can have a dramatic effect on the 

efficiency of a transmission line so placement of the cables must be taken into 

consideration. 

 

The core conductor for a submarine cable can be manufactured in one of the following 

forms, solid core, compressed strands of copper wire, profiled, or segmental [2].  Solid 

core conductors are generally used for cables in the lower voltage class and require a 

cross sectional area of 400 mm2 or lower [2].  Compressed stranded wire conductors are 

most often used for submarine cable conductors [2].  These types of conductors are used 

when larger surface areas are required.  This formation can achieve a 92% filling factor 

[2].  The filling factor compares the effective cross sectional area of a stranded conductor 

to that of a solid conductor.  If the outer diameters of the stranded conductor and solid 

conductor are equivalent, then the stranded conductor will have 92% the surface area of 

the solid conductor.  Stranded conductors can be used to reduce the impact that the 



proximity effect will have on current flow [2].  This is achieved by introducing a thin 

insulating medium between the conductor strands, which separates them electrically [2].  

This keeps current from being pushed outside of each of the individual strands of wire.  

Using this type of conductor cannot reduce the skin effect [2].  A drawback of this 

conductor is the increased resistivity due to it being cold worked [2].  Profiled conductors 

are made from cake-piece-shaped wire cross sections, and can have a filling factor of 

96% or larger [2].  These cables can be made to form almost any shape, and the 

conductor does not require cold working, which results in a lower resistivity [2].  This 

type of conductor is used for large HVDC submarine cables [2].  The segmental 

conductor, also known as the Milliken conductor, is a cable formation that will allow for 

the decreased impact of the skin effect [2].  It does this by taking a stranded wire 

conductor and cutting it into cake-slice shapes [2].  Each slice is then insulated from the 

neighboring slice [2].  The way the wires are twisted in the Milliken conductor cancels 

out the skin effect to a large extent [2].  There are many advantages and disadvantages 

associated with each conductor type, however, economic and practical reasoning help in 

narrowing down which conductor is best to use for a submarine cable application.  See 

Figure 2-1 for diagrams of each different kind of conductor. 

 

 

Figure 2-1 (a) Solid Core (b) Stranded (c) Profiled (d) Segmental [2] 



2.2.2 The Insulation 

Insulation is a layer placed between the core conductor and the sheath of the cable to 

provide a barrier between high and low potential surfaces.  This is important because it 

prevents a current flow, which is orthogonal to the conductor.  It is desired to have a 

totally longitudinal current flow, which means that all the current flows from the sending 

to the receiving end of the transmission line via the core conductor.  The insulation 

material currently being used most for submarine power cables is cross-linked 

polyethylene or XLPE [2].  XLPE insulation has been proven over the years to be a 

material that is not affected by being surrounded by water [2].  When XLPE cables were 

first used, they had issues of water-trees that formed in the insulation [2].  The water-

trees compromise the insulating properties of the dielectric and would lead to electric 

breakdown of the material [2].  Research in the area has proven that water trees only form 

if there are contaminants in the material, not because the material is affected by being 

submersed in water [2].  With better manufacturing techniques the water-tree issue can be 

reduced or eliminated [2].  XLPE has been chosen as the best insulating medium to use 

because it can operate at high temperatures and it is capable of providing good insulation 

even for high voltage applications [2].  Deviations from operating at rated temperature 

and rated voltage have a dramatic effect on the life expectancy of the insulation [2].  

Humidity is another factor that will affect the life expectancy of the insulation material 

[2].  Even though the material may prevent water intrusion, it is still vulnerable to 

humidity [2].  The choice of sheath material affects humidity intrusion, however if 

humidity cannot be totally prevented from reaching the insulation material then the other 

layers of the cable must be very effective at preventing water intrusion [2].  Water 



intrusion and operating closely to the rated values of voltage and temperature are 

important in maintaining the life of the insulation [2]. 

 

2.2.3 The Sheath 

The sheath is a metallic layer outside the insulation, which acts as a barrier to prevent 

water from reaching the insulation [2].  The sheath is usually made of one of the 

following metals: lead, aluminum, or copper [2].  Lead is the ideal sheath metal because 

it can completely keep moisture away from the insulation [2].  The lead also adds weight 

to the cable, which can improve the seafloor stability of the cable [2].  A drawback of 

using lead is that it is soft and can be easily damaged during transport or laying of the 

cable [2].  Aluminum and copper sheaths are used depending on the application; these 

metals are much stronger then lead in terms of resisting mechanical fatigue [2].  The 

drawback of these sheaths is in how they are applied to the cable.  A seam will be formed 

when the sheath is put on over the insulation.  This will allow humidity to penetrate 

through the sheath [2].  If the sheath is to be grounded then the thickness and material 

chosen for the sheath are significant.  If the sheath is grounded it will be carrying a 

portion of the return current, so the cross sectional area of the sheath must be 

approximately the same as that of the core conductor [2].  The choice of which sheath 

material to use is dependent on which cable configuration is going to be used, a single 

core conductor cable or multi core conductor cables [2].  The choice of sheath material is 

also dependent on which material is being used for the cables armor, as discussed in the 

next section.  For a multi-conductor cable there are usually sheaths around each of the 

core conductors’ insulation and a sheath around the total bundle of conductors [2]. 



2.2.4 The Armor 

The armor is a layer or multiple layers of steel or copper round wire that comprises the 

outermost layers of the cable.  It is used to protect the cable against any mechanical 

damage such as the tensional forces produced when laying the cable, or external random 

sources [2].  The material used for the armor depends on if the cable has one or three core 

conductors [2].  Steel is an iron-based material, and thus it is susceptible to having a 

larger magnetically induced voltage when in the presence of an alternating magnetic 

field.  Copper is a nonmagnetic material so it is less affected when it is in a magnetic 

field.  For a single core conductor there will be a magnetic field existing outside the core 

conductor.  In free space the magnetic field outside a single conductor is proportional to 

the current flowing through the conductor, as given by the following relationship [4]: 

                                                (2.2) 

Where B is the magnetic field density, I is the current flowing in the wire, and r is the 

radial distance away from the wire.  For a balanced three-phase system the phase currents 

meet the following constraint: 

                               (2.3) 

This means that the magnitudes of all phase currents are equal but are out of phase by 

120 degrees.  If the three conductors in the cable are assumed to be close together, then 

the magnetic field outside of this bundle will cancel out as follows:  

                          (2.4) 

The approximation that the conductors are very small and very close to each other is 

partially valid in that the magnetic field outside the three conductor bundle will be 

drastically reduced in comparison with the magnetic field that will exist outside a single 



conductor cable [2].  The existence of a magnetic field outside the single core conductor 

means that there will be extra losses associated with the cable if steel armor is used.  

Ideally copper armor is used but this increases the cost of cable.  The minimized 

magnetic field that will exist outside a three-conductor cable means that minimal losses 

will be associated with using steel armor [2].  The type of cable chosen and economics 

are the factors that determine which material will be used for the cables armor. 

 

2.2.5 The Sea Water 

The seawater surrounding the cables is most often used as the return path, or ground for 

the cable.  Single wire earth return is the grounding system most commonly used for 

submarine transmission lines.  The massive size of the body of water the cable will be in, 

in combination with the fact that sea water is a good electrical conductor means that the 

impedance of the water is negligibly small.  If the resistivity of the material is finite and 

the surface area of the conductive material approaches infinity then the resistance will be 

zero.  This makes the application of single wire ground return a viable grounding 

technique. 

 

2.3 Cable Configurations 

There are two different submarine cable layouts that are used for both AC and DC 

applications.  These two layouts are either using multiple single core conductors or a 

single multiple core conductor.  For AC applications, three single core conductors or one 

three-core conductor would be used [2].  For DC applications, two single core conductors 



or one two-core conductor would be used [2].  Figure 2-2 shows what the cross section of 

a single, dual, or triple conductor cable would look like. 

 

Figure 2-2 (a) Single Core Cable (b) Triple Core Cable (c) Dual Core Cable [2] 

 

There are advantages and disadvantages associated with the choice of using either 

multiple or single core conductor cables.  Common considerations for single and multiple 

core cables are: the trench characteristics, heat production/dissipation, cost, voltage class, 

and difficulty of laying the cable [2].  Three core conductor cables are generally more 

expensive than three single core counterpart; they are only made for use in medium 

voltage applications; they do not dissipate heat as well as three separate cables; they have 

a limited bending radius because the cable has a large diameter; they only require a single 

underwater trench to lay the cable; unforeseen incidents can ruin the entire cable resulting 

in a costly complete replacement of the cable [2].  Single core conductor cables are 

cheaper and can be used for high voltage applications; they dissipate heat better than 

three core cables; they are more flexible due to the cable having a smaller diameter; they 

require three underwater trenches to lay the cable; unforeseen incidents are unlikely to 

damage more than one of the cables at a time [2].  For AC cables a consideration for 

choosing a single or multiple core cable are the eddy current losses in the steel armor.  



Eddy currents are electrical currents that are induced in electrical conductors, such as 

steel, due to the presence of a varying magnetic field [4,11,15].  In a three-core conductor 

the magnetic field around the steel armor will for the most part cancel out.  This results in 

reduced eddy currents in the steel armor, which means that there will be little energy loss 

in the armor.  For a single conductor with steel armor there would be no magnetic field 

cancellation, thus eddy currents will be induced and cause larger losses of energy in the 

armor [2,15].  Due to this, the three-core conductor will have fewer losses associated with 

it.  When single core cables are laid in the water, they are separated by significant 

distance so as to minimize the probability of multiple cables being damaged by the same 

unforeseen incident [2].  Usually with the single core cables a fourth back up cable will 

be laid to mitigate the effects of failure of one of the other phases [2]. 

 

2.4 Cable Model Used for Analysis 

The above considerations for the design and choice of a submarine cable help to 

determine which materials will be used for the different layers of the cable and which 

configuration will be used.  A general geometric model for the cross section of the 

different cable configurations can be developed as shown in Figure 2-3. 

The assumptions made when using this model are as follows [2,4,5]: the cables materials 

are homogenous, the core conductor is solid, the armor is a solid annulus, and the cable is 

surrounded by an infinite seawater medium. 



 

Figure 2-3 (a) Single Core Cable Model (b) Triple Core Cable Model [2] 

 

Figure 2-3 (c) Two Core Cable Model [2] 



Assuming that the conductor is solid can be accounted for by using an effective resistivity of the 

core conductor material assuming that the solid core conductor has the same diameter as the 

actual one.  Assuming that cable armor forms a solid annulus is a good approximation because 

the armor wires are pressed together rather closely and it is highly likely that there is electrical 

conductivity between all of the wires.  The assumption of an infinite sea can be made when 

analyzing the transmission line parameters [5].  A cable half in water and half in soil can be 

approximated as being a cable totally surrounded by water [5].  Assuming the materials have 

uniform composition is important to allow assigning standard values for the resistivity, 

permittivity and permeability.   In Table 2-1 typical values of electrical properties of various 

materials used in a submarine cable are shown. 

Table 2-1: Electrical Material Properties [2,4] 

 Conductors    Armor Insulation  

 Copper Aluminum Lead Sea 

Water 

Steel XLPE Rubber 

Conductivity 5.96e7 3.5e7 4.55e6 4.8 1e7 1e-14 1e-14 

Permittivity 1 1 1 70 1 2.5 7 

Permeability 1 1 1 1 100 1 1 

 

The values of permittivity and permeability in this table are the relative value, εr and μr 

respectively.  These relative permittivity and permeability values are related to the actual material 

properties as follows [4]: 

                                                       (2.8) 

                                                        (2.9) 

Where the values εo and μo are called the permittivity and the permeability of free space 

respectively, these values are constants with the following values εo=8.85e-12 and μo=1.2566e-6 

[4].  The properties of the materials govern how the electric fields and magnetic fields will 



interact with the different materials, thus it is important to have good approximations for these 

values. 

 

2.5 Magnetic Field Effects on Submarine Life 

With large developments in offshore power production, the number of submarine cables 

will be increasing.  This means that the presence of artificial, man-made, magnetic fields 

present in the ocean is increasing.  These artificial magnetic fields, which are 

superimposed on the Earth’s magnetic field, may influence spatial patterns in submarine 

life [17,18].  For submarine life that uses the Earth’s natural magnetic field to navigate, 

the added magnetic field from cables could cause confusion of spatial orientation for 

submarine life.  The magnetic field from the Earth is characterized by a DC magnetic 

field that has a flux of 60μT at the poles where the field lines are vertical, and a flux of 

30μT at the equator where the field lines are horizontal [17].  Using a high permeability 

metal for the cables armor, bundling the conductor, smaller current loading, and burying 

the cables are a means to reduce the magnetic field that will be experienced by submarine 

life living in the water.  The AC and DC magnetic fields affect submarine life in different 

ways.  The DC magnetic field affects submarine life more significantly [18].  The 

magnetic field affects different species of submarine life in different ways, so a study of 

marine life in the area where a cable will be installed must be conducted [17].   

 

2.6 Design Summary 

In designing a submarine cable, there are many design considerations to account for.  A summary 

of the design considerations mentioned earlier is shown in Table 2-2.   



Table 2-2: Submarine Power Cable Material Choices [2] 
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Chapter 3: Electromagnetic Analysis 

This chapter provides an overview of the required electromagnetic analysis to derive 

expressions for the resistance, inductance, and capacitance for submarine cable 

configurations.  The study of the wave equation, imperfect coaxial cables, and surface 

impedance of cylindrical shells provides useful insights as to how equivalent impedances 

can be found for a multi layered cable.  This chapter provides the means to evaluate a 

cables line parameters based on the geometry of the cable and material properties. 

 

3.1 Introduction 

Submarine power cable total resistance, inductance, and capacitance found through 

electromagnetic analysis depend on the cables geometry and material properties.  The 

circular symmetry of the magnetic field around a single core cable results in the ability to 

determine the exact surface impedance of cylindrical shell conductors [6].  This 

technique can be applied repeatedly to account for multiple layers of concentric 

cylindrical shells [5].  This allows us to find the net impedance of a multilayered cable.  

The asymmetry of the magnetic and electric field of a three-core cable results in greater 

complexity.  Approximations of the impedances for the different cable layers can be used 

to find the total impedance of the cable.  The analysis used to find the impedance of a 

three-core cable requires a numerical solution procedure because direct closed form 

expressions are difficult to compute. 

 

 

 



3.2 The Wave Equation 

In a linear, isotropic, homogenous, lossy dielectric, which is charge free, Maxwell’s 

equations take on the following form [4,6,11]. 

                                                 (3.1) 

                                                 (3.2) 

                                           (3.3) 

                                            (3.4) 

Where ω is the angular frequency at which the wave is oscillating at, μ is the permeability 

of the material, ε is the permittivity of the material, and σ is the conductivity of the 

material.  The divergence of a vector, , is defined in the cylindrical coordinate system 

as follows: 

                                (3.5) 

The curl of a vector, , is defined in the cylindrical coordinate system as follows: 

        (3.6) 

From these definitions, Maxwell’s equations can be expressed in the following form [6]: 

                                       (3.7) 

                                       (3.8) 

                                (3.9) 

                                   (3.10) 

                                   (3.11) 



                                        (3.12) 

In the application of straight conductors it is known that fields are independent of the ϕ 

direction. This results in all partial derivatives with respect to this direction becoming 

zero.  The equations that are left describe two specific cases, when the magnetic field is 

circular and when the electric field is circular [6].  It is known that the magnetic field 

around a straight conductor is circular in nature so the following set of Maxwell’s 

equations are used [6]: 

                                               (3.13) 

                                      (3.14) 

                                    (3.15) 

Taking equations (3.13) and (3.14) and substituting them into equation (3.15) results in 

the following [6]: 

                         (3.16) 

From here on out the term  will be denoted by and is called the 

intrinsic propagation constant.  The solution of equation (3.16) can be found by splitting 

it into two particular solutions, one solution as a function of z and the other solution as a 

function of ρ.  It is known that the solution to each component has a term  so it can 

be seen that the partial derivatives of any term with respect to z will have a  term 

to replace it.  This results in modified versions of equations (3.13), (3.14), and (3.15) as 

follows [6]: 

 



                                   (3.17) 

                                      (3.18) 

                                  (3.19) 

 

3.3 The Imperfect Coaxial Cable 

In a coaxial cable with center core of radius b and outer conductor inner radius a; 

equations (3.17), (3.18), and (3.19) can be combined together along with the fact that the 

circular magnetic field inside a coaxial cable, , takes the following form [4,6]: 

                                                (3.20) 

Using equations (3.17) to (3.20) a solution for  takes the following form [6]: 

                       (3.21) 

From this equation it can be seen that  is proportional to I by a constant value that is 

only related to the geometry of the cable and the material properties.  Looking at this 

equation when  and  will be equated to be the surface impedances for the 

inner conductor and outer conductor of the coaxial cable respectively [6]. 

                                                    (3.22) 

                                                    (3.23) 

Substituting equations (3.22) and (3.23) into equation (3.21) [6]: 

                                                (3.24) 

                         (3.25) 



Substituting equation (3.24) into (3.25) and solving using the knowledge of what the 

capacitance and inductance are between the coaxial conductors and that  results 

in the following definition to describe the total impedance of a coaxial cable [6,11]. 

                                             (3.26) 

What this equation does, is it describes the total impedance of a coaxial cable as the sum 

of the two conductors’ surface impedances and the impedance of the insulation separating 

them.  As will be shown later on, this method can be applied to coaxial cylinders with 

multiple layers of conductors.  Equations (3.17) to (3.19) can also be used to solve for a 

differential equation describing .  This equation takes the following form [4,6,8]: 

                               (3.27) 

In this equation the term  can be simplified to just be equal to  since this value 

is significantly larger than .  The solution to this differential equation is a first order 

Bessel function where [6,7], 

                                      (3.28) 

Two properties of the first order Bessel functions can be used [6,7] 

                                          (3.29) 

                                (3.30) 

Using the result of equation (3.28) and the two properties of (3.29) and (3.30) then 

equation (3.18) can be solved to find  in a similar form found in equation (3.28) [6]: 

                            (3.31) 

                                                  (3.32) 



Where the complex constant  will be referred to as the intrinsic impedance of the 

material.   

 

3.4 Surface Impedances 

Based on the analysis of Maxwell’s equations for the particular case of a coaxial cable, it 

can be seen that the net impedance of a cable can be decomposed into the sum of the 

surface impedances of the conductor layers and the impedance of the insulation 

separating them.  This technique can be further generalized to find the net (effective) 

impedance of a coaxial cable with many different layers of conductors and insulators.      

 

3.4.1 Solid Conductor 

From the results obtained in equations (3.28) and (3.31) a special case of surface 

impedance can be found for solid core conductor.  Using the same geometry as before, 

where b is defined as the radius of the inner solid conductor of the coaxial cable, equation 

(3.28) can be written as [5]: 

                                         (3.33) 

In this case the constant B is equal to zero because as the radius ρ approaches zero, the 

value of  will go to infinity [5].  Thus from equation (3.33) it can be seen that the 

constant A can be solved for which can then be applied to equation (3.31) [5]: 

                                          (3.34) 



From this, the impedance of the core conductor can be found to be ratio of the electric 

field in the z direction to the current flowing through the conductor.  The units of this 

impedance are ohms per meter. 

                                     (3.35) 

 

3.4.2 Infinite Conductor 

In the case of an infinite conductor with an internal radius, a, and outer radius which 

extends to infinity, the internal impedance of the conductor can be found in a manner 

similar to that used for a solid core conductor [5].  The difference this time is that the 

internal radius of the cylindrical shell is finite while the external radius tends to infinity.  

Due to this, the Bessel functions of the first kind approach infinity.  This requires that the 

constant A approaches zero [5].  Using a similar methodology as for solid core 

conductors, the internal impedance can be found to be [5]: 

                                         (3.36) 

 

3.4.3 Hollow cylindrical shells 

In the case of a hollow conductor whose inner and outer radii are a and b respectively and 

has arbitrary current flowing on the internal and external surface of the conductor; and if 

the assumption is made that the total current flowing in the hollow conductor is equal to 

 where the current component  flows inside the conductor and the rest flows 

outside [6].  The total current enclosed by the inner surface of the hollow conductor is 

 and the current enclosed by the outer surface of the conductor is  [6].  From this 

assumption and the use of the result of equations (3.20) and (3.28) [6]: 



                             (3.37) 

                                     (3.38) 

From this the constants A and B can be found, and then substituted into equation (3.31) 

and from this the longitudinal electromotive intensity can be found at any point in the 

conductor.  It can be shown that the values of A and B are [6]: 

                   (3.39) 

                      (3.40) 

Substituting this into equation (3.31) and finding the electric field intensity at both 

surface a and b and after some rearranging, equation (3.40) reduces to [6]: 

 (3.41) 

 (3.42) 

Recalling the Bessel function identity [6,7]: 

                            (3.43) 

Using this identity the equations for the electric field intensity can be simplified to [6] 

 (3.44) 

 (3.45) 

From these two equations it is clear that there exists an internal surface impedance, 

external surface impedance and mutual surface impedance for a hollow shell conductor.  

These impedances will be denoted as , , and  respectively; they are [5,6]: 

                               (3.46) 



                                 (3.47) 

                               (3.48) 

 

3.5 Impedance of Single Core Conductor 

The model equations of the surface impedances of a hollow cylindrical shell conductor 

can be applied to find the total impedance of multiple layers of concentric cylindrical 

conductor and insulation.  Knowledge of the electric fields and electric currents between 

the conducting and insulating layers allows us to determine how to convert the surface 

impedances for each individual cylindrical shell into a single equivalent impedance for 

the total set of layers.   

 

3.5.1 Composition of Impedances 

To determine a total equivalent impedance for layers of hollow cylindrical shell layers of 

conductor or insulation the composition of impedances method can be applied.  This 

method allows for multiple hollow cylindrical shell layers to be combined into an 

equivalent single hollow cylindrical shell.  To understand how this can be accomplished a 

simple example can be analyzed.  Figure 3-1 is a model of two annular conductors, C1 

and C2, separated by an insulator, C0.  The model in Figure 3-1 will be analyzed to see 

how an equivalent impedance can represent the three different hollow cylindrical shell 

layers.  

 

 



 

 

Figure 3-1: Multiple Layers of Cylindrical Shell Conductors [5] 

 

From Figure 3-1 it is possible to make the following statements concerning the current 

and electric field intensities at the different surfaces [5]: , , , 

and .  Also using the relation between the electric field intensity and 

voltage the following is true [5]: 

                                              (3.49) 

Where r is the radial direction in Figure 1.  This equation when simplified reduces to [5]: 



                          (3.50) 

                                      (3.51) 

                                              (3.52) 

Equations (3.42) to (3.48) can be simplified and represented in this general form [5]: 

                                          (3.53) 

                                           (3.54) 

Then a set of these equations can be written for each layer, and then by applying the 

relations of currents and electric field intensities of the common surfaces and the result of 

equation (3.52) the following can be obtained [5], which represents all of the three layers 

as if it were one equivalent material with a single equivalent internal, external, and 

mutual surface impedance [5]. 

                (3.55) 

                 (3.56) 

From this combination of impedances it is clear that the 3 layers of conductors and 

insulators can be grouped into an equivalent set of impedances that represents all three 

layers.  Now that this has been simplified to be an equivalent single hollow conductor 

equation (3.26) can be used to find the total impedance of that equivalent hollow 

conductor [5].   

 

3.5.2 Application to Submarine Cables 

The composition of impedances explained earlier can be applied to submarine power 

cables.  The geometric model developed in chapter 2 will be used to determine the 



different layers of materials that are used to construct a submarine cable.  Figure 3-2 

shows the different layers associated with a submarine cable. 

 

Figure 3-2: Equivalent Layers of Cylindrical Shells of a Single Core Submarine Cable 

 

The first layer labeled C1 is the core conductor of the cable, C0 is the XLPE insulation, 

C2 is the sheath, C01 is insulation between the sheath and armor, C3 is the armor, C02 is 

the insulation between armor and the sea water, and C4 is the sea water.  The exterior and 

interior side of each of the layers is labeled.  This cable has the two special cases of 

impedances that were discussed earlier, a solid core conductor and an infinite conductor.  

By using the method of composition of impedances it can be determined that the 

equivalent impedance per unit length of this kind of cable is as follows: 



                  (3.57) 

Each component of this equation can be found from equations (3.46), (3.47), and (3.48).  

This equation allows finding the exact equivalent resistance and inductance of a single 

core submarine cable.  The value for  can be found from the special case of a solid 

core conductor, equation (3.35); also the value for  can be found from the special case 

of an indefinite conductor, equation (3.36).  The impedances found for each of the cables 

do not account for the mutual inductance between all of other phase conductors.  To 

account for this, the mutual inductance between the other phases can be lumped into the 

impedance of the sea, .  If transposed lines are assumed then the inductance that exists 

between the separated cables will be [3]: 

                            (3.58) 

When this is added to the sea impedance component, the total inductance per unit length 

for a single core submarine cable can be determined. 

 

3.6 Impedance of Three-Core Cable 

Another commonly used cable configuration for submarine power system applications is 

a three-core conductor cable.  This type of cable is more difficult to analyze using exact 

means of evaluating impedances.  The magnetic and electric fields produced by each of 

the core conductors interact with each other and form two dimensional variable fields.  

The method used to compute the impedance in the previous sections was all based on the 

idea that the magnetic fields were variable in only a single direction.  Determining the 



magnetic field that exists outside the three-conductor bundle can assist in finding the 

equivalent inductance and resistance per unit length of the cable. 

 

3.6.1 Magnetic Field Outside Three Conductor Bundle 

The magnetic field that exists outside a bundle of three conductors is equal to the sum of 

the magnetic field components contributed by each conductor.  This makes the magnetic 

field variable in two of its dimensions.  The geometric description of the three-conductor 

bundle in Figure 3-3 will be used to analyze the magnetic field contribution from each of 

the conductors.  Using the notation of this figure, it is desired to find the magnetic field at 

arbitrary circle of radius R from the center of the bundle.  To use equation (3.20) for each 

conductor then the equivalent radii for each phase must be found.  These are denoted as 

, , and  in Figure 3-3.  These radii depend on the location on the circle of radius R.  

In a cylindrical coordinate system, the phase radii are dependent on , the azimuth from 

the origin.   



 

Figure 3-3: Geometry of Three-Core Cable 

 

Using the geometric notation in Figure 3-3, the following equations can be developed to 

describe the radius from the phases to any point on the circle of radius R: 

            (3.59) 

  (3.60) 

  (3.61) 

These phase radii can be used to find the equivalent magnetic field at the circle of 

arbitrary radius R, so long as the circle of radius R encompasses all three-core conductors 

entirely.  The expressions for the magnetic field can now be formulated to be as follows: 



                                              (3.62) 

Where the  term has been suppressed.  If the power system is balanced, then the 

magnitudes of the phase currents are equal but have a phase separation of 120 degrees 

from each other.  This can be expressed as follows: 

                                (3.63) 

These relations can be used to help find the inductance of the different layers of the 

submarine cable.  This will provide an approximate solution because the exact solution is 

difficult to compute because the magnetic field is non-uniform in two dimensions as 

opposed to one dimension as in the single core conductor case.   

 

3.6.2 Inductance of Three-Core Cable 

The inductance of a three-core cable can be determined by finding the magnetic flux 

through the surfaces of the different cable layers.  The magnetic flux is related to the 

magnetic field as follows [4]: 

                                                   (3.64) 

                        (3.65) 

The lumped parameter Inductance can be determined from the relationship between the 

flux and current, where [4]: 

                                               (3.66) 

In the case of a transmission line, the number of loops, N, will be just one.  From this the 

inductances of each of the layers of the cable can be found.  The inductances of each of 

the layers and the mutual inductances between the conductors can be used to determine 



the total inductance of the transmission line.  All of the Inductive components forms an 

inductor mesh network as can be seen in Figure 3-4. 

 

Figure 3-4: Inductance Network Per Phase 

 

In Figure 3-4 the values  represent the inductance of the armor layer,  represents 

the inductance of the sheath layer, and  represents the equivalent inductance to ground 

from the self and mutual inductances of each of the phase conductors.  The inductance of 

the cable layers is evaluated numerically using equation (3.64) where the radial integral 

bounds are defined by the geometry and thickness of each of the layers.  A closed form 

solution of this integral, given the magnetic field that exists, is not easily obtained.  The 

approximate self and mutual inductance of each phase conductor can be found from the 

following equation [3]: 

                            (3.67) 

The Equivalent inductance for all three components can be found to equal the following: 

                                               (3.68) 

This value of equivalent inductance will give the average inductance per meter of each of 

the phase conductors.  It has been assumed that the phase conductors are transposed, 

which results in balanced inductance values for each of the phases [3].  

  



3.7 Admittance of Submarine Cables 

Admittance has two components, capacitive susceptance ( , and conductance (G).  

The capacitance C is related to the electric field that exists between two conducting 

bodies, and the conductance is related to the radial resistance of a material exterior to a 

conductor.  If a conductor is totally surrounded by a grounded perfectly conducting 

medium, then no electric field can penetrate through this barrier [4,14].  This is the 

principle of electrostatic shielding.  The significance of this principle is that for many of 

the submarine cables the sheath, which surrounds the cables insulation, is grounded.  This 

will act as an electrostatic shield and will keep the electric field within the area 

surrounded by the grounded plane.  This in turn affects which layers of the cable 

contribute to the capacitance.  The conductance of a cable is a measure of the radial 

resistance to ground from the core conductor.  For overhead transmission lines this would 

be the resistance of the air separating the conductors from the ground.  For submarine 

cables it would be the resistance of the insulation that separates the core conductor from 

ground.  Since the XLPE insulation is a very highly resistive material, the conductance 

will be very small.  The capacitance and conductance of single and three-core submarine 

cables are found very differently due to how there are different ways to ground the inner 

layers of the cables.   

 

3.7.1 Admittance of Single Core Cables  

The capacitance and admittance of a single core submarine cable can be determined from 

the case of an imperfect coaxial cable.  Single-core submarine cable sheaths are 

grounded; this acts as an electrostatic shield, and keeps the electric field totally contained 



within the insulation between the core conductor and the sheath [4,14].  Also the 

conductance, which is the reciprocal of the resistance to ground, would be the radial 

resistance of the insulation.  In the case of a non-ideal coaxial cable, with conductor 

radius b and outer conductor with inner radius a; then the admittance can be formulated 

as follows from equation (3.17) and (3.20) [6]: 

               (3.69) 

The potential between the inner conductor and the inner surface of the outer conductor is 

related to the electromotive intensity as follows [4,6]: 

           (3.70) 

             (3.71) 

The potential between the two surfaces divided by the radial current flow is equal to the 

admittance of the coaxial cable per unit length [6]. 

            (3.72) 

This can be further split down into its conductance, the real part of the equation, and the 

capacitive susceptance , the imaginary part of the equation. 

        (3.73) 

        (3.74) 

These equations can be applied to a single core submarine cable.  The mutual capacitance 

between the phases is negligibly small if it exists at all.  This is due to the electrostatic 

shielding of the core conductor due to the grounded sheath encompassing the conductor. 

 



3.7.2 Admittance of Three-Core Cables 

The admittance of a three-core cable can be found the same way as for the single-core 

conductors depending on the sheathing configuration used with the cable.  The sheathing 

of three-core cables is done the following way; there is a sheath around each conductor 

and then a sheath around the bundle [2].  All of the sheaths are interconnected.  The outer 

sheath is grounded, however the sheaths around the individual conductors may be metal 

or may be plastic [2].  Thus the ground plane could have a different geometry.  In the 

case where the individual conductor sheaths are metallic, the admittance for each phase 

can be found the same way as for the single-core conductors.  If the sheath around the 

individual conductors is a non-electrical conductor then a different approach must be 

used to find the admittance.  The following assumptions are used in the formulation of 

the admittance, the conductors are transposed and the entire medium between the 

conductors and sheath is XLPE insulation.  Figure 3-3 shows the geometry of the 

conductors and sheath that will be used in the analysis to find the admittance.  The total 

capacitance per phase can be found in two parts, the capacitance between each conductor 

and the sheath, and the capacitance between each conductor and the remaining phase 

conductors [3].  The equivalent capacitance to ground due to the other phases can be 

found using the following equation [3]: 

                   (3.75) 

The capacitance between each phase and the sheath can be found by using the method of 

images.  If a single conductor in the bundle is analyzed, and the geometry set up as in 

Figure 3-5, then the method of images can be used to find the capacitance between the 

conductor and sheath.   



 

Figure 3-5: Method of Images Geometry [16] 

 

For cylindrical conductors, using the notation of Figure 3-5, the following equations can 

be used to determine where charges Q and –Q must be placed to make both the conductor 

and sheath equipotential surfaces [16]: 

       (3.76) 

               (3.77) 

Substituting equations (3.76) and (3.77) and solving for the variable  [16] 

                   (3.78) 

The electric field produced by a line charge is [4,16] 

          (3.79) 



The electric potential at a point is related to the electric field as follows [4,16]: 

          (3.80) 

From this relation the electric potential at points c and d can be found as follows [16]: 

                                 (3.81) 

                  (3.82) 

                           (3.83) 

                     (3.84) 

Substitute equation (3.76) into equation (3.82) for , and substitute (3.77) into equation 

(3.84) for .  This results in equations for voltage only dependent on the value of , 

which was solved for in equation (3.78) based on the geometry of the cable and sheath.  

After making these substitutions it can be seen that [16]: 

                             (3.85) 

Since the capacitance is related to the charge divided by the voltage differential, the 

following equation will be the capacitance per unit length between the conductor and 

sheath [16]: 

              (3.86) 

Where the value of  is evaluated by equation (3.78).  With reference to Figure 3-3, 

, , and .  Since the capacitance between the 

conductor and sheath and the capacitance between the conductor and other phases are 



both equivalent admittances to ground, it means they can be added to form the net 

capacitance per unit length per phase of the cable.   

 

3.8 Resistance of Three-Core Cables 

Finding the AC resistance of the core conductor, and equating the energy loss in the 

different cable layers to an equivalent resistance finds the total resistance of a submarine 

cable.  For the three-core submarine cable it will be assumed that since the magnetic field 

seen by the different cable layers is insignificant that the AC resistance of the core 

conductors can approximate the resistance of the cable [4,5,15].  The AC resistance can 

be found from the following equation [4]: 

                    (3.87) 

It should be noted that this equation only applies for cables with radius greater than 

8.6mm; otherwise just the DC resistance should be used [4].  

 



Chapter 4: Network Analysis 

This chapter offers a brief review of the network analysis required to model the 

performance of the submarine power system.  Cables can be analyzed using two-port 

network theory, using the values of inductance, capacitance, and resistance to find 

relationships between the input (Sending end) and output (receiving end) of a 

transmission line.  There are limitations on the information that the two-port network 

analysis can provide.  The system is assumed to have reached its steady state and so a 

transient response must be used such that the response of the system during transients can 

be evaluated.  This chapter will cover both the means to evaluate the two port network 

parameters and some of the various transient responses of the system. 

 

4.1 Introduction 

Network analysis uses the values of inductance, capacitance, and resistance found from 

the electromagnetic analysis to find the two port parameters, which define the 

relationship between the input to a network and the output.  When the system is assumed 

to be in the steady state, this two-port network analysis can be performed.  When the 

system is in a transient state a complete network analysis must be performed. 

 

4.2 Two-Port Networks 

To begin the two-port network analysis an equivalent circuit for the transmission line will 

be used.  Figure 4-1 shows this equivalent circuit, which has the equivalent per phase per 



unit length capacitance, inductance, and resistance.  For two port networks it is required 

to obtain a solution of the following form [3,10]: 

                                            (4.1) 

                                            (4.2) 

Where  and  are the sending end voltage and current,  and  are the receiving end 

voltage and current.  The values for A, B, C, and D are the values that relate the input to 

the output. 

 

Figure 4-1: Network Used for Two-Port Analysis [3] 

 

For the analysis of this network it is assumed that the transmission lines are operating 

under sinusoidal conditions, balanced loads/line parameters, and operating in steady state.  

For the analysis to find the two port network parameters, the following changes to 

notation in Figure 4-1 must be made, , , , and .  The 

transmission line is assumed to exist down the length of the -axis, so an incremental 

portion  of the line is taken for analysis [3].  Using Kirchhoff’s voltage and current 

relations results in the following set of equations relating the input to the output of the 

network [3]: 

 



                    (4.3) 

                          (4.4) 

These equations reduce to be the following [3]: 

                                     (4.5) 

                                     (4.6) 

As the value for  approaches zero, these equations take on the following form [3]: 

                                      (4.7) 

                                      (4.8) 

Taking the derivative of equation (4.5) and substituting into equation (4.6) results in the 

following equation [3]: 

                                 (4.9) 

Taking the derivative of equation (4.6) and substituting into equation (4.5) results in the 

following equation [3]: 

                              (4.10) 

Making the substitution of the propagation factor,  into these 

equations results in the following set of differential equations [3,4]. 

                                         (4.11) 

                                        (4.12) 

The solutions to these differential equations take on the following form [3,4]: 

                                  (4.13) 

                                            (4.14) 



Where the value of the characteristic impedance  has been substituted into 

the result.  The constants  and  can be evaluated by looking at the sending end of the 

transmission line when z=0.  This results in the following relationship between the 

constants [3]: 

                                         (4.15) 

                                          (4.16) 

From these two equations the values for the constants can be found such that they are a 

function of the voltage and current at the sending end of the transmission line.  

Substituting these into equations (4.11) and (4.12) the following result can be obtained 

[3]: 

             (4.17) 

                  (4.18) 

These functions can be replaced with the hyperbolic sin and hyperbolic cosine functions 

such that they assume the following form [3]: 

                         (4.19) 

                     (4.20) 

Equations (4.19) and (4.20) can be compared to equations (4.1) and (4.2) to conclude the 

following about the ABCD parameters of the two port network [3]: 

                                          (4.21) 

                                            (4.22) 

                                            (4.23) 

                                           (4.24) 



4.3 Steady State Performance Analysis 

Having found the two-port network parameters for the transmission line; a performance 

analysis for the transmission line can be performed.  For this problem it is assumed that 

the generator output voltage , apparent power , and power factor  are known.  See 

Figure 4-2 for a diagram of how these values are related to each other. 

 

Figure 4-2: Real and Reactive Power Diagram [10] 

 

From Figure 4-2, the power factor is defined as follows [10]: 

                                                    (4.25) 

The power factor will always be a positive number, since this is so a further definition 

must be associated with this value.  When the power factor is said to be lagging the angle 

 is positive [10].  When the power factor is said to be leading the angle  is negative 

[10].  Effectively what this means is that when the power factor is leading the generator is 

absorbing reactive power from the system, and when the power factor is lagging the 



generator providing reactive power to the system.  From this definition the following 

statements can be made about the real and reactive power based on the power factor and 

apparent power [10]: 

                                                 (4.26) 

If the power factor is lagging [10] 

                                  (4.27) 

If the power factor is leading [10] 

                                  (4.28) 

Since these are the known parameters then equations (4.1) and (4.2) can be rearranged as 

follows: 

                                                  (4.29) 

                                                   (4.30) 

The following equation relates the sending end current to the sending end voltage and 

apparent power: 

                              (4.31) 

It is assumed that the sending end voltage has a phase of zero for now since it is used as 

the reference bus voltage.  Knowing the sending end voltage and current, the receiving 

end voltage and current can be found from equations (4.29) and (4.30).  From finding the 

receiving end voltage and current, the transmission line efficiency, output impedance, 

output apparent power, and power factor can be determined as follows [3]: 

                                           (4.32) 

                                               (4.33) 



                                                  (4.34) 

                                   (4.35) 

Another important figure of merit in determining the transmission lines performance is 

the voltage regulation.  The voltage regulation is a measure of a percentage voltage 

change if the receiving end of a transmission line goes from having a rated load on it to 

no load at all.  The equation defining the voltage regulation is as follows [3]: 

                       (4.36) 

The no load voltage can be found from equations (4.1) and (4.2) by setting the receiving 

end current zero and solving for the receiving end voltage.  The receiving end no load 

voltage is defined as follows: 

                                                  (4.37) 

The resulting equation for the voltage regulation now takes the following form: 

                                         (4.38) 

These values provide important information about the quality and quantity of power that 

is provided to the receiving end of the transmission line.  These values will help in 

determining if reactive power support is necessary or not for a submarine transmission 

line. 

 

4.4 Transient State Performance Analysis 

The transmission line transient analysis is important in determining the initial power draw 

of the transmission line and also in determining the transient state over voltage 



magnitudes.  Figure 4-3 shows the equivalent circuit that will be used for determining the 

transient response of the network.   

 

Figure 4-3: Equivalent Circuit For Transient Analysis 

 

The section labeled ‘Submarine Transmission Line’ in Figure 4-3 was used to replace the 

equivalent network for the transmission line in Figure 4-1.  Switches S1 and S2 are the 

location of switches that connect the generator to the transmission line and connect 

transmission line to the grid respectively.  The grid has been broken down into a 

Thevenin equivalent circuit, represented by a sinusoidal voltage source and a series 

impedance.  For the purposes of this analysis, the equivalent impedance of the network 

the transmission line is connected to is unknown, so different values will be assumed for 

the thevenin equivalent impedance in the transient analysis.  The phase angle for the grid 

equivalent voltage source is assumed to be zero, while the source voltage phase angle is 

assumed to be .  The equation describing the system when switch S1 is closed and S2 is 

open are as follows [9,12,13]: 

      (4.39) 

Taking the Laplace transform of this equation: 



 (4.40) 

Prior to switch S1 being closed all the initial currents and voltages are zero.  Solving 

equation (4.40) for the current results in the following transfer function: 

                                (4.41) 

Taking the inverse Laplace transform of this equation will determine the resulting 

generator current in the time domain.  Multiplying this by the generator voltage will yield 

the transient and steady state power flow that the transmission line will require.  This 

transient power flow represents the energy that is required to charge the transmission line. 

 



Chapter 5: Submarine Transmission Line Parameter 
Simulation and Discussion 
 
This chapter presents the simulation and discussion of the calculated transmission line 

parameters for various typically used submarine power cables.  In addition to this, the 

effects that the geometry/materials of the different cable layers has on the line parameters 

are simulated and discussed. 

 

5.1 Single Core Cable Line Parameter Analysis 

Analyzing single-core submarine cable line parameters involves a study of specific cases 

of cables that are commonly manufactured, as well as an analysis of how the different 

cable layers affect the line parameters.  The subsequent sections analyze specific cases of 

manufactured cables as well as the relationship between how the material properties and 

thickness of the cable layers affect line parameters.  The results of the analysis are then 

compared to those of overhead transmission lines.  This comparison shows how 

dramatically different these kinds of cables are from overhead lines and how important 

the choice of materials and cable layering is for submarine cable design. 

 

5.1.1 Single-Core Cable Line Parameters Case Study 

To begin analyzing the submarine transmission line parameters, some examples of cable 

geometry must be considered.  For this analysis some manufacturer specifications for 

different single-core cable geometries are used.  The following different cable geometries 

will be used in the line parameter simulations: 

 



Table 5-1: Different Cable Geometries, Single-Core Cable [1] 

Cable 

Type 

Conductor 

Radius [mm] 

Insulation Thickness 

[mm] 

Sheath 

Thickness [mm] 

Armor 

Thickness [mm] 

A 13.1 24 2.9 5 

B 14.9 32 3.1 5 

C 23.7 27 3.1 5 

 

It is assumed that the insulation layers between the sheath and armor, and the armor and 

seawater are 1mm in thickness.  It has also been assumed that the individual cable phases 

are in the H configuration, the three phases are in line, and have been spaced apart by 

10m.  For the overhead transmission lines it has been assumed to have the same phase 

configuration with spacing of 10 m.  All of the phase conductors are elevated 10 m above 

ground.  This height was chosen such that the capacitance for the overhead lines would 

be larger than it would be for a practical overhead transmission line.  The core conductor 

properties are the same as that used for the submarine cables.  This allows a direct 

comparison between the two different cable types. 

 

5.1.1.1 Submarine Cable Type A 

From the geometry of Table 5-1 for Cable Type A, assuming a lead sheath and copper 

armor; the line parameters for the submarine cable type A can be found to be as follows: 

an inductance per unit length of 0.28235 mH/km, capacitance per unit length of 0.16644 

μF/km, and a resistance per unit length of 46.7447 mΩ/km.  For comparison purposes the 

following are the inductance, capacitance, and resistance for an overhead transmission 

line: an inductance per unit length of 1.42mH/km, capacitance per unit length of 



8.73nF/km, and a resistance per unit length of 24.2 mΩ/km.  These results show that the 

line parameters for this cable have larger capacitance and resistance but smaller 

inductance than the overhead transmission lines.  The results are reconciled with a 

comparison of the two-wire network and the coaxial cable network.  The coaxial cable 

has inherently a smaller inductance and larger capacitance than the two-wire network.  

The difference between overhead and submarine lines is similar to this, so the same kind 

of results would be expected.  The resistance of the submarine cable is larger because of 

the induced currents in the different layers of the cable.   

 

The analysis of submarine cable type A is performed again with steel armor replacing the 

copper armor.  The resulting line parameters after making this change is as follows: an 

inductance per unit length of 0.4418mH/km, capacitance per unit length of 0.16644 

μF/km, and resistance per unit length of 176.4 mΩ/km.  The resistance and capacitance 

were larger then the overhead values while the inductance was smaller.  However in 

comparing the steel armor to the copper armor it can be seen that the resistance and 

inductance have increased significantly.  The capacitance remains the same regardless of 

the metal used for the armor.  This result is justified by recognizing that the addition of a 

ferrous-based metal increases the permeability of that layer of the cable, so the 

inductance for that cylindrical shell will be increased.  The resistance increases because 

the magnetic field produced by the core conductor will induce currents in the steel armor.  

These induced currents are proportional to the permeability of the material and since steel 

is an iron-based metal the permeability is large.  This results in the magnetic field 

inducing larger currents in iron then a material like copper, which has a very small value 



of permeability.  This causes a loss of energy and will be reflected as an increase in the 

net resistance of the cable.  The results obtained are summarized in Table 5-2. 

 
Table 5-2: Cable Type A Line Parameters 
Line Parameter Copper Armor Steel Armor Overhead Lines 

Inductance [mH/km] 0.2823 0.4418 1.42 

Capacitance [μF/km] 0.16644 0.16644 0.00873 

Resistance [mΩ/km] 46.7447 176.4 24.2 

 

5.1.1.2 Submarine Cable Type B 

From the geometry in Table 5-1 for Cable Type B, assuming a lead sheath and copper 

armor, the Line parameters can be found as follows: an inductance per unit length of 

0.29713 mH/km, capacitance per unit length of 0.1522 μF/km, and resistance per unit 

length of 38.1557 mΩ/km.  For an overhead transmission line the line parameters are as 

follows: an inductance per unit length of 1.398 mH/km, capacitance per unit length of 

8.9142 nF/km, and resistance per unit length of 21.294 mΩ/km.  When the armor for 

Cable Type B is switched from copper to steel the line parameters become as follows: a 

inductance per unit length of 0.41495 mH/km, capacitance per unit length of 0.1522 

μF/km, and resistance per unit length of 139.44 mΩ/km.  These results for the line 

parameters for Cable Type B are summarized in Table 5-3. 

 

Table 5-3: Cable Type B Line Parameters 

Line Parameter Copper Armor Steel Armor Overhead 

Inductance [mH/km] 0.29713 0.41495 1.398 

Capacitance [μF/km] 0.1522 0.1522 0.0089142 

Resistance [mΩ/km] 38.1557 139.44 21.294 

 



5.1.1.3 Submarine Cable Type C 

From the geometry in Table 5-1 for Cable Type C, assuming a lead sheath, and copper 

armor.  The Line parameters can be found to be as follows: an inductance per unit length 

of 0.2071 mH/km, capacitance per unit length of 0.2275 μF/km, and resistance per unit 

length of 25.092 mΩ/km.  For an overhead transmission line the line parameters are as 

follows: an inductance per unit length of 1.305 mH/km, capacitance per unit length of 

9.6304 nF/km, and resistance per unit length of 13.387 mΩ/km.  When the armor for 

Cable Type C is switched from copper to steel the line parameters become as follows: a 

inductance per unit length of 0.3163 mH/km, capacitance per unit length of 0.2275 

μF/km, and resistance per unit length of 119.24 mΩ/km.  These results for the line 

parameters for Cable Type C are summarized in Table 5-4. 

 

Table 5-4: Cable Type C Line Parameters 

Line Parameter Copper Armor Steel Armor Overhead 

Inductance [mH/km] 0.2071 0.3163 1.305 

Capacitance [μF/km] 0.2275 0.2275 0.0096304 

Resistance [mΩ/km] 25.092 119.24 13.387 

 

5.1.2 Effects of the Cable Layer Thickness 

In order to analyze the effects that the different cable layering thickness’ have on the line 

parameters, a typical submarine cable geometry must be assumed.  The geometry of the 

different layers will be varied around this assumed geometry.  After choosing this 

geometric model the following simulations will be performed: the armor, sheath, and 

insulation thickness will be varied while the sheath material is chosen to be lead, and the 

armor material used is both copper and steel.  The effect of having a copper sheath versus 



a lead sheath is not of interest because it will have negligible effects on the total cable 

resistance, capacitance, and inductance. 

 

5.1.2.1 Lead Sheath and Copper Armor 

From Table 5-1, the cable geometry for Cable Type B will be used as the assumed 

geometric model.  To test the effect that each of the layers has on the line parameters, the 

following simulation will be done: a sheath thickness will be chosen, five insulation layer 

thickness’ will be chosen, and the cables armor thickness will be varied.  This will allow 

for conclusions to be drawn concerning the effect that the different cable layers have on 

line parameters.  Figures 5-1 to 5-9 show the results of the simulation. 

 

 

Figure 5-1: Capacitance Per Unit Length As Armor Thickness Varies, 3.1mm Sheath 

 



Figure 5-2: Inductance Per Unit Length As Armor Thickness Varies, 3.1mm Sheath 

 

 

Figure 5-3: Resistance Per Unit Length As Armor Thickness Varies, 3.1mm Sheath 

 



Figure 5-4: Capacitance Per Unit Length As Armor Thickness Varies, 2mm Sheath 

 

 

Figure 5-5: Inductance Per Unit Length As Armor Thickness Varies, 2mm Sheath 

 



 

Figure 5-6: Resistance Per Unit Length As Armor Thickness Varies, 2mm Sheath 

 

 

Figure 5-7: Capacitance Per Unit Length As Armor Thickness Varies, 4mm Sheath 

 



Figure 5-8: Inductance Per Unit Length As Armor Thickness Varies, 4mm Sheath 

 

 

Figure 5-9: Resistance Per Unit Length As Armor Thickness Varies, 4mm Sheath 

 



The results for the net cable capacitance have the following characteristics: the total 

capacitance decreases approximately linearly with increasing armor thickness.  The 

insulation thickness affects the capacitance significantly; it shifts the capacitance 

inversely proportional to the insulation thickness.  Thinner insulation results in larger 

capacitance and thicker insulation results in smaller capacitance.  The sheath thickness 

variation does not affect the capacitance of the cable. 

 

The results for the net cable inductance have the following characteristics: as the armor 

thickness is small the inductance is constant, as the thickness is further increased the 

inductance reaches a maximum, as the thickness is further increased the inductance will 

begin to decrease and reach another constant value.  The constant inductance value when 

the armor is thin is smaller than when the inductance armor is thick.  The insulation 

thickness affects the magnitude of the constant inductance when the armor is thin or 

thick, the magnitude of the maximum inductance, and which armor thickness results in 

the maximum inductance.  As the thickness of insulation is increased the constant 

inductances when the armor is thick or thin also increase; the maximum value of 

inductance is decreased, and the armor thickness that causes this maximum value of 

inductance is decreased.  As the sheath thickness is increased the constant values of 

inductance when the armor is thin or thick are approximately the same.  The maximum 

value of inductance is lower and the armor thickness that causes this maximum value of 

inductance is decreased.   

 



The results for the net cable resistance have the following characteristics: when the armor 

thickness is small the resistance is constant.  As the thickness is increased the resistance 

increases to a maximum; as the thickness is further increased the resistance begins to 

decrease to a minimum; as the thickness is further increased the resistance increases and 

approaches a constant value.  When the armor is thin the constant value of resistance is 

larger then when the armor is thick.  As the insulation thickness is increased the constant 

resistance value when the armor is thin decreases, when the armor is thick the resistance 

values are approximately the same.  Increasing the insulation thickness decreases how 

much the maximum resistance overshoots the resistance when the armor is thin; the 

increasing insulation thickness causes the maximum resistance value to occur for a 

smaller armor thickness.  The sheath thickness being increased causes a drop in resistance 

for all armor thicknesses, it also decreases the maximum resistance overshoot from the 

resistance value when the armor is thin.  The location of the resistance minimum is not 

affected significantly by sheath or insulation thicknesses.   

 

5.1.2.2 Lead Sheath and Steel Armor 

The material used for the armor will be changed from copper to steel.  The same 

simulation will be performed where a sheath thickness will be chosen, five insulation 

thicknesses chosen, and the armor thickness varied.  The results of this simulation can be 

found in Figures 5-10 to 5-15.  It can be noted that the capacitance does not depend on 

the metal used for the sheath and armor since the permittivity of metals is approximately 

equal to that of free space, because of this the capacitance will not be simulated again for 

this change in armor material. 



 

Figure 5-10: Inductance Per Unit Length As Armor Thickness Varies, 3.1mm Sheath 

 

 

Figure 5-11: Resistance Per Unit Length As Armor Thickness Varies, 3.1mm Sheath 

 



Figure 5-12: Inductance Per Unit Length As Armor Thickness Varies, 2mm Sheath 

 

 

Figure 5-13: Resistance Per Unit Length As Armor Thickness Varies, 2mm Sheath 

 



Figure 5-14: Inductance Per Unit Length As Armor Thickness Varies, 4mm Sheath 

 

 

Figure 5-15: Resistance Per Unit Length As Armor Thickness Varies, 4mm Sheath 

 



The results for the net cable inductance have the following characteristics: as the armor 

thickness is small the inductance is constant, as the thickness is further increased the 

inductance reaches a maximum, as the thickness is further increased the inductance will 

begin to decrease and reach another constant value.  The constant inductance value when 

the armor is thin is smaller then when the inductance armor is thick.  The insulation 

thickness affects the magnitude of the constant inductance when the armor is thin or 

thick, the magnitude of the maximum inductance, and which armor thickness results in 

the maximum inductance.  As the thickness of insulation is increased the constant 

inductances when the armor is thin or thick increases; the maximum value of inductance 

is decreased, and the armor thickness that causes this maximum value of inductance is 

decreased.  As the sheath thickness is increased the constant value of inductance when 

the armor is thin remains approximately the same, when the armor is thick the constant 

inductance decreases; the maximum value of inductance is decreased and the armor 

thickness that causes this maximum value of inductance is decreased.   

 

The results for the net cable resistance have the following characteristics: when the armor 

thickness is small the resistance is constant.  As the thickness is increased the resistance 

increases to a maximum; as the thickness is further increased the resistance increases and 

approaches a constant value.  When the armor is thin the constant value of resistance is 

larger then when the armor is thick.  As the insulation thickness is increased the constant 

resistance value when the armor is thin or thick decreases.  Increasing the insulation 

thickness decreases how much the maximum resistance overshoots the resistance when 

the armor is thin; the increasing insulation thickness causes the maximum resistance 



value to occur for a smaller armor thickness.  The sheath thickness being increased 

causes a drop in resistance for all armor thicknesses, it also decreases the maximum 

resistance overshoot from the resistance value when the armor is thin.  

 

Comparing both sets of results the following can be observed: when the armor is thin for 

both copper and steel armor the inductance and resistance have the same constant values.  

The maximum value of inductance and resistance is larger with copper armor.  When the 

armor is thick the constant inductance and resistance is larger with steel armor. 

 

5.1.3 Model Accuracy  

In this analysis an assumption was made concerning the geometry of the seawater 

surrounding the cable.  It was assumed that the water surrounding the cable was infinite.  

To find what an effectively infinite body of seawater is the proper assumption which 

models the sea impedance can be compared to the approximate model.  The result can 

then be decomposed into two components quantifying the error associated with sea 

resistance and reactance.  Subtracting the exact value of resistance or reactance from the 

approximate and dividing this difference by the exact value of resistance or reactance can 

find the percent error.  This error will define the conditions for when the model used to 

analyze the submarine cables is accurate.  Figures 5-16 and 5-17 show the percentage 

error of sea resistance and reactance respectively for different depths of seawater.  From 

these figures it can be seen that the approximate model is accurate when the water depth 

is greater than 140m. 



 

Figure 5-16: Resistance Error of Sea Water 

 

 

Figure 5-17: Reactance Error of Sea Water 



5.2 Three-Core Cable Line Parameter Analysis 

Analyzing three-core submarine cable line parameters involves a study of specific cases 

of cables that are commonly manufactured, as well as an analysis of how different cable 

layers affect the values of line parameters.  In analyzing line parameters for a three-core 

submarine cable, a model for the magnetic field must first be developed.  The subsequent 

sections analyze specific cases of manufactured cables as well as the relationship between 

how the material properties and thickness of the cable layers affect the line parameters.   

The results of the analysis are then compared to overhead transmission lines.  This 

comparison shows how dramatically different these kinds of cables are from overhead 

lines and single-core submarine cables.  It is also illustrated how important the choice of 

materials and cable layering is for submarine cable design.  The comparison between 

submarine cables and overhead lines is crucial in technical and economic studies of 

offshore wind platform options. In addition comparisons between submersed 

turbine/generator tidal/wave platform systems and in-water column options.    

 

5.2.1 Magnetic Field Analysis 

For three-core submarine cables, due to the complexity of the magnetic field that exists 

outside the three-core bundle, alternative means must be employed.  With knowledge of 

the magnetic field, the inductance contribution from each of the cable layers can be found 

and distributed to have an equivalent per phase value.  Figure 5-18 shows the magnetic 

field that exists inside the three-core cable.  In this figure the different curves correspond 

to concentric circles at distances away from the three conductor and insulation bundle.  

The x-axis of Figure 5-18 corresponds to angular location on one of these concentric 



circles.  Figure 5-19 shows the magnetic field that exists outside of a single-core cable; 

each curve corresponds to a specific radial distance away from the cable center. 

 

 

Figure 5-18: Magnetic Field Decay Surrounding Three-Core Cable 

 



 

Figure 5-19: Magnetic Field Decay Surrounding Single-Core Cable 

 

The magnitude of line current flowing through each conductor has been assumed to be 1 

A.  In each plot, the similarly colored point or curve corresponds to the same distance 

away from the cable center.  It can be seen that the magnetic field outside the three-core 

cable bundle decays much faster than the case of a single-core cable.  This is due to the 

fact that the sum of the currents in all of the phase conductors equals zero.  So as the 

distance from the cable increases the magnetic field will decay much faster for the three-

core cable than the single-core cable.  This model for the magnetic field will be used in 

calculating the inductance and resistance of the different three-core cables. 

 

 

 



5.2.2 Three Core Cable Line Parameters Case Study 

To begin analyzing submarine transmission line parameters, some examples of cable 

geometry must be assumed.  For this analysis some manufacturer specifications for 

different three-core cable geometries are used.  The following different cable geometries 

will be used in the line parameter simulations: 

 

Table 5-5: Different Cable Geometries, Three-Core Cable [1] 

Cable 

Type 

Conductor 

Radius [mm] 

Insulation 

Thickness [mm] 

Sheath 

Thickness [mm] 

Radius Over 

Bundle [mm] 

Armor 

Thickness [mm] 

D 5.6 8 1.3 29.3 5 

E 10.2 9 1.6 41.37 5 

F 18.95 8 2.2 58.07 5 

 

It is assumed that the insulation layers between the sheath and armor, and the armor and 

seawater are 1 mm in thickness.  It has also been assumed that the individual cable phases 

are in the H configuration and have been spaced apart by 10 m.  For the overhead 

transmission lines it has been assumed to have the same phase configuration with spacing 

of 10 m.  All of the phase conductors are elevated 10 m from the ground.  The core 

conductor properties are the same as that used for the submarine cables.  This will 

provide a direct comparison between the two different cable types. 

 

5.2.2.1 Submarine Cable Type D 

Submarine cables that have three core conductors typically only use steel as the armor 

material due to the magnetic field incurring minimal losses in the steel.  From the 



geometry in Table 5-5 for Cable Type D, assuming a lead sheath and steel armor.  The 

Line parameters can be found to be as follows: an inductance per unit length of 

0.355mH/km, a capacitance per unit length of 1.567μF/km, and resistance per unit length 

of 0.189Ω/km.  For a set of overhead cables the line parameters will be as follows: an 

inductance per unit length of 1.5475mH/km, a capacitance per unit length of 7.79nF/km, 

and a resistance per unit length of 0.189 Ω/km.  A summary of these line parameters is 

given in Table 5-6. 

 

Table 5-6: Cable Type D Line Parameters 

Line Parameter Submarine Cable Overhead Cable 

Inductance [mH/km] 0.355 1.5475 

Capacitance [μF/km] 0.1567 0.00779 

Resistance [mΩ/km] 189 189 

 

5.2.2.2 Submarine Cable Type E 

From the geometry in Table 5-5 for Cable Type E, assuming a lead sheath and steel 

armor.  The Line parameters can be found to be as follows: an inductance per unit length 

of 0.308mH/km, a capacitance per unit length of 0.22μF/km, and resistance per unit 

length of 32.75mΩ/km.  For a set of overhead cables the line parameters will be as 

follows: an inductance per unit length of 1.427mH/km, a capacitance per unit length of 

8.504nF/km, and a resistance per unit length of 32.75 mΩ/km.  A summary of these line 

parameters is found in Table 5-6. 

 

 



Table 5-7: Cable Type E Line Parameters 

Line Parameter Submarine Cable Overhead Cable 

Inductance [mH/km] 0.308 1.427 

Capacitance [μF/km] 0.22 0.008504 

Resistance [mΩ/km] 32.75 32.75 

 

5.2.2.3 Submarine Cable Type F 

From the geometry in Table 5-5 for Cable Type F, assuming a lead sheath and steel 

armor.  The Line parameters can be found to be as follows: an inductance per unit length 

of 0.253mH/km, a capacitance per unit length of 0.395μF/km, and resistance per unit 

length of 17.63mΩ/km.  For a set of overhead cables the line parameters will be as 

follows: an inductance per unit length of 1.304mH/km, a capacitance per unit length of 

9.394nF/km, and a resistance per unit length of 17.63 mΩ/km.  A summary of these line 

parameters is found in Table 5-7. 

 

Table 5-8: Cable Type F Line Parameters 

Line Parameter Submarine Cable Overhead Cable 

Inductance [mH/km] 0.253 1.304 

Capacitance [μF/km] 0.395 0.009394 

Resistance [mΩ/km] 17.63 17.63 

 

  



Chapter 6: Submarine Transmission Line Performance 
Analysis 
 
The performance of a transmission line is important in determining what the output 

voltage and power (at the receiving end) of a transmission link will be like, given an 

input (sending end) conditions. The steady state response and transient response are two 

aspects that must be considered when dealing with line performance.  The steady state 

response consists of analyzing the output voltage, active power, power factor, efficiency, 

and voltage regulation when the line is operating under sinusoidal steady state conditions.  

These values determine how the transmission line transforms power from the sending end 

to receiving end, and how sensitive the receiving end voltage is to load variations.  The 

transient analysis is important to determine the voltage overshoot and oscillations that 

may occur under switching conditions.  These two sets of results determine how well the 

transmission line performs. 

 

6.1 Steady State Analysis 

The steady state analysis of a transmission line involves finding the two-port parameters 

from the line parameters.  Once the two-port parameters have been found, the receiving 

end voltage, power, line regulation, and efficiency can be found given the conditions at 

the sending end.  This determines how the transmission line transforms the input power 

and voltage, how much energy is dissipated, and how sensitive the receiving end voltage 

is when the load changes.  The steady state analysis will be done for three cable types, 

one single-core cable with copper armor, the same single-core cable except with steel 

armor, and one three-core cable.  The cables that will be analyzed are the ones used in 



chapter 5 when studying line parameters, Cables Type B and E.  These steady state 

values will be plotted against the equivalent overhead transmission line values.  Table 6-1 

shows the line parameters, which will be used for each of the cable types.   

 

Table 6-1: Line Parameters Per Unit Length for Cable Type B and E 

Cable Type Inductance [mH/km] Capacitance [μF/km] Resistance [mΩ/km] 

B, copper 0.29713 0.1522 38.1557 

B, steel 0.41495 0.1522 139.44 

B, overhead 1.398 0.0089142 21.294 

E, three-core 0.308 0.22 32.75 

E, overhead 1.427 0.008504 32.75 

 

For steady state analysis, only two cable types will be analyzed.  The performance indices 

which will be obtained for various transmission line lengths are the following: receiving 

end impedance and impedance angle, receiving end voltage and voltage angle, receiving 

end power, receiving end reactive power, receiving end power factor, receiving end 

efficiency, and the receiving end voltage regulation.  

 

6.1.1 Submarine Cable Type B Performance 

 Figures 6-1 through 6-9 show the plots for these performance indices for various line 

lengths of cable type B.   

 



 

Figure 6-1: Receiving End Impedance Magnitude, Cable Type B 

 

 

Figure 6-2: Receiving End Impedance Angle, Cable Type B 



 

Figure 6-3: Receiving End Voltage Magnitude, Cable Type B 

 

 

Figure 6-4: Receiving End Voltage Angle, Cable Type B 

 



 

Figure 6-5: Receiving End Power, Cable Type B 

 

 

Figure 6-6: Receiving End Reactive Power, Cable Type B 



 

Figure 6-7: Transmission Line Efficiency, Cable Type B 

 

 

Figure 6-8: Transmission Line Voltage Regulation, Cable Type B 



 

Figure 6-9: Receiving End Power Factor, Cable Type B 

 

The specifications of the sending end are: the sending end three phase voltage of 20 kV, 

the sending end power was 3 MVA with a 0.95 power factor lagging, voltage frequency 

of 60Hz.  From the results obtained, the following conclusions can be made: the receiving 

end voltage magnitude for copper armor submarine cables is less affected by transmission 

line length than iron armor submarine cables and overhead transmission lines; where iron 

armored submarine cables have the largest receiving end voltage drop.  The receiving end 

voltage angle for copper and iron armor submarine cables is approximately the same for 

the different line lengths; the voltage angle for overhead lines decreases significantly.  

Overhead transmission lines are most efficient while iron armor submarine cables are 

significantly less efficient.  The submarine cables provide reactive power to the output, 

which means that they are capacitive dominant transmission lines.  The overhead line 

absorbs reactive power, which means it is an inductive dominant transmission line.  The 



voltage regulation for the iron armor submarine cable is the worst, while the voltage 

regulation for the copper armor submarine cable is best.   

 

6.1.2 Submarine Cable Type E Performance 

For Cable Type E the various performance indexes can be seen in Figures 6-10 through 

6-18 for various transmission line lengths.   

 

 

Figure 6-10: Receiving End Impedance Magnitude, Cable Type E 

 



 

Figure 6-11: Receiving End Impedance Angle, Cable Type E 

 

 

Figure 6-12: Receiving End Voltage Magnitude, Cable Type E 



 

Figure 6-13: Receiving End Voltage Angle, Cable Type E 

 

 

Figure 6-14: Receiving End Power, Cable Type E 

 



 

Figure 6-15: Receiving End Reactive Power, Cable Type E 

 

 

Figure 6-16: Transmission Line Efficiency, Cable Type E 



 

Figure 6-17: Transmission Line Voltage Regulation, Cable Type E 

 

 

Figure 6-18: Receiving End Power Factor, Cable Type E 



This result shows that three core submarine cables are less efficient then overhead 

transmission lines however have a better voltage regulation.  Similar results are obtained 

as when the single-core cables were compared to the overhead transmission lines. 

 

6.2 Transient Analysis 

The transient analysis is performed for the transmission line to determine what inrush of 

power is required to charge the transmission line, and what the corresponding spike in 

voltage will be.  The transient flow of power for the transmission line has been modeled 

under the following assumptions, three-phase generator voltage of 20kV, line length of 

30km, generator voltage phase angle of 0 degrees.  Figures 6-19 to 6-21 show the 

transient responses of the system.  The second transient response that is performed is 

when the generators voltage phase angle is 30 degrees.  This means that the generator is 

connected to the transmission line when the voltage is non-zero.  This will result in a 

more drastic transient response with large transient power draw and voltage overshoot.  

Figures 6-22 to 6-24 show this transient response when the generator voltage phase angle 

is 30 degrees. 

 

 

 



 

Figure 6-19: Transient Current Flow at  Phase Angle 

 

 

Figure 6-20: Transient Receiving End Voltage at  Phase Angle 

 



 

Figure 6-21: Transient Apparent Power at  Phase Angle 

 

 

Figure 6-22: Transient Current Flow at  Phase Angle 



 

Figure 6-23: Transient Receiving End Voltage at  Phase Angle 

 

 

Figure 6-24: Transient Apparent Power at  Phase Angle 



These results show the transient power flow from the generator along with the voltage 

overshoot that occurs at the receiving end of the transmission line.  The knowledge of the 

transients is important for determining system protection relay settings, and knowledge 

about the harmonics that may exist as part of switching.   It can be seen from the figures 

that the receiving end voltage overshoot is larger and more prolonged for greater 

generator voltage phase angles. 

 

 

  



Chapter 7: Conclusion and Future Work 

This Chapter summarizes the results obtained in this thesis and the contributions that 

were made.  Future work suggestions are also discussed. 

 

7.1 Conclusions 

In this thesis, the transmission line parameters for various submarine cable types have 

been found and their performance analyzed.  In Chapter 2, a discussion about the various 

submarine cable types was presented, along with a generic geometrical model for the 

different cable types.  In Chapter 3, the electromagnetic field analysis to find line 

parameters for submarine cables was presented.  In Chapter 4, the basics of steady state 

and transient state performance analysis were presented.  In Chapter 5, numerical analysis 

to find submarine cable line parameters was performed for various cable types.  The 

results obtained revealed the significance that the material type and geometry for the 

various cable layers have on the line parameters.  It was found that for a single core 

submarine cable, using steel armor instead of copper armor resulted in a larger resistance 

and inductance.  Increasing the insulation thickness causes an increase in inductance, 

decrease in resistance, and decrease in capacitance.  These results for the line parameters 

are compared with those for overhead transmission lines.  This is done to show just how 

different the two types of transmission media are.  In Chapter 6, numerical analysis to 

determine the performance of various submarine cable types was performed.  This 

analysis provides information about the volatility of the receiving end voltage, the 

efficiency of the line, and the quality of the received power.  This analysis is also 

performed for overhead transmission lines, again to show how the performance of the 



submarine cable is much different from that of an overhead line.  Increasing the 

insulation thickness causes the power factor to increase, voltage regulation increase, 

efficiency increase, and a receiving end voltage decrease.  Changing the armor material 

from copper to steel results in a decreased power factor, increased voltage regulation, 

decreased efficiency, and a decreased receiving end voltage.  

  

7.2 Future Work 

The findings from this study imply that more work can be done in finding a means to 

design specific cables for specific applications, and that the inductance and capacitance 

of the cable can be designed to be a specific value.  For future work, a more direct 

relationship between the line parameter values and geometry of the cable could be 

formulated.  Also, additional layers of material could be added to the cable, which have 

no purpose besides to change the line parameters of the cable.  A means as to how to 

choose these materials and their geometry could be explored.   
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