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Abstract

Micro-grid based power systems will have a significant roll in the development of the
modern renewable energy power grid. A subset of this distributed generation system
involves offshore micro-grid systems. These offshore micro-grids will consist of offshore
generation, power conversion, energy storage, underwater power transmission, grid
interconnection, and the inclusion of either onshore or offshore loads.

Designing these systems is very different from conventional generation due to the
intermittency of the renewable resources and the underwater power transmission. The
intermittency of renewable resources can result in frequency fluctuations and times where
there may not be any power generation. This effect can be mitigated through use of energy
storage devices, grid interconnection, and power electronics. Underwater power
transmission can also be a challenge due to the potentially large capacitance, and thus
reactive power requirements of the underwater cable.

Studying the line parameters, harmonic propagation, developing simplified models, the
power electronic conversion process, the inclusion of energy storage devices, modelling
offshore generator clusters, and analyzing the economics of the micro-grid system to
determine if AC or DC power transmission would be optimal are all elements required in
the design and analysis of an offshore power system micro-grid.
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Chapter 1: Introduction

Micro-grid systems will play a large role in the future power system. This is due to the
demand for renewable energy production. Many renewable energy turbines are required to
replace current fossil fuel production. This necessitates a power grid with very distributed
power generation. A subset of this is offshore micro-grids. This chapter provides a brief
overview of offshore power generation. This offshore energy is supplied from two different
varieties of natural resources, wind and marine energy. Marine energy incorporates several
forms of energy. These include tidal energy, wave energy, or temperature gradient energy
as examples. These two generic forms of offshore energy, and their applications in the
world thus far, will be presented and discussed. This chapter concludes with the objectives

and contributions of this thesis.

1.1 Offshore Wind Energy

Europe is the current world leader in offshore wind generation. Offshore wind farms first
began being constructed in Denmark in 1991 [1]. Since then there have been many wind
farms installed in Europe. Listed below are the world’s largest offshore wind farms
currently in commission as of 2016 [2,3,4,5,6].
e London Array, with a capacity of 630MW, 175 turbines, in the UK, commissioned
in 2012
e Gwynt y Mor, with a capacity of 576MW, 140 turbines, in the UK, commissioned

in 2015



e Greater Gabbard, with a capacity of 504MW, 140 turbines, in the UK,
commissioned in 2012
e Anholt, with a capacity of 400MW, 111 turbines, in Denmark, commissioned in
2013
e Bard Offshore 1, with a capacity of 400MW, 80 turbines, in Germany,
commissioned in 2013
There are many other offshore wind farms that are currently generating electricity. Figure

1-1 below is an example of an offshore wind farm, the London Array.

Figure 1-1: London Array Offshore Wind Farm [7]

Currently in North America there are no major offshore wind generation sites. The offshore
wind generation technology is still in its planning and testing stages. In the world, as of

2012, there is 4.5GW of offshore wind power capacity, with another 4.7GW under



construction, and 30.4GW in the planning stages [8]. As of 2012 there was a total wind
generation capacity of 283GW [8]. This includes both onshore and offshore wind
generation. Offshore wind generation is a small percentage of this but is expanding. In
Europe, as of 2017, there is a total of 3589 grid connected turbines installed in 81 wind
farms in 10 European countries [9]. There has been a 39% increase in the offshore
generation capacity from 2015 [9]. The average turbine generation capacity is 4.8MW [9].
The average water depth for the turbines is 29.2m with an average distance from shore of
43.5km [9]. Figure 1-2 and 1-3 below represents the cumulative offshore wind capacity in
Europe and the average distance to shore and average water depth of all European installed,

under construction, and planned offshore wind turbines respectively as of 2012.
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Figure 1-2: Cumulative Offshore Wind Capacity in Europe [9]
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Figure 1-3: Average Water Depth and Distance to Shore of Offshore Wind Turbines [9]

As of 2015, there is currently 8GW of offshore wind generation capacity in Europe [10].

This figure is projected to triple to 23.5GW by the year 2020 [10].

There are drawbacks associated with constructing offshore wind farms. Conventional
issues with wind power generation include the following [1,11]:

e Variable wind speeds

e Gear box complexity

e Geographical location

e Induction machines/variable frequency



For offshore wind farms there are additional issues, which include the following [1,11]:
e (Cost of offshore construction
e (Cost of offshore maintenance
e Underwater power transmission
o Weather severity

e Wildlife and visual pollution issues

Despite these difficulties, there are benefits to building offshore wind farms as opposed to
onshore wind farms. The benefits include the following:
e 5-10MW turbines can be used as opposed to 1-3MW turbines. This is due to the
higher wind speeds offshore [1,9]
e Wind blows more predictably offshore. This makes the wind source more
reliable, providing 3000+ hours per year of power production as opposed to 2000-
2300 hours per year onshore [1,11].
e A lot of high population density areas exist along the coastal regions [1].

e No visual impact [11]

1.2 Marine Energy

The two main sources of marine energy extraction are tidal currents and waves [1,12].
While there are other sources of marine energy such as ocean currents, temperature
differentials, biomass, and salinity differentials, they are not currently commonly used [12].
The Bay of Fundy, in Nova Scotia, Canada, is a very promising source of tidal energy [13].

In North America, the marine power generation is still in prototype stages. In Europe, there



have been successfully grid connected marine energy generators. In Europe, as of 2013,
ocean going devices have a capacity of over 1I0MW [14]. The largest marine power
generation systems operating as of 2016 are listed below [15]:

e Sihwa Lake, South Korea, 254MW, commissioned in 2011

e Rance, France, 240MW, commissioned in 1966

e Annapolis Royal, Canada, 20MW, commissioned in 1984
The largest marine generation sites are represented by tidal barrage based generation.
Wave based generation has not been constructed as of yet on a large scale. The technology

is still in the research, development, and testing phases [16].

1.2.1 Tidal Energy

When discussing tidal energy, there are two main forms that must be discussed. These are
the tidal streams or currents and the tidal barrage. Both of these forms of tidal energy are
caused by the same tidal phenomena, however the means of extracting this energy are

different.

1.2.1.1 Tidal Stream

A tidal stream turbine and generator is one that is placed in the flow path of water. This
form of tidal energy extraction is analogous to wind turbines that are underwater. The first
large-scale grid connected tidal stream generator was installed in Northern Ireland in April
2008. It generates 1.2MW of electricity. Figure 1-4 below is a picture of this tidal SeaGen

tidal stream generator.



Figure 1-4: SeaGen Tidal Stream Turbine [17]

1.2.1.2 Tidal Barrage

A tidal barrage turbine and generator is created when the flow of tidal waters is impeded
by a structure and the water is forced to cross this barrier. This energy is generated in a
very similar way as in hydroelectric power plants. Figure 1-5 below shows an example of

what a tidal barrage energy generation would encompass.



Figure 1-5: Tidal Barrage Power Plant in Rance, France [18]

1.2.2 Wave Energy
Wave energy is created from harnessing the up and down motion of the waves on the
surface of a body of water. The waves are created primarily from the wind passing over

the surface of the water. This technology is still in development and testing stages [16].

1.3 Benefits and Drawbacks

Drawbacks to generating tidal or wave power include the following:
e There is a difference in time between when the tides occur and when power demand
is high. [12,13]

e Due to this difference, means of energy storage may be required. [13]



e Regions to extract tide or wave energy are in harsh environments. The harsher the
tides or waves the more energy can be extracted. [19]

e Maintenance and construction issues since the installations are offshore. [8]

e Underwater power transmission. [8,12,13]

¢ Installations may coincide with weaker sections of the power grid. [8]

e Variable speed generators would be required. [8,12,13]

e Wildlife concerns. [13]

e Human activity such as transportation and fisheries.

e Maintenance due to the installation being in a harsh environment. [8,13]

Despite these numerous difficulties, there are benefits to using tide or wave energy as a
medium of power generation. These benefits are as follows:

e Tides are predictable [13]

e Large potential generating capacity [13]

e Potential to be interconnected with offshore wind system

1.4 Thesis Objectives

The objectives of this thesis are to develop a design methodology for an offshore micro-
grid power system. This involves: the analysis of underwater power transmission, the
various methods of power transmission, the use of power electronics and how generated
harmonics will propagate through an underwater transmission line. This thesis additionally
investigates how an offshore cluster of generators will affect a small onshore power system.

Energy storage techniques are reviewed and briefly discussed. A methodology to



determine economically whether AC or DC power transmission should be applied for any
given offshore power installation. These components will, together, yield a design
methodology that can be applied to a community that has an offshore renewable power

resource.

1.5 Thesis Contribution

The contributions of this thesis include the offshore power system micro-grid design
methodology framework development, the analysis of underwater power cable line
parameters and their power transmission performance. This thesis also discusses the
development of short and medium line models for underwater cables for use in power flow
or transient analysis, as well as the analysis of how modern power electronic sources and
their generated harmonics will propagate through an underwater power cable for various
configurations of power conversion is analyzed. Various economic models are developed
and analyzed to find the threshold distance where underwater DC power transmission is
favorable over AC transmission and these economic models are used to choose an optimal
cable geometry. Offshore cluster generation and the effect it has on onshore power grids
is analyzed. Finally, the development and creation of models and performing numerical
analysis for these models has been performed with the results and limitations being

outlined.

1.6 Thesis Outline

The work in this thesis is organized as follows:

10



Chapter 1 presents an overview of current offshore power installations in the world and the

most common forms of offshore power that are used.

Chapter 2 presents an overview of what the various offshore renewable generation profiles
would be and the technology that is used to extract this power. Electrical models of these

devices are detailed and their limitations of applicability.

Chapter 3 presents the analysis of underwater power cable line parameters for the various
methods of underwater power transmission. These line parameters are used to observe the
steady state power delivery performance of the transmission line. The resultant magnetic
fields surrounding these cables are simulated. Simplified models of these cables are created
and their limitations determined. These models are used to allow for simplified transient
analysis and power flow analysis. Finally, the harmonic propagation for various kinds of

underwater power cables have been analyzed.

Chapter 4 presents the analysis of modern power electronic devices that may be used for
an offshore power installation. These devices produce harmonics, and the analysis of the
harmonic propagation through underwater transmission lines is discussed. This analysis is

performed for all the various power conversion topologies that may practically exist.

Chapter 5 presents an economic analysis of an offshore power system. The decision of

using AC or DC power transmission is explored in detail to find at what transmission line

length it is preferable to use DC transmission over AC. Several models to analyze this have

11



been developed. The economic models are also used to determine what geometry of cable

1S most economic to use.

Chapter 6 presents the analysis of an offshore cluster of generation and how this offshore
generation will affect an onshore power grid. This also accounts for the inclusion of
potential offshore loads. Discussion on how energy storage could be applied to a micro-

grid to smooth the generation profile.

Chapter 7 presents a case study that utilized all of the tools developed in the previous

chapters. This case study looks at a local offshore generation site in Nova Scotia, Canada.

Chapter 8 presents the conclusions of this thesis and provides suggestions for future work

in this field of study.

Appendix A presents the various models that were used for the IEEE 14 bus simulation in

Chapter 6. This chapter shows all of the models used and their corresponding equations.

12



Chapter 2: Review of Offshore Energy Availability and

Extraction

This chapter provides an overview of the energy availability in offshore wind and marine
resources, turbine configurations used to extract this energy will be summarized, and the
various generators and their electrical models, which are used for renewable energy

sources, will also be summarized.

2.1 Introduction

To harness offshore energy, a location must be chosen such that power can be reliably
generated. Renewable energy mediums such as wind and marine are, by their nature,
intermittent. A location that provides consistent high-speed air or water flow is desirable.
As will be developed in subsequent sections, the power available is proportional to the
density of the substance turning the turbine and to the cube of the velocity of the medium.
To harness this energy a turbine is used to convert the kinetic energy of the flowing
substance, water or air, into rotational mechanical energy. This rotational energy is then
transformed into electrical energy through use of a generator. There are various options
for turbine configurations and generator selection. These will be discussed and summarized

in subsequent sections.
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2.2 Energy Availability

The theoretically available energy that can be harnessed from offshore wind and marine
energy sources can be determined by studying the kinetic energy passing through a given

surface area. The kinetic energy is expressed as follows:
1 2
E = Smv (2.1)
In the case of wind and tidal energy, there is a mass flow rate. There is a certain mass of

air or water passing through a given surface area every second. This mass flow rate can be

defined as follows:

am D\2

E = pr (;) v (2.2)
Where p is the density of a fluid passing through the surface area, D is the diameter of the
assumed circular cross sectional area, and v is the velocity of the fluid. The available power

can thus be expressed as follows:

_1dm 2

P =
0 24t

(2.3)
Substituting equation (2.2) into (2.3) results in the following equation for the theoretical
power that can be extracted from offshore power installations.

P, = g pD?v3 (2.4)
It can be observed that the potential output power varies by the cube of the velocity. Also
worth noting is that the approximate density of air and seawater are 1.29kg/m’ and
1020kg/m’ respectively. Tidal streams are typically much slower than wind. If the
theoretical extracted power for turbines in wind and water flow were the same, and the

diameter of the cross-sectional area was the same for each, the ratio of wind speed to water

speed can be determined as follows:

14



Zwind ~ g 24 (2.5)

Vwater

This ratio shows what the velocity difference between the two mediums must be to achieve
the same theoretical power with identical turbines. In other words, because of the density
difference, the wind speed must be 9.24 times faster than the tidal stream speed to produce
the same power given the same cross sectional area. Another way to view this could be to
look at the case where the wind and water flow velocity is equivalent as well as the output

power. This results in the following requirement:

Dwind ~ 28 12 (2.6)

Dyater

This result implies that the diameter of a wind turbine must be approximately 28 times
larger than a tidal turbine to produce the same theoretical output power if the flow rates are
equivalent. Equations (2.5) and (2.6) demonstrate the following points:

e Tidal energy has a greater energy potential.

e Tidal turbines can be smaller than wind to harness the same amount of power.

e Tidal flows are powerful, as such, it will be difficult to have a tidal turbine installed

and not have it washed away.

In reality, the energy extracted from the tides or wind is much different from the equation
(2.4) derived above [11]. The actual energy that can be extracted is related to the type of
turbine used, and efficiency of the generator. The Lanchester-Betz’s linear momentum
theory proposes that the maximum energy extraction from a wind or tidal turbine is 16/27
or approximately 60% of this total energy assuming an ideal turbine [11]. In practice the
energy extracted is in the range of 40% due to the use of non-ideal turbines. This can be
thought of qualitatively as being an efficiency factor. Equation (2.4) above will then

become the following:

15



P, =C, g pD?p3 (2.7)

Where C, is the efficiency factor of the turbine.

2.2.1 Offshore Wind Energy Availability
The expected power to be extracted from offshore wind can be evaluated by studying the
probability density function for wind speed. For offshore wind, a Weibull probability

density function can be used to describe the wind speed distribution [11].

The wind velocity probability density function can then be described as [11]:

_ k@)
pw)=2(%) e W ,v204>0k>0 (2.8)

Where, v is the wind velocity, & is a shaping parameter, and A4 is a scaling parameter. An

example of a Weibull distribution can be seen below in Figure 2-1.
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Figure 2-1: Weibull Distribution Example

16



The mean wind speed can be determined to be as follows [11]:

— 1

7=Ar(1+3) (2.9)
From this, the expected output power from an offshore wind turbine can be evaluated to be

as follows [11]:
b4 3
E(R,) = C,5pD?AT (1 +2) (2.10)
A case-by-case is required in the specific area where the wind turbines are installed to
determine this probability density function parameters 4 and k. As discussed in the

previous chapter, for offshore wind turbines, the wind speed is more consistent than it is

onshore.

2.2.2 Tidal Energy Availability
The tidal current velocity can be modeled by studying the periodicity of the tides. The tides
on Earth are caused by the gravitational pull of the moon. The tides can be accurately

predicted by solving the harmonic current equation [20]:

21

v(t) = vy + X v, cos (T—t+pA) (2.11)

There are six principal components that are used for this equation. These terms are listed

as follows [20]:

e Principal lunar semi-diurnal constituent with a period of 12.4206 hrs
e Principal solar semi-diurnal constituent with a period of 12 hrs
e Lunar quarter diurnal with a period of 6.2103 hrs

e Lunar diurnal constituent with a period of 25.82 hrs

17



e Lunisolar diurnal constituent with a period of 23.93 hrs

e Lunisolar semi-diurnal constituent with a period of 11.965 hrs

These six components represent a simplified tidal model. The model of the tides can be

further approximated by the Airy wave theory as follows [20]:

21

v(t) = vy + v, cos (T—At + pA) (2.12)
Where vy is a constant tidal velocity, v, is the amplitude of the oscillating component of the
tidal velocity, T4 is the oscillation period, and p4 is the phase shift. This can allow for an
approximation of the instantaneous power generated. This can be approximated by the

following equation [20]:

2mt 3
Py(t) = C, ngZ [vo + v, cos (% + pA)] (2.13)
The tide velocity can be predicted by using these equations, the more terms used, the better

the approximation. This ability to predict the tides makes tidal power a more reliable source

of energy than wind power.

2.3 Energy Extraction

In the above sections, the maximum available energy was determined for offshore
resources. The term C, was introduced representing the efficiency of a turbine. This value
is a scalar that represents how efficiently the prime mover and turbine converts kinetic
energy into rotational mechanical energy from the offshore energy resource. Turbines are
the energy harvesting devices that transfer the rotational mechanical energy to a generator.

The generator then converts that mechanical energy into electrical energy. There are

18



numerous turbine designs available for use each having their own efficiency coefficient,

C,. The choice of which turbine to use depends on the offshore power installation site.

2.3.1 Tidal Turbines

The choice of generator and turbine for tidal power applications is important for
maximizing the amount of extracted renewable energy. For tidal generation sites, the
available head is low and continuously changing [13]. This implies a requirement of a high
volume discharge of water from the turbine, further implying the necessity of a large cross
sectional area of the turbine [13]. The environment in which these tidal turbines exist can
cause great stress on the mechanical equipment [13]. This is due to the periodic nature of
the tides, frequent starting and stopping of the turbines, and reversal of the tides [13].
Similar to wind farms, the quantity of turbines to be installed for a major tidal development
can be quite high, in the order of hundreds of turbines. The turbines are subject to corrosive
seawater and sea life. This necessitates the choice of appropriate materials and protection
of the turbine and generator. There are four types of turbines that can be suitable for use in
a tidal power installation. These turbines include the following: Kaplan, Tubular, Bulb,
and Straight-flow turbines [13]. These are axial-flow and high specific speed turbines,
which are ideal for tidal power generation [13]. For tidal generation, the bulb and straight-

flow turbine configurations are most desirable to be used.

2.3.1.1 Kaplan Turbine

The Kaplan turbine is a vertical axis turbine, for application in tidal power generation. For

this turbine configuration, water falls onto the top of the turbine. This means that this

19



turbine is not placed in line with the water flow. There can be additional losses incurred
by directing the water to the turbine blades. Relatively deeper water would be required for
an appropriate application of the Kaplan turbine. Figure 2-2 below shows a typical Kaplan

turbine configuration.

Figure 2-2: Kaplan Turbine [21]

2.3.1.2 Tubular Turbine

The tubular turbine can be used in shallower water since it is not a vertical axis turbine.
This turbine is placed in the water flow. The generator is on a platform that is not in the
flow of water, and the mechanical energy is transmitted to the generator through a
driveshaft. A drawback to this configuration is that the driveshaft to the generator can be
quite long. This results in critical speed limitations and significant torsion on the drive.

Figure 2-3 below shows a typical tubular turbine configuration.
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Figure 2-3: Tubular Turbine [22]

2.3.1.3 Bulb Turbine

This turbine configuration is used for straight water passages. It is similar to the tubular
turbine; however, the generator in this case is attached to the turbine in a bulb that is in the
flow of the water. This configuration does not require a long driveshaft. The turbine,
generator, and wicket gates are included in a single assembly. The bulb turbine can be
utilized in lower head applications with higher specific speeds. Difficulties of applying
this generator are that it operates at low speeds, which means that the generator typically
encapsulates a larger diameter, which can narrow the water pathway. Figure 2-4 below

shows a typical bulb turbine configuration.
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Figure 2-4: Bulb Turbine [23]

2.3.1.4 Straight-Flow Turbine

The straight flow turbine is similar to the bulb turbine with the exception of having a bulb
that obstructs the waterway. This turbine sits in the flow of the water like a bulb turbine;
however, the concept for this is that the turbine itself is used as both a turbine and as the
rotor of a generator. This increases the amount of power that can be extracted from a given
tidal resource. This design allows for easier speed regulation, as well as easy maintenance.

Figure 2-5 below shows a typical straight-flow turbine configuration.
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2.3.2 Offshore Wind Turbines

There are two forms of wind turbines that are commonly used, a fixed blade design or a
variable blade pitch design. The first design is used with constant speed rotors. The second
is used for variable speed rotors. For offshore wind generation, typically horizontal axis
wind turbines are used. The wind turbine design is what influences the energy harvesting

efficiency in equation (2.10). Figure 2-6 below shows a typical horizontal wind turbine.
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Figure 2-6: Horizontal Axis Wind Turbine [25]

Variable speed wind turbines have the drawback of being more expensive than fixed blade
wind turbines. This is due to having the ability to control the pitch of the turbine blades,
and having a control system to maintain the output frequency of the generator. Maintaining

turbine speed is important when studying the electrical performance of a power grid.

2.4 Speed Regulation

In order to transfer power from a generation source to the load centers, the frequency and
voltage of the power must match the power grid. In North America, the power grid operates
at 60Hz. In order to have a fixed generating frequency, the rotors angular speed must be

constant. The intermittent nature of wind and tidal energy sources result in difficulties
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maintaining a constant angular speed. This results in frequency fluctuation os the voltage

waveform that is produced by the generator.

2.4.1 Frequency Fluctuations

To demonstrate what occurs when the frequency of the power grid, 60Hz, and a generator

connected to it are not matched, the network in Figure 2-7 below will be analyzed.

A; cos((ot+Am)t) A, cos(mt) v

Figure 2-7: Network With Mismatched Frequency Sources

From this network, assuming that the impedance is equal to unity, the current, /, delivered
to the grid can be found to be as follows:
I = cos wt [A; cos Awt — A,]| — % [cos(wt — Awt) — cos(wt + Awt)] (2.14)
If Aw =0 and 4 ,;=A4,,
=0 (2.15)
Figure 3-8 below plots equation (2.14), the current injected to the power grid when the
frequency deviation Aw is 3 rad/s. When the frequency and amplitude of both sources are

matched, there will be no current delivered to the grid. When the frequencies are
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mismatched it can be seen that there will be a current flow to the grid even if conditions are

designed to not have a current flow.
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Figure 2-8: Current Delivered to The Grid

From this analysis it can be observed that caution must be taken in matching the frequency
of a generator. This current could cause damage to both generation equipment and the

consumer.

2.4.2 Methods to Maintain Constant Frequency

A constant rotor speed on a generator will ensure a constant output frequency. Ways to

regulate the rotor speed could include the following:
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1. Application of a governor system (varying the pitch of the wind turbine blades,
wicket gates, etc.). The governor system takes a measurement of the speed of the
rotor and adjusts the amount of kinetic energy allowed to the turbine such that speed
1s maintained.

2. Use of synchronous generators. These generators allow for a certain range of steady
speed operation.

3. AC to DC power conversion followed by DC to AC power conversion. Converting
the generated AC power to DC and then back to AC allows for the generation of
whatever frequency is desired. This does not directly regulate the speed of the

turbine, however it regulates the output frequency of the system.

Offshore power generators are typically small in size, in the order of megawatts. To
compensate for the smaller generators, offshore generation is usually constructed in farms
where many turbines are used to generate power. Having many generators producing power

from an intermittent energy source would require the following:

e FEach generator must have a means to regulate its output voltage frequency.

e Speed regulation methods 1 and 2 result in an AC output, which would require
synchronization between each turbine if they are interconnected.

e Speed regulation method 3 results in a DC output, this allows for very simple

interconnection of generators.
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Each of these methods of speed regulation, and their consequences has various costs
associated with them. They are factors that must be considered in the choice between AC

and DC power transmission for an offshore power installation.

2.5 Generators

There are three main types of generator that are used for electric power generation. These
are the synchronous machine, induction machine, and permanent magnet synchronous
machine. Intermittent energy sources have implications regarding how to generate electric
power. To connect a generator to the power grid, it is required that the output voltage
frequency matches and remains matched to the power grid. The limitations of applicability

of each type of generator will be discussed for offshore power systems.

2.5.1 Synchronous Generators

Synchronous generators have a rotor magnetic field that is produced by one of two sources,
permanent magnets or electromagnets. Providing the rotor magnetic field allows a range
of operation in which the generator will rotate at synchronous speed, and generate a fixed
output voltage frequency. The synchronous rotational speed of a synchronous generator

can be found to be as follows [26]:

N, =21 (2.16)

Where, N; is the rotational speed in revolutions per minute, f is the generated output
frequency of the generator, and P is the number of rotor poles. From equation (2.16) it can
be observed that the output voltage frequency can remain fixed if the rotational speed of

the rotor remains fixed. Having permanent magnets on the rotor provides the benefit of not
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requiring a DC power supply for production of a magnetic field. Drawbacks to this include:
a fixed magnetic field on the rotor and the high cost associated with manufacturing
permanent magnets. Having an electromagnet on the rotor allows for control of the rotors
magnetic field through the DC current supplied to the electromagnet. Synchronous
generators have the capability to generate or absorb reactive power. This is a consequence
of having the controllable field current for the generator. As a consequence of the generator
requiring an external source providing a field current, there is no black start capability for
a synchronous machine. It is the provided magnetic field on the rotor which allows for a
range of constant output frequency with a synchronous generator. There are two main
forms of rotor construction associated with these generators. These constructions are the

cylindrical rotor, and the salient pole rotor.

2.5.1.1 Cylindrical Rotor
A cylindrical rotor generator is one where the rotor is cylindrical, resulting in a uniform air
gap between the rotor and stator. The equivalent circuit model, per phase, for a cylindrical

rotor synchronous machine can be observed in Figure 2-9 below.

Ra Xs

T

Ia

Figure 2-9: Cylindrical Rotor Synchronous Machine Equivalent Circuit
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This equivalent circuit includes four terms, E.; R,, Xi, and V,. These components will be

discussed below:

e [E,represents the induced armature voltage by the field winding flux. This induced
voltage is represented by the following equation [26]:

Equr = —2nfLasly Sin(2mft + ) (2.17)

Where L, represents the armature to field mutual inductance, Ir represents the magnitude

of the DC field current, and 6§, represents the initial electrical angle of the rotor.
e R, represents the resistance of the armature.

e X, represents the synchronous reactance of the generator. Assuming that the
generator is operating under balanced steady state conditions, the synchronous

reactance can be evaluated to be as follows [26].
X = 2tf | Lago + Lat + 5 Laao] (2.18)
The term L,,, accounts for the air gap inductance due to phase a currents only, the term
%Laao accounts for the air gap inductances due to the other two phases, and L,; accounts

for the phase a leakage flux.

e J, represents the output voltage of the generator, the terminal voltage of the
machine [26].
Vy = Eqy — Io[Rq +jX,] (2.19)

Where 1, is the generators armature current.
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Cylindrical rotor synchronous machines are typically made with a fewer number of poles.
This implies that to generate a 60Hz waveform, the generator must operate at higher speeds
according to equation (2.14). As such they are typically used for thermal based power

generation.

3.5.1.2 Salient Pole Rotor

Salient pole machines differ from the cylindrical rotor machines in that the salient pole
machine has protruding poles, thus a non-uniform air gap. There are two air gaps that occur
along the direct axis and quadrature axis. The direct axis air gap corresponds to the gap
between the protruding pole and the stator. The quadrature air gap corresponds to the air
gap of the region between poles and the stator [26]. From this, impedances for the direct
axis and quadrature axis can be found, X; and X; respectively [26]. In Figure 2-10 below,
the phasor diagram relating the direct and quadrature axis to the internal generated voltage,

and the terminal voltage and current is shown.
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Figure 2-10: Salient Pole Machine Phasor Diagram

From this phasor diagram, the following relationships can be determined for a salient pole

generator [26].

Eaf =V, + R, +jXyl, +jXqu (2.20)

I, =1;+ Iq (2.21)

S =tan~! (M) (2.22)
RE{Vq+jXqlq} ’

In the phasor diagram in Figure 2-10, the terms /, and V, correspond to the terminal voltage
and current of the generator. The term ¢ is the power factor angle at the terminal of the
generator. The direct and quadrature currents are orthogonal to each other. Salient pole
machines are generally constructed with a larger number of poles, which means they
operate at slower rotational speeds. This makes them suitable for use in hydro, wind, or

marine power generation.
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2.5.1.3 Permanent Magnet

Permanent magnet synchronous generators are very similar to the previously discussed
cases, the difference being that the rotor is constructed from permanent magnets and not an
electromagnet. These generators are typically more energy efficient, however they suffer
from only providing fixed excitation. The cost of making these generators is also relatively

high. Due to this, these generators have limited application.

2.5.2 Induction Generators

Induction machines are different from synchronous machines in that a field current is not
provided by an outside source. The relative motion between the stators magnetic field and
rotation of the rotor develops the field current. This relative motion implies that no field
current is produced if the rotation of the rotor is the same as that of the stators magnetic
field. This implies that the induction generator can provide no torque if it is rotating at
synchronous speed. Induction generators do not have a black start capability since an
energy source is required to start the field current induction process. The equivalent circuit
for an induction machine is similar to that of a transformer. Figure 2-11 below shows the

equivalent circuit for an induction machine.
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Figure 2-11: Induction Generator Equivalent Circuit

In this circuit, the rotor resistance is variable, since the induced field current is related to
the relative motion between synchronous speed and the actual speed of the generator. This
relative motion is called the slip and is defined as follows [26]:

__ Ng—N,

S = N—s (2.23)

From Figure 2-11, the terms in the equivalent circuit are defined as follows: V; is the stator
line to neutral voltage, V> is the counter emf generated by the air gap flux, /; is the stator
current, R; is the stator effective resistance, X; is the stator effective reactance, R, and X>
are the rotor referred resistance and reactance, and R. and X, are the core losses and

magnetizing reactance. The shaft power for the motor can be found to be as follows [26]:

3(1-s)wsP R
Panase = 2L 1,2 (22) = Proy (224)

Where P, represents the frictional and winding losses of the machine. Induction machines

are cheaper than synchronous machines to manufacture, however they have a variable

34



frequency output, which is undesirable. They are useful when the prime mover is a variable

source, such as wind or tidal energy sources.

There is a second variety of induction machine that is used for offshore power generation.
This is the doubly fed induction generator. The difference with this generator is that the
grid supplies the rotor currents. The grid supply can be passed through a power converter,
such that the frequency and current can be controlled for the rotor. This configuration is

shown in Figure 2-12 below.

Induction Machine

Power
Grid

Rotor

I

Converter

Figure 2-12: Doubly Fed Induction Generator

This generator configuration can allow for speed control by varying the rotor current and

frequency. The benefit of this is that the input mechanical power can be allowed to deviate

from synchronous speed, and a suitable output voltage and frequency can be produced.
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2.5.3 DC Generators

Direct current generators produce an emf similar to how a two pole salient generators
would. The DC machine uses brushes to switch the voltage polarity, which effectively
rectifies the generated emf. The summation of these rectified coil voltages results in an
approximately DC output voltage. The rotor field for these generators comes from five
potential sources. These sources include: a series field, shunt field, hybrid of series and
shunt fields, an independent field, and a field from a permanent magnet. The series/shunt

hybrid DC motor model can be seen in Figure 2-13 below.

. O
Series I
Field
R¢
V1
Shunt
Field
O

Figure 2-13: Hybrid Series/Shunt DC Motor

In this figure R, represents the armature resistance and Ry the field resistance. A DC motors
generated emf is proportional to the angular speed of the rotor as follows [26]:

E, =k, Ppw, (2.25)
Where, k, is the motor constant and w,,, is the angular speed of the rotor. The flux along
the direct axis @, can be defined as follows [22]:

®p =21 (2.26)
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The output electromechanical power is given by the following equation [26]:

Prech = Tmecn@Wm = Ealq (2.27)
Disadvantages of using DC motors include: the increased cost of production due to the
complex armature windings and the increased amount of maintenance due to the brushes

and commutator.
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Chapter 3: Underwater Power Cables

This chapter provides an overview of underwater power cables. Generalizations regarding
cable geometries, evaluation of the line parameters for various kinds of underwater cables,
steady state performance, line approximations, transients, and harmonic propagation will

be studied. The results will be contrasted with the results for overhead transmission lines.

3.1 Introduction

Underwater power cables have unique characteristics when contrasted to conventional
overhead transmission lines. These characteristics will be studied in great detail such that
the performance of underwater power cables can be determined. The models developed
will be used to study how a current onshore power system will be affected by the inclusion
of an offshore grid of generation. The performance of these cables is significant when

determining whether AC or DC power transmission is to be chosen.

3.2 Cable Components

Underwater power cables differ from overhead power cables in a number of ways.
Overhead power cables typically consist of just the core conductor or the core conductor in
combination with steel reinforcement. These cables are surrounded by air, which is a
natural insulation medium, thus additional insulation is not required around the conductor.
Underwater power cables are submerged in impure water, which is a conductor of
electricity. This necessitates that underwater cables have an electrical insulator that

surrounds the core conductor [27,28]. If this insulation were not there, the electric current
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would disperse within the body of water [27]. The insulations that are typically used for
underwater cables are sensitive to water. The water, over time, will destroy the insulation
thus destroying the cable [27]. To prevent this a sheath is added around the insulation.
This prevents water or water vapor from attacking the insulation and forming water trees
within it. Finally a protective PVC or semiconductor serving, armor, and final protective
outer serving are added to the cable [27,28,29]. The purpose of this is to prevent water
penetration and to protect the cable from external forces and external life destroying the
cables integrity. Further reasoning and design considerations for these additional cable

layers will be discussed in the proceeding sections.

3.2.1 Core conductor

The material chosen influences the ampacity of the cable, the diameter of the cable, the
cables weight, and cost of the material. The cables ampacity and diameter are related to
each other. Typically for a transmission line, the ampacity is determined and the conductor
diameter is causal to this. Due to material costs and their inherent resistivity, there are only
two common materials used for transmission line conductors, aluminum or copper [30].
The resistivity of aluminum is 2.82-1078 Qm and copper is 1.68-1078 Qm [27].
Assuming a specified cable ampacity it can be seen that the radius of the copper cable will
be less than that of aluminum. In fact, oy = 0.7727r4,. Copper is more expensive than
aluminum, however it would allow for the underwater cable to have a smaller diameter.
The density of copper is 8.96g/cm’ and aluminum 2.7g/cm’ at room temperature. This
implies that given a specified ampacity, given the adjusted surface area requirement, that

the copper conductor will weigh approximately twice that of the aluminum conductor. In
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fact, m¢cy = 1.977my,. This additional weight is desirable for increased seafloor stability,
preventing unwanted motion of the cable, however, it does make the laying of the cable

more cumbersome and expensive [27].

The skin effect describes the tendency for the current density to concentrate in an annulus
on the outer edge of a conductor as operating frequency increases. This uneven current
distribution corresponds to an equivalent decrease in conductor surface area, thus
increasing the resistance of the conductor. The skin depth for a conductor can be defined

as follows [29, 30, 31]:

1

6=— 3.1)

Where f'is the operating frequency, p is the permeability and o is the conductivity of the
conductor’s material. What this skin depth represents is the distance inward from the outer
conductor edge to when the wave is diminished by e (37%) of its original magnitude at
the outer edge. For a copper conductor operating at 60Hz, the skin depth is approximately
8.4mm. This effective increase in the cables resistance diminishes the efficiency and

ampacity of the cable [27, 29, 30].

The proximity effect is an attraction of an electrical current flow to one side or another in
a conductor [27, 30]. This occurs due to the electromagnetic attraction between multiple
conductors in close proximity to each other. Similar to the skin effect this causes the current
flow to concentrate on one side of the cable. This decreases the effective useable surface
area of the cable, thus increasing the cables resistance. To minimize this effect, the

placement of cables must be taken into consideration.
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The core conductor geometry typically takes one of the following forms: solid, stranded,

profiled, or segmental. These Types of conductors can be seen in Figure 3-1 below.
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Figure 3-1 (a) Solid Core (b) Stranded (c) Profiled (d) Segmental

e Solid core conductors are typically used with a cross sectional area of 400mm” or
less. This results in these conductor types being applied to lower voltage
applications since the requirement for large cross sectional areas are more common
in high voltage applications. These conductors are easy to manufacture, however,
the insulation has a tendency to slip on the smooth conductor surface. This can

cause issues when terminating or jointing the cables [27,31].

e Stranded conductors are most often used in underwater power cables. This form of
conductor can achieve a 92% filling factor. Itis also used when large cross sectional
areas are required. This conductor topology allows for a weakening of the
proximity effect if the strands are electrically isolated from one another. The skin

effect cannot be reduced. A drawback is that the resistivity of the conductor
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material is increased due to it being cold worked and the filling factor is lower than

other conductors [27,31].

Profiled conductors can achieve a 96% filling factor or larger. This type of
conductor can take almost any form. It also has a lower resistivity due to the
material not being cold worked. This type of conductor is used typically in large

HVDC underwater power cables [27,31].

Segmental conductors, also known as Milliken conductors, is a conductor topology
that allows for a decrease in the skin effect. This conductor is similar to the stranded
conductor except that it is sliced and each slice is insulated from each other. The

way that the wires are twisted allows for a cancellation of the skin effect [27,31].

There are many advantages and disadvantages to be considered when choosing which

conductor will be used for an underwater power cable. Determining the ampacity

requirements, material, and topology are factors that are associated with choosing a core

conductor.

3.2.2 Sea Water

The water surrounding the underwater power cables is typically salt water that is also used

as the return path, or ground, for the cable. Single wire earth return is the grounding system

of the cables inner layers, at several points along the length of the cable [29,31]. The single

wire earth return is a viable option for grounding due to the relative immensity of the body
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of water surrounding a cable. This makes the ground impedance of the water very small,
even though water is not a good conductor in comparison to conductive metals. This will

be discussed further in subsequent sections.

3.2.3 Insulation

The insulation is a layer that is used to separate the core conductor and the ground plane,
which is embodied as the surrounding seawater. This insulation can be thought of as a
means to maintain current flow through the core conductor and not the surrounding body
of water. There are various types of insulation that have been used or are currently still
being used for AC and/or DC power cables. These insulation mediums can be classified
into the following categories: extruded insulation, paper insulated oil filled, and paper mass
[27]. The various subclasses of these insulation mediums, their applications, and their

limits of applicability will be discussed below.

3.2.3.1 Extruded Insulation
There are three subclasses of extruded insulation. These subclasses consist of polyethylene

insulation, cross-linked polyethylene insulation, and ethylene propylene rubber insulation

[27].

e Polyethylene (PE) insulation comes in three varieties; low, medium, or high density.
These densities range from 0.9 to 0.97 g/cm®. This medium of insulation performs
better than paper insulation in that it has a lower dissipation factor and dielectric

losses. The operating temperature of these cables is rather low, 70°C for nominal
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operating temperature and 125°C for short circuit temperatures. Low-density PE

insulation has been successfully used for up to S00kV cables [27].

Cross-linked polyethylene (XLPE) insulation uses low-density polyethylene
insulation that has had its long molecular strands linked together. This cross-linking
provides the insulation with a higher operating temperature. This discovery of
XLPE insulation made the ordinary PE insulation obsolete. The nominal operating
temperature of XLPE cables is 90°C and a short circuit temperature of 250°C.
These cables are available, in land usage, for voltages up to 550kV. For underwater
applications, due to the flexible joints limits, voltage classes of 245-345kV can only
be attained. If the cable can be manufactured in a single length where no joint is
necessary then a higher voltage class can be used for the cable. Water trees are a
concern for XLPE insulation. Water and water vapor can penetrate the insulation
and degrade its dielectric strength. It is ideal to have the insulation protected from
humidity through design of the layers outside the insulation. These cables can be
produced in single and multi-core form. Up to 170kV for a three-core cable and
500kV for a single-core cable. Since flexible joints are not available for the
400/500kV range, it can be difficult to use these cables for long underwater paths.
These cables are not suitable for use with high voltage DC applications. This is due
to the insulations space charge phenomenon. These space charges would cause
peaks in the electric field that exists in the insulation medium, which is undesirable

and could cause insulation break down. There have however been special XLPE
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formulations developed that allow for use with high voltage DC applications and

can allow for up to a 320kV operating voltage [27].

e Ethylene propylene rubber (EPR) insulation is another form of extruded insulation.
It has a larger dielectric loss and permittivity than XLPE cables. This limits EPR
cables to be used in medium voltage underwater cables. EPR cables show better

performance to moisture than XLPE insulation [27].

Factors that affect the life of extruded insulation are the operating temperature, operating
voltage, and humidity. These effects can have significant impacts on the life of the
underwater cable. The life time can be cut in half by a 8-10% increase in operating voltage
or a 8-10°C temperature rise from nominal. The humidity causes degradation of the
insulations dielectric strength. It is ideal to have a water and water vapor barrier present

such that this water vapor does not intrude the cable [27].

3.2.3.2 Paper Insulated Qil Filled

Paper insulated oil filled insulation consists of a cable that is insulated with paper and then
impregnated with low-viscosity oil or synthetic cable fluids such as linear alkylbenzene
mixtures. The dielectric strength of this insulation depends on the pressure. Low pressure
allows for gases in the oil to bubble, which can cause an electric break down of the
insulation. The cables must be pressurized from an onshore unit. A return oil duct is
required for these cables. In single-core cables this duct is placed in the center of the core

conductor. In three-core cables this duct is placed in the middle of the cable. Typically
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this insulation medium is not used for lengths greater than 30-60km. Oil filled cables can
be used for voltages up to 800kV. These cables can allow a larger ampacity than XLPE
cables due to them being able to operate with a higher core conductor temperature. These

types of cables can be used for both AC and DC power transmission [27].

3.2.3.3 Paper Mass

Paper mass insulation is typically only used for high voltage DC or medium voltage AC
applications. They are most often used for high voltage DC underwater power cables. This
kind of insulation can be used up to 500kV DC. This kind of insulation can be used on
very long underwater transmission line lengths since they do not require onshore
pressurizing stations. Since these cables are used for DC power transmission, a higher

density paper can be used since there are no dielectric losses [27].

3.2.4 Sheath

The dielectric strength of the insulation must be maintained by preventing water from
attacking the insulation. Surrounding the insulation medium with a sheath can prevent
water penetration of the insulation [27]. Typically sheaths are made of lead, aluminum,
copper, or a polymer material [27]. For medium voltage cables, a water-absorbing layer
would only be required to keep water from getting to the insulation. Higher voltage
underwater cables typically have a sheath. The various materials used for the sheath will

be discussed below.
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Lead sheaths can be virtually impermeable for water and humidity penetration.
Lead is heavy and will make the cable heavier, thus increasing the stability of the
cable on the sea floor. Since lead is a soft metal, it is important to protect it against
external forces and fatigue. The softness of the metal also makes it hard to apply a

uniform lead sheath without tearing the metal [27,32].

Aluminum sheaths come in three forms, extruded, welded, or laminated. Welded
aluminum sheaths require that the weld seam be inspected for gaps in the welding.
In the event that there is a gap, water or water vapor can penetrate the sheath and
deteriorate the insulation. Extruded sheaths are no longer used for underwater
power cables due to corrosion problems. Laminated sheaths consist of a thin
aluminum foil wrapped around the cable with a polymeric layer outside it. Again
the seam created by this process can allow water or water vapor to penetrate the

sheath [27].

Copper sheaths are used because they are corrosion resistant and are capable of
handling short circuit currents given the sheath is sized properly. Copper is resilient
to fatigue and can be bent many times with no fatigue. Cables that are dynamically

moving in the water will typically have a copper sheath for this reason [27].

Polymeric sheaths can be used if no metallic sheath is present. These sheaths won’t
pass water through them, however water vapor can penetrate through them with

time. These sheaths are also used, for example, in the case when the aluminum foil
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sheath is used. These sheaths are also used as external cable layers or layers

separating metallic cable components [27].

Multi-core underwater power cables typically have one of the following sheath
configurations. A sheath surrounding each core, a sheath around the bundle, or a sheath
around each core and the bundle. The same materials as described above would be used as
the sheaths. Choice of the sheath depends on the voltage class, the dynamics of the cable,

and the short circuit current carrying capacity.

3.2.5 Armor

The underwater power cables require protection from external forces such as the tensions
in the cable while laying it, transporting it, external damage such as anchors or
falling/dragging objects, wildlife, and electromechanical forces [27]. In additionally to this,
the armor adds weight to the cable and increases the sea floor stability of the cable. The
armor lay length and laying patter can be determined from how long the transmission link
is and how much tension or torsion forces it is predicted to observe. Typically the armor
is constructed from strands of round wire. Multiple layers of armor and/or weaving the
layers in different directions can enhance the strength of the cable. Typically, either copper
or steel is used for the armor. When transmitting AC power, an issue that arises with using
steel armor is that it is a high permeability material, due to its iron content [29,31,33,34].
This means that there will be significant losses due to induction in this layer. Copper is a
low permeability metal and would incur fewer losses. This is true for a single-core

underwater cable, however for a three-core underwater cable it is not as significant. A
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three-core underwater power cable has significant cancellation of the magnetic field, the
summation of each of the phase currents equals zero [30]. This implies that fewer losses
will be observed in a steel armor surrounding a three-core underwater power cable. This
will be shown in a subsequent section where the magnetic fields of the various underwater
power cables will be quantified. Strength requirements, cost, and efficiency of the

transmission link are the deciding factors for which material is used as the armor.

3.2.6 Material Properties

The materials used in each of the cables various layers have unique electrical properties.
These properties are the conductivity, permittivity, and permeability. Table 3-1 and 3-2
below show the electrical properties of the commonly used core conductors, sheaths, armor,

insulation, and servings between metallic layers and outermost layer of the cable.

Table 3-1: Electrical Properties of Conductor Materials [27,34]

Copper  Aluminum Lead Sea Water Steel
o [S/m] 5.96¢7 3.5¢7 4.55e6 4.8 le7
ER 1 1 1 70 1
Ug 1 1 1 1 100
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Table 3-2: Electrical Properties of Insulation Materials [27,34]

XLPE EPR Rubber Paper Mass Oil Paper
o [S/m] le-14 le-14 le-14 3.54e-13 1.22e-13
ER 2.3-2.5 2.7-3 7 4 3.3-3.6
Ug 1 1 1 1 1

The values of permittivity and permeability are the relative coefficient values with respect
to the permittivity and permeability of free space, &, = 8.8542 - 1072 F/m and p, = 41 -
1077 H/m respectively. The conductivity is measured in (Q - m)~1. The values presented

in Tables 3-1 and 3-2 above are approximations for the electrical properties of the materials.

3.3 Grounding

How underwater power cables are grounded is of importance in defining what the line
parameters of the cable will be and how the fault currents/imbalanced currents will flow.
How the inner layers of the cables are grounded will define how the electric and magnetic
field is constrained or negated and how much additional losses, brought on by additional

return current flow, will be produced by the cable.

e The electric field produced by the core conductor of the cable is radial to the
conductor and bounded by the location of the ground plane surrounding the core
conductor. The capacitance of the cable depends on the electric field. How the

electric field is bounded will thus affect the capacitance of the cable.
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e The return currents flow through the neutral of a three-phase system. For an
underwater three-phase transmission line these currents will flow through the
ground path, which partially exists in the grounded cable layers, and partially in the
seawater. Thus under balanced three-phase operation, there should be no neutral
currents flowing. These neutral currents will only flow under the unbalanced
conditions or when faults occur. These return currents can cause a cancellation in

the magnetic field produced by the core conductor’s current flow.

For underwater power cables it is ideal to have all of the inner metallic layers as
equipotential surfaces. This implies that the metallic sheaths and armor, which surround
the insulation, are to have the same potential as the seawater surrounding the cable. This
can be done, practically, by using a single wire earth return system, where electrodes are
used to bond the inner cable layers to the seawater [35,36,37,38,39]. To ensure that the
inner layers are equipotential this bonding can occur at several points for a long underwater

cable stretch. This eliminates the necessity of having an additional cable as a return path.

3.4 Configurations

There are two main configuration types for both AC and DC power transmission. These
configurations are single-core and multi-core cables. These configurations are inherently
similar, consisting of the main components discussed in the previous sections. From
reviewing underwater power cable construction methods, a generic geometry can be
developed for each of the cables. There are several other layers that are associated with

underwater power cable construction that were not discussed in the previous sections.
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These layers include the following: water absorbing barriers, cable jacket, separation
layers, and string beddings [27]. For multi-core cables there are additional components,
there is filler for all of the free space as well as fiber optic cables or pilot wires [27]. From
knowledge of the electrical properties of these additional layers a generic geometric model
can be constructed for underwater power cables. Figure 3-2a below shows the general
geometric models for AC underwater power cables and Figure 3-2b shows the model for

DC underwater power cables.

SOOI Tl B L

Figure 3-2b: DC Underwater Power Cables Geometric Model
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There are several assumptions that have been made in developing this model. These

assumptions are as follows:

e Pilot wires are neglected.

e The fiber optic cable in multi-core cables is assumed similar, electrically, as the
filler.

e Multi-core cables have a metallic sheath around each core and potentially around
the bundle.

e The additional cable layers are lumped into a serving between the sheath and armor.

e Materials are homogenous.

e Armor wires are touching along the length of the cable, it will be modeled as an

annulus.

The geometric models for the cables include: core conductor(s), insulation, sheath around
each core and possibly around the bundle, an insulation layer, armor, and an outer serving
[29,31]. These geometric models will be used in analyzing the line parameters of these

cables.

3.4.1 Single-Core or Multi-Core Cable

There is a choice to be made of whether to use single-core cables or a multi-core cable.
There are many factors to be considered. The following are additional factors to be

considered in choosing a single-core or multi-core cable.
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Trenches will be required for each of the underwater power cables. The trenches
enhance the sea floor stability by confining where the cable can move. For single-
core cables, multiple trenches will have to be made while multi-core cables will

only require a single trench [27].

Heat dissipation is better for single-core cables than for multi-core cables. This is

due to the individual cores being separated [27].

Typically, three single-core cables costs less than a multi-core cable [27].

Single-core cables can be used in higher voltage ranges. Multi-core cables can
become quite large as the insulation thickness increases. This makes the cable less

flexible, heavy, and difficult to move [27].

There are laying difficulties associated with both types of cables. Both kinds of
cables can become heavy and inflexible, making them hard to handle. Multi-core
cables are typically heavier and less flexible than single-core cables. Thus it is

typically less strenuous to lay single-core cables [27].

Redundancy is an important factor to consider when designing an underwater
transmission link. The cables are expensive, however, should damage occur the
system could be crippled. It is reasonable to presume that should damage occur to

a multi-core cable that all the cables could be damaged or compromised. This
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would require the replacement of the whole cable. Single-core cables are less likely
to have more than one of the cables damaged at a time since they are spaced apart.

Thus it could be reasonable to have a redundant cable [27].

Cables experience electromechanical forces when there are electric currents
flowing in the conductors. These forces are proportional to the current flowing in
the cables. Under fault or transient conditions these forces can become of
significance. Single-core cables could whip or multi-core cables could cause

damage to insulation [27,34].

Multi-core cables transmitting AC power experience the proximity effect. This is
due to the close proximity of the core conductors. The magnetic fields produced by
each of the cores pushes the electric charges in each of the cores. This causes an

increase in the resistance of each phase [27,34].

Steel armor can be used for multi-core cables. Special steels or copper armor must
be used for single-core cables when transmitting AC power. Copper is more

expensive than steel [27].

The magnetic field outside the multi-core cable is much weaker than for single-core
cables. This is due to the close proximity of the phases in the multi-core cable. This

causes a significant cancellation of the magnetic field [27,29].

55



These are all important considerations to keep in mind when designing and analyzing which
transmission link should be used for an offshore power application. There is another aspect
which has not been discussed yet has been alluded to, the choice of AC or DC power
transmission. This will be discussed in a subsequent section when the cables have been

modeled and their performance evaluated.

3.5 Magnetic Field Effects

The magnetic field produced by the underwater power cables varies depending on if there
is AC or DC power transmission, how many core conductors are in the cable, proximity of
the cables to one another, and current flow through the conductors. This magnetic field

affects the cables losses, electromechanical forces between cables, and wildlife.

3.5.1 Effects on Wildlife

The presence of artificial, man-made, magnetic fields present in the ocean is increasing.
These artificial magnetic fields are superimposed onto the Earth’s magnetic field. These
added magnetic fields could influence spatial patterns in submarine life [40,41]. Some
variants of underwater life use the Earth’s magnetic field to navigate. These superimposed
magnetic fields from underwater power cables could cause confusion of spatial orientation
for underwater life [40,41]. The magnetic field from the Earth is static and has a flux of

60uT at the magnetic poles [40,41]. The flux at the equator is 30uT [40,41]. The worst-
case magnetic flux per ampere of current would be 072 uT/A for an underwater power cable.

Where r is the distance from the core conductor. To minimize the impact of the underwater

power cables for the underwater life it would be ideal to have the superimposed magnetic
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fields to be small in comparison with the Earth’s magnetic field. Ways to minimize the

magnetic field outside the underwater power cable could be as follows [27]:

e High permeability metal for the cables armor
¢ Bundling of the conductors

e Smaller current loading

e Burying the cables

e (able type

The static and time varying magnetic fields affect submarine life in different ways. Static
magnetic fields affect submarine life more significantly than time varying magnetic fields
[40,41]. A study of the wildlife at an offshore power installation site would have to be

conducted in order to determine the sensitivity of the local wildlife to magnetic fields.

3.5.2 Electromechanical Forces
There are mechanical forces that exist between electric current carrying wires [34]. A
current carrying conductor while in the presence of a magnetic field, which may be created
by another conductor, will experience a mechanical force on it. This mechanical force is
called the Lorentz force. For a current carrying conductor in the presence of a magnetic
field, the force on the conductor can be described as follows [34]:

F = I¥XB (3.2)
Where [ is the electrical current flow in the conductor, € is a vector whose magnitude is the

length of the conductor and whose direction is the same as the current flow, and B is the
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magnetic field in which the conductor is present. These mechanical forces can become
quite significant if the conductors are placed close together, are long, or have a large current
flow [34]. Larger current flows are observed during transient or fault conditions. This
could cause the conductors to whip or cause damage to the insulation in the case of multi-

core cables [31,34].

3.5.3 Magnetic Field Calculations

There are two methods of power transmission that are used, AC and DC. AC power
transmission results in a time harmonic magnetic field. DC power transmission results in
a static magnetic field. The magnetic fields for the various configurations of underwater
power cables, Figures 3-2a and 3-2b, will be modeled and analyzed. It will be assumed
that the system is operating in steady state and is balanced. The equation governing the

magnetic field produced by current flowing through a wire is given as follows [34]:

1
B = ;‘Tp (3.3)

Where B is the magnetic field or flux density, I is the current flowing through the wire, u
is the permeability of the space surrounding the wire, and p is the radial distance outside

the conductor.

3.5.3.1 Single-Core Magnetic Field for AC Transmission

For AC power transmission there are three conductors that are used to transmit the electrical
power. Superposition can be applied to find the resultant magnetic field in the presence of
these three conductors. For a balanced three-phase system, the following relation exists

between the phase currents [30]:
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The resultant magnetic field, using superposition can be determined to be as follows:

2n 21
_ Holll cos wt COS(wt+?) cos(wt—?)

T'™ 2n ,/(x+D)2+y2+ Jx2+y2 -I-\/(x—D)2+y2

(3.5)

Where an H configuration with spacing distance D has been assumed. The operating
frequency of the transmission line has been assumed to be 60Hz. The magnetic field that
is resultant at any point (x,y) is time varying. Figure 3-3a-f below show resultant
simulations for the magnetic field with an assumed magnitude of current to be 1A and a H
configuration spacing of 5Sm. The simulation was performed for six time points during one

cycle of steady state operation of the transmission line.
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Figure 3-3a: Magnetic Field [T] at t=0s

59



Vertical Position [m]

Vertical Position [m]

10

Magnetic Field Surrounding Single-Core Cables

10

-5 0 5
Horizontal Position [m]
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Figure 3-3d: Magnetic Field [T] at t=3/300s
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Figure 3-3e: Magnetic Field [T] at t=4/300s
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Figure 3-3f: Magnetic Field [T] at t=1/60s

These simulations show how the magnetic field will vary in space as time progresses. It
can be observed that there is a region of magnetic field cancellation that fluctuates with
time. Additionally, it can be seen that the magnetic field within less that one meters
distance from the conductor has the strongest magnetic field. The magnetic field is
approximately less than 1uT in this region. This will increase linearly as the magnitude of
the balanced phase currents increases. There is no significant cancellation of the magnetic

fields for this phase configuration.
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3.5.3.2 Three-Core Magnetic Field for AC Transmission
This medium of AC power transmission utilizes a single three-core cable. If the radius of
each core of the cable is defined as r, then the following equation can be developed to

represent the magnetic field for a three-core cable:

2T 27
_ ol cos wt cos(wt+?) cos(wt—?)

== +
S (T N =t o A ey

The operating frequency of the transmission line has been assumed to be 60Hz. The

(3.6)

magnetic field that is resultant at any point (x,y) is time varying. Figure 3-4a-f below show
resultant simulations for the magnetic field with an assumed magnitude of current to be 1A.
The simulation was performed for six time points during one cycle of steady state operation

of the transmission line.
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Figure 3-4a: Magnetic Field [T] at t=0s
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These simulations show how the magnetic field will vary in space as time progresses.

Further analysis of the equation describing the magnetic field shows that the magnitude of

the magnetic field decays approximately proportional to p_12 outside of the cable. This can

be justified by observing that the conductors are close together and the sum of the phase

currents is zero. This causes a cancellation of the magnetic field. This result will be

discussed further in a later section.

3.5.3.3 Single-Core Magnetic Field for DC Transmission

For DC power transmission there are two cables that are used to transmit the electric power.

For a DC current flow, the magnetic field produced is static and not time varying. Again,
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superposition of the magnetic fields can be applied to find the total field in the vicinity of
the cables. For two single-core DC cables, the following relation exists for the currents in
the cables [30]:

I,=—-1_=1 (3.7)
This relationship shows that the sending current is equal to the negative of the return
current. The resultant magnetic field, assuming a cable separation, 2D, can be found to be

as follows:

_ ol 1 B 1
BT - 21T \/(x+D)2+yZ x/(x—D)Z+y2] (3.8)

The magnetic field that is resultant at any point (x,y) is time invariant. Figure 3-5 below
shows the resultant simulation for the magnetic field with an assumed magnitude of current

to be 1A, a cable spacing of 5m, and operating in steady state.
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Figure 3-5: Magnetic Field [T] for DC Cables
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These simulations show how the magnetic field will vary in space. It can be observed that

there is a region of magnetic field cancellation at the midpoint between the conductors.

3.5.3.4 Two-Core Magnetic Field for DC Transmission

This medium of DC power transmission utilizes a single two-core cable. The equation for
the magnetic field is a special case of the previous where two single-core cables were used.
In this case the spacing between conductors is r, which is the radius of each core within the

cable. The equation for the magnetic field will be as follows:

__ Holll 1 _ 1
BT - 27T \/(x+r)2+y2 \/(x_r)z_l_yz:l (3.9)

The magnetic field that is resultant at any point (x,y) is time invariant. Figure 3-6 below
shows the resultant simulation for the magnetic field with an assumed magnitude of current

to be 1A, a core spacing of 0.2m, and operating in steady state.
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Figure 3-6: Magnetic Field [T] for DC Multi-Core Cable
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These simulations show how the magnetic field will vary in space. These results are similar
as for the previous case. In this case the conductors are much closer together. This allows

for a more significant magnetic field cancellation far outside the cable.

3.6 The Wave Equation

Maxwell’s equations for a linear, isotropic, homogenous, lossy dielectric, and charge free

space are as follows [34]:

VE, =0 (3.10)

VH, =0 (3.11)
VXEs; = —jwuHg (3.12)
VXH; = 0 + jwe (3.13)

For a cylindrical coordinate system, the divergence and curl of a vector, A = Ap@ +

Apay + A,ay, can be described as follows [34]:

ll)aa‘:p( p) aA¢ + (314)
_ 104, 6A¢ N ai_aAz N lla(pAdJ)_aié
vxd = [P a9 0z ] ap + [ azp 6p:| 29 + » [p ap_ a¢p] a, (315)

These are the definitions of the divergence and curl of a vector respectively. From these
definitions, Maxwell’s equations for a cylindrical coordinate system can be found to be as

follows [34,42]:

oH; OHy _
50 9z = (0 + jwe)E, (3.16)
OH, 9H, _ .
oz op (o +](1)€)E¢ (3.17)
1[d(pHy) OH :
;[ 6p¢ - aqbp] = (0 +jwe)k; (3.18)
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0E, 6E¢, _

vop oz — (JowH, (3.19)
dE, OE, .
5= 5, = (TjwmHy (3.20)

1[0y _ 25y _ .
p[ %5 a¢] = (—jwe)H, (3.21)

For straight conductors, it is known that the magnetic field is circular and electric field is

radial. This allows all partial derivatives with respect to ¢ be set to zero. This set of

equations thus reduces to the following [42]:

_ "’% = (0 + jwe)E, (3.22)
% — 2—% = (0 + jwe)Ey (3.23)
%[a(,;_?)] = (0 + jwe)E, (3.24)

_ "’aij = (—jop)H, (3.25)

T -2 = (—jom)Hy (326)
L) oo oo

These equations can be split into two special cases, when the magnetic field is circular, and
when the electric field is circular. The equations for each case are summarized in Table 3-

3 below.
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Table 3-3: Maxwell’s Equations

Circular Magnetic Field

Circular Electric Field

OH oH, 0H,
_9y _ . g, _ 0 E
37 (0 +jwe)E, e p (0 + jwe)Ey
1 0(pH¢)l oE
—|—%—| = (0 +jwe)E, —— — (—jowH
Pl ap (0 +jwe) 5, = (CJ@wH,
dE, OE, 1[0(pEy)
_—r _ = (—ij 1222220 = (—iwe)H.

Taking the case when the magnetic field is circular, the equations can be substituted
together to yield the following equation, which describes the magnetic field surrounding a

conductor [42,43].

i la(qu;) 62H¢_ 2
- [p - ]+ 2 = y2H, (3.28)

Where y? = (cwpj — w?eu). The general solution to this can be obtained by using the

separation of variables. Assuming that Hy = R(p) - Z(z) and substituting this into the

above equation gives the following equation:

0Z(z)
0z2

20 L +22() 52 ~ L 2()R(p) + R(p) Y2R(p)Z(2) =0 (3.29)

ap? p

Dividing this equation by R(p) - Z(z) gives the following equation:

1 9%R(p) ., 1 1 0R(p) 1 1 9%Z(2) P
- - — =0 3.30
R(p) 0p? pR(p) dp p?  Z(z) 022 ( )
This can then be separated into the following two equations:
1 9%Z2(2) _ o
7@ o - r (3.31)
2
1 9°R(p) , 1 1 9R(p) iz — yz —T2 (3.32)

R(p) 0p? pR(p) dp p
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Where the variable I'2 has been chosen such that a general solution can be formed. The
solution to equation (3.31) is as follows:

Z(z) = Ae'? + Be™ 17 (3.33)
This is the equation governing the wave propagation along the length of the transmission
line. The coefficient I' is known as the propagation constant along the length of the
transmission line. The solution to equation (3.32) is in the form of Bessel functions [42].

The solution is as follows:
R(p) = C - L(pJy?=T2) + D - Ky(pyfy2 — T2) (3.34)
For this equation it should be observed that y is referring to the propagation constant radial

to the transmission line. For a conductor operating at low frequency, the displacement

current is negligible. The propagation constants thus become the following:

['=(14))rnfuo (3.35)
Y = Jjouw (3.36)

Applying the boundary condition that Hg goes to zero as the length of the transmission line

approaches infinity, results in a simplified version of equation (3.33). This boundary
condition necessitates that the coefficient A equal zero. This results in the following
equation representing the wave propagation over the length of the transmission line:

Z = Be™ % (3.37)
The resultant equation representing Hgy is the product of equations (3.34) and (3.37) as

follows:
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The coefficients 4 and B are combined constants. Applying Maxwell’s equations (3.22)
and (3.24) the following equations for the radial electric field and longitudinal electric field

can be determined to be as follows:

= a;(use—rz {a-L(pyZ=T7) + B-Ky(py2—T2)} (3.39)
= Hiwse—” {4 10(p\y=T7) = B - Ky p\y2 = T2) (3.40)

Equations (3.39) and (3.40) were evaluated using two identities of Bessel functions. These

1dentities are as follows [42,44]:
d
— (x™I,) = x™1,,_4 (3.41)
d
a(x" ) = —x"K,_; (3.42)

Equations (3.38) through (3.40) represent the general solutions for the magnetic and electric

fields that exist along a cylindrical conductor transmission line.

3.6.1 Surface Impedances

From the equations describing the magnetic and electric fields that exist for a cylindrical
transmission line, surface impedances can be defined for various configurations of
cylindrical conductor. There are three cases that will be examined; a solid conductor, an

infinite conductor, and hollow cylindrical shells.

3.6.1.1 Solid Conductor

For a solid conductor with radius b, the impedance can be obtained from the longitudinal

electric field. There are two boundary conditions to be observed for the solid core
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transmission line. These boundary conditions are that if p = 0, the magnetic field is finite

and if p = b the magnetic field is defined as follows:
Hy =— (3.43)

From equation (3.38), applying the first boundary condition results in the necessity of the
constant B to be zero. Applying the second boundary condition results in the following

equation defining the constant A4.

A=t = (3.44)
~ 2mb 1y (bfy2-T?) '

Substituting this into equation (3.40) results in the following equation for the longitudinal

electric field [42,45]:

e (o)

E, = IZrcb((r+jwe) 11(b /yZ_rz)

(3.45)

From this equation, the impedance of the solid core conductor can be found as the ratio of
the longitudinal electric field to the current. Thus, the following equation represents the

impedance of a solid core conductor per unit length.

7 _ r Io(b\/VZ—FZ)
solid core — 21b (o +jwe) 11(b [—yz_rz)

(3.46)

3.6.1.2 Infinite Conductor

For a hollow infinite conductor with inner radius, @, and infinite outer radius, the impedance
can be found from the longitudinal electric field. There are two boundary conditions for
the infinite conductor. These boundary conditions are that if p = oo the magnetic field is

zero and at p = a the magnetic field is defined as follows:

Hy = — (3.47)
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The first boundary condition implies that in equation (3.38) the constant coefficient 4 is
zero. Applying the second boundary condition allows for the constant coefficient B to be

determined as follows:

I el"z
B = %m (348)

Substituting this into equation (3.40) results in the following equation for the longitudinal

electric field [42,45]:

E =] T Ko(aw/yz—r‘z)
z = 2na(c+jwe) Kl(a,/yZ_FZ)

(3.49)

From this equation, the impedance of the infinite hollow conductor can be found as the
ratio of the longitudinal electric field to the current. Thus, the following equation represents

the impedance of an infinite hollow conductor per unit length.

7. .= r KO(a‘/m)
inf = Jna(o+jwe) K1(a\/m)

(3.50)

It can also be noted that the permeability of water is similar to that of air. If the cables are
operating under balanced three phase conditions, there will be no neutral current flow. In
the case of single-wire earth return, there will be no current flow in the water surrounding
the cables. This implies that a similar approximation of the impedance as for the overhead
conductors can be made. If the underwater cables are placed close to each other, the
following can be used to approximate the impedance of the body of water surrounding the

cables while including the mutual effects between the other cables [45].
. GMD
Zing = joo 2= In (22) (3.51)
Where GMD is the geometric mean distance between the cables [30], assuming the

transmission line has been transposed.
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3.6.1.3 Hollow Cylindrical Shells

This methodology for finding the impedance of conductors can be extended to the case of
a hollow cylindrical shell. This hollow cylindrical shell will be defined as having an inner
radius, a, and outer radius, b. It will be assumed for generality that the current enclosed by
the inner surface is —I, and the current enclosed by the outer surface is I;,. This allows for
the determination of the boundary conditions at the inner and outer conductor surface.
Equation (3.38) can be written as the following equations, accounting for both of the

boundary conditions [42,45].

—& = ¢4 [,(aT) + B - K, (aT))} (3.52)
2% =e "2{A-I,(bT) + B - K, (bT)} (3.53)

Where, T = /y? — I'? for simplicity. From equations (3.52) and (3.53), the following can

be used to evaluate constant coefficients 4 and B.

_1|=la T
[4] = L(@T) K@D " |za® G3.54)
B 11 (bT) Kl (bT) I_b eFZ :
21hb
Ja ,r I r
[A] _ 1 e ZK,(bT) + P “K,(aT) (3.55)
B K1(@aT)I;(bT)-I;(aT)K,(bT) | _ la_ lel(bT)— Ip lel(aT)

e —e
2ma 2mb
Substituting these values for A and B into equation (3.40) for the longitudinal electric field,

the following equations can be obtained for the inner and outer surface [42,45].

z o+jwe LI1(Tb)K,(Ta)—11(Ta)K,(Tb) 2ra  1;(Th)K1(Ta)—I1,(Ta)K,(Th) 21tb )
z o+jwe LI;(Tb)K1(Ta)—1;(Ta)K1(Thb) 2ra  1,(Tb)K,(Ta)—I11(Ta)K,(Tb) 2mb )

Applying the following Bessel function identity [44]:
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o (X)K () + Ko () () = - (3.58)

Equations (3.55) and (3.56) then reduce to the following:

EZ (a) - o+jwe [Il(Tb)Kl(Ta)—ll(Ta)Kl(Tb) 2ra  11(Tb)K1(Ta)-11(Ta)K,(Th) 2rbaT (3'59)
__T 1 Iq Ip(yb)K1(ya)+Ko(yb)11(ya) I_b]
EZ (b) - o+jwe [Il(Tb)Kl(Ta)—Il(Ta)Kl(Tb) 2mabT + I:(Tb)K,(Ta)—11(Ta)K,(Tb) 2mb (3'60)

From these equations it can be seen that they take the following general form [45]:
E,(a) = Z1, + Z 1, (3.61)
E,(b)=Z,1,+ Z.1, (3.62)
Where the impedances are defined as follows [42,43,45,46]:

r Io(Ta)KI(Tb)‘}‘Ko(Ta)Il(Tb)

i = 2na(o+jwe) I;(Th)K,(Ta)—I11(Ta)K,(Th) (363)
r
Zm - 2rmabT(o+jwe)[I1(Th)K,(Ta)—11(Ta)K,1(Tb)] (364)

e = 2mb(0+jwe) 1 (Th)K41(Ta)—I1 (Ta)K,(Th)
These equations define the internal, mutual, and external impedances of a hollow

cylindrical shell respectively.

3.6.2 Coaxial Inductance
The external inductance is the inductance of an insulation medium between two coaxial
pairs. If the inner conductor has radius, a, and outer coaxial return has radius b, where b >

a, then the inductance of the insulation medium can be calculated as follows [34,42]:
b
L, = % J, Hpdp (3.66)
Where Hy = —— in the gap between the coaxial pairs. The inductance, knowing this
¢ 2mp

magnetic field, can then be calculated to be as follows [34,42]:
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b

L=2m(2) (3.67)

2T a

This allows the determination of the inductance of the layer between coaxial pairs. The
total impedance of a coaxial pair can be evaluated as the sum of the impedance of the solid
core, insulation inductance, and internal impedance of the outer coaxial layer [42,45].

Z = Zsotid core T jWLe + Zj outer (3.68)
This property can be applied to multiple coaxial pairs if the term Z; 5,4, can be evaluated

for the multiple cable layers.

3.7 Line Parameters of a Single-Core AC Cable

To find the total impedance of a single-core AC power cable, the cable can be separated
into a series of coaxial layers. This approximate geometry of the single-core power cable
can be observed in Figure 3-2. Applying the surface impedance techniques discussed
previously an equivalent impedance can be obtained for the cable and its layers. Computing
these layers as a equivalent impedance can be performed using the method of composition

of impedances.

3.7.1 Composition of Impedances for Three Hollow Cylindrical Shells

To observe how the composition of impedances can be applied to form a equivalent
impedance, a case study will be performed, where there are two conductors C; and C,
separated by an insulator Cy. Figure 3-7 below shows the geometry that will be assumed

for this study.
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Figure 3-7: Cross Sectional View of the Three Layers

From Figure 3-7, the following statements concerning the electric currents and electric field

intensities can be made at the various surfaces [45]:

Ei =Ey
Ee = Ep
Eey = Ejo
Eeo = Eiy
Eio — Eeo = j 222 In (%) (3.69)
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Iy =1Ij
Io = I
Lig = iz = —le1 = =l
These are the conditions that are applied at the boundaries between the cylindrical shells.
Writing the set of equations (3.61) and (3.62) for each of the layers, the following

equivalence can be created for the three hollow cylindrical shells [45]:

— T o Zma® Zm1Zm2
Eq =1y [le ij+Zel+Zi2] tle; [ij+Zel+Zi2] (3.70)
— 7 [ ZmeZm1 __ Zme®
Eer = Iy [ij+Zel+Zi2] t e [Zez ij+Zel+Zi2] (3.71)
— H 5 (Peo
L=Lm (Dio) (3.72)

These equations show how the three layers have been formed into a single equivalent layer.
The internal, external, and mutual surface impedances for this equivalent conductor is
composed of the internal, external, and mutual surface impedances of the cylindrical shells

and the inductance of the insulation medium.

3.7.2 Composition of Impedances for a Single-Core Cable
This can be extended to the case of a single-core underwater power cable. In the case of a
single-core cable, using the geometry assumed in Figure 3-2, the cross sectional view of

this cable can be observed to be as in Figure 3-8 below.
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Figure 3-8: Cross Sectional View of a Single-Core Underwater Power Cable

The first layer C; is the core conductor, Cy is the insulation medium, C; is the sheath, Co,
is an insulation medium between the sheath and armor, Cs is the armor, Cy; is the outer
serving of the cable, and C, is the sea water. Equation (3.68) can be applied to find the
total impedance of the cable. In this case the internal impedance is the impedance of the
core conductor C;, the inductance term is the insulation layer Cy, and the external
impedance is the internal impedance of the equivalent set of conductive layers. The

boundary conditions, similar to those in equation set (3.69) can be determined for this case.
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Eijy — Eeo = jwLy
Eio1 — Eeo1 = jwLoy

Eioz = Eeoz = jwLg;

Ee; = Eyo
Eeo = Eiz
Ee; = Eio1 (3.73)
Eeo1 = E3
Ees = Eio2
Eeoz = Eiy
Lig = Iip = —lgg = —l¢gq
Loy = I3 = —leo1 = —I¢
Liog = lig = —leop = —I¢3

Applying all of these equations, the following relationship can be determined for the total

impedance of the single-core cable [29,31]:

2
Z=Zoy +joly+Zp - —— " — (3.74)
ZeZ+JwL01+(Ze3+wa02+Zi4)

Where in this case Z,; and Z;, are the special cases discussed previously for the solid core
conductor, equation (3.46), and the infinite conductor, equation (3.50) or equation (3.51).
Equation (3.74) can be used to find the inductance, and resistance of the underwater power

cable per unit length.
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3.7.3 Resistance and Inductance of Three Phase Single-Core AC Cables

The resistance per meter can be found from the real component of equation (3.74). The
inductance per meter of the cable can be found from the imaginary part of equation (3.74)
above. This resistance and inductance is for a single cable. There needs to be a term added
which accounts for the mutual inductance between the cables. This term can be included
into the internal impedance of the sea surrounding the cable. If each of the cables is
separated by distance d, or on average are separated by distance d, the following equation

can represent the equivalent internal impedance of the seawater [45].

r Ko(a\/}rl"z)—Ko(d yz—Fz)

ia = 2ma(o+jwe) K1(a /yz_pz)

(3.75)

This is taking advantage of the knowledge that the cables are separated by 120 electrical

degrees.

3.7.4 Capacitance and Conductance of Three Phase Single-Core AC Cables

The capacitance of an underwater power cable can be found from analysis of a coaxial
cable. As mentioned previously, the inner layers of the cable are grounded. This causes
the ground plane to exist just outside the insulation layer of the cable. For an imperfect
coaxial cable, with conductor radius D.; and radius to the outside of the insulation D, as
per Figure 3-8, the admittance can be formulated from equations (3.38) and (3.39) as

follows [42]:

E =e 12 {A . Il(p Y2 — Fz) +B- Kl(p vz — Fz)} (3.76)
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This represents the magnetic field between the core conductor and ground plane.
Substituting the right hand side of this equation into equation (3.39) for the radial electric

field results in the following equation for the radial electric field [42].

r
Ey=1——r (3.77)

2np(o+jwe)
The potential between the inner conductor and the ground outside of the insulation can be

found as follows:

V=[lr—I 4 (3.78)

De1 " 2mp(o+jwe) P
The solution to equation (3.78) is as follows:

ln(g—‘;;’)

2o+ G-
From this the admittance can be found to be as follows [42]:
y = Zotie) (3.80)
ln(D—ﬂ)

This can be split into its real and imaginary components, where the real component is the
conductance of the insulation medium and the imaginary component is the capacitance

between the conductor and ground plane.

21O
G = ) (3.81)
2TE
C =—7p, (3.82)
ln(g—e(l))

These equations (3.81) and (3.82) allow the determination of the conductance and
capacitance per meter of the cable. These equations apply for all single-core underwater

power cable since the internal cable layers are grounded.
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3.8 Line Parameters of a Three-Core Cable

The impedance of a three-core cable can be found through numerical analysis. The
expression representing the magnetic field surrounding a three-core cable is dependent on
all three of the spatial dimensions. Approximations of the line parameters can be made

based on observing the layer grounding and magnetic field cancellations.

3.8.1 Magnetic Field Analysis

The magnetic field produced by a three-core cable was shown previously in equation (3.6).
Figure 3-9 below is a figure representing the geometry of the three-core cable that was used

in the development of that equation.

Figure 3-9: Three-Core Cable Geometry
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Equation (3.6) for the magnetic field can be simplified further to the following form:

B = % [K(R, ) cos wt + I(R, ¢) sin wt] (3.83)
Where,
1 1 1
K(R,(p):g_E_Z_Pc (384)
IR, ¢) =2 (pi _ i) (3.85)
Where,
2
P = \[(R cos¢p + 1) + (R sin ¢ — %) (3.86)
pp = \[(R cos¢p —1r)? + (R sin¢ — %)2 (3.87)
p, = \[(R cos )2 + (Rsin ¢ + %)2 (3.88)

Where the parameter, 7, is defined as the radius of each core in the cable as shown in Figure
3-9. It can be noted that at any fixed position, the magnetic field is time harmonic. The
magnetic field at each angular position around the cable behaves like a standing wave. An
example of this can be observed in Figure 3-10 below. Where the angle ¢ represents the

angular position around the cable.
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Figure 3-10: Magnetic Field Surrounding a Three-Core Cable

In Figure 3-10, it was assumed that the radius of the cable was 0.2155m and that the
magnetic field was observed 0.5m from the cable center. The x-axis of this plot is the
angular position surrounding the cable while the y-axis is the magnetic field. Each of the
plots corresponds to a point in time between 0 and 1/60s, incremented by 1/2400s. The
amplitude at each angular position is like a standing wave. The amplitude of the standing
wave can be determined and averaged around the circumference of the cable. The decay
of this average amplitude as distance away from the cable increases can be determined and
the parameters of the regression found to be a function of the radius of each core in the
cable. Figure 3-11 below shows how the decay of the average standing wave amplitude

varies from that of a single-core cable.
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Figure 3-11: Three-Core Cable Magnetic Field Decay

The approximate equation that can subsequently be used to approximate the average

magnetic field surrounding the cable:

= tolll @
B==—= sin(wt + 0) (3.89)

Where a regression can be performed to find the coefficients a and y. This regression will

involve the conductor/insulation core radius, 7.

a = 1.9535r — 0.0216 (3.90)
y = 0.3194r + 2.0059 (3.91)
The regression models were developed for distances greater than R = r (1 + %) from the

bundle. This corresponds to outside the outermost layer of the cable.
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3.8.2 Impedance of a Three-Core Cable

The most significant impact on the impedance for a three-core cable would be due to the
proximity effect. In multi-core cables, the conductors are inherently in close proximity to
each other. This proximity will cause a distortion to the current density of each conductor.
The three-core cable impedance can be modeled as a superposition of impedances, the skin
effect, the proximity effect, and the mutual inductance added together [47,48,49]. The
effects of the magnetic field on the current density are used to model the proximity effect.
For a cable, the following equations can be used to determine the impedance of a cable
[47,49]:

VZA =y (3.92)

] = jwodA (3.93)
Substituting these equations together in the cylindrical coordinate system results in the
following equation [47,49]:

0%°A 104 190%4 .
Y ;% + ;ﬁ — jwouA =0 (3.94)

The solution to this equation is the following [47,49]:
Alp, 0) = Zi-olAnln(p\[jwow) + BuKn(py/jwon)] cos nd (3.95)
Where the coefficients 4, and B, can be found from the boundary conditions of the given
problem. When equation (3.95) is evaluated to find the current density in equation (3.93),
the longitudinal electric field can be evaluated by the following equation [47,49]:
E, =pJ(p,0) (3.96)
The impedance can then be found to have the following general form [47,48,49]:

Z = Zskin t joLmytya + Zproximity (3.97)
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The equations for Z;, and Ly,mq are given by equation (3.46) and (3.51) respectively. The
additional coefficient for the proximity effect will be evaluated. For a three-core cable as
depicted in Figure 3-9 above, with a conductor radius of 7. and conductor separation of s,
where s = 2r from Figure 3-9, the following approximation of the proximity effect can be

evaluated [48]:

Where the following approximations can be made for the M, terms [48],

=1 1e\? Lolrojona)  (re\* 30 oVione) (e 4<lz(ffc\/m)>2>
o= (1 () s () T () (s (3.99)

_ -1 T Zfz(fm/fwm)>
M, = m(l +(%) PP (3.100)
=L 3.101
37 ans ( : )

These equations will allow for the approximation of the three-core cables impedance per

unit length.

3.8.3 Admittance of a Three-Core Cable

The capacitance of a three-core underwater cable can be evaluated based on what layers of
the cable are grounded. If each individual core in the cable has a grounded sheath or if the
group of cores have a single grounded sheath. The former method of grounding has an
equation for the capacitance that takes on a form similar to equation (3.82). Using the

notation used in Figure 3-9, the capacitance can be found to be as follows [29,30,31,34]:

C= (3.102)
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If the group of conductors has a grounded sheath, the capacitance can be evaluated using

the method of images. Figure 3-12 below shows the method of images geometrical problem

set up.

Rconp / |
< + 1

Figure 3-12: Method of Images For a Three-Core Cable

From this problem, superposition will be applied to evaluate the equivalent capacitance of
each conductor to the grounded sheath. The following equations must be true to have an
equipotential surface for the conductor and the outer sheath [34,51]:

(3.103)

— 2
"2 = Teond

(r; + Ar)(r, + Ar) = R? (3.104)
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These equations originate from studying a line charge surrounded by a single cylindrical
conductor. Since both of these equations must be true, they can be substituted together

[51]:

(RZ —Teond® _Arz)"‘/_\/(RZ ~Tcond?—Ar2)2—47op g% Ar?
2Ar

"=

(3.105)

2r

=, and r = 7,paq + Tinsut- From this, the voltage difference

Where R = r(l +%),Ar =

between points a and b in Figure 3-10 can be evaluated. This potential difference is [51]:

AV =V, —V, = 2meq - In (T“’"d (1+ ﬁ—r)> (3.106)
1

R
From this, the capacitance between the sheath and the conductor can be evaluated. The

total capacitance is equal to the following:

1
2r T
ln( ) ln( cond )
Tcond r1(2+v3)

The first term to the right of the equal sign is due to the presence of other conductors while

+ (3.107)

C=2ns[

the second term is due to the capacitance from the conductor to sheath.

3.9 Line Parameters of a Single-Core DC Cable

Single-core DC power cables have much simpler expressions representing the line
parameters. There is no alternating magnetic field thus there are no induced currents in the
cables layers or any mutual coupling with other cables. This greatly simplifies the

evaluation of the line parameters.
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3.9.1 Impedance of Single-Core DC Cable

The resistance of a DC cable can be evaluated by the following equation [30,34]:
R = — (3.108)

Here, o is the conductivity of the conductor, € is the length, and A is the cross sectional
area. Table 3-1 above presents the room temperature values of conductivity of several
conductor materials. The inductance does not play a roll in the steady state operation of a
DC transmission line. The inductance comes into effect during the various transient states
that the transmission line may endure. To model the transient states, the resistance and
inductance of a DC transmission line can be evaluated identically as the methods for AC

transmission lines.

3.9.2 Admittance of Single-Core DC Cable
The capacitance of a DC cable can be found in identically the same way as for single core
AC cables. Similarly to inductance, the capacitance evaluated to perform transient analysis.

The steady state analysis of a DC transmission line does not involve the capacitance.

3.10 Impedance and Admittance of a Two-Core Cable

The impedance and admittance of a two-core DC cable can be found the same way as for
the single-core DC cable case in the steady state. The differences being that the conductors
are closer together. To evaluate the impedance and admittance such that transient effects

can be evaluated will require the AC analysis of the cable.
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3.10.1 Impedance of a Two-Core Cable
In the steady state, the resistance is the same as for a single-core DC cable and the
inductance has no role. For transient analysis the resistance and inductance can be

evaluated in a similar manner as for three-core cables.

3.10.2 Admittance of a Two-Core Cable
In the steady state, the capacitance has no roll in the performance of the transmission line.
To evaluate the capacitance to model transient effects, the models developed for a three-

core cable could be applied to this cable.

3.11 Table of impedances

The following tables represent four underwater power cables and their associated line
parameters for each of the four potential cable configurations. Additionally there will be a
table representing an equivalent set of overhead conductors. Table 3-4 below represents
the geometry of a select underwater power cable. Table’s 3-5a-d represent the four

different cable configurations and the equivalent overhead conductors line parameters.
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Table 3-4: Geometry of Cable [28]

Cable
Conductor Copper, 23.2mm diameter
Insulation XLPE, 13mm thickness
Sheath Lead, 1.5mm thickness
Armor Steel, Smm thickness
Grounding Single wire Earth return with bonded sheath

Table 3-5a: Single-Core AC Cables

Cable
R [m€/km] 66.12
L [mH/km] 1.646
C [nF/km] 0.203

Table 3-5b: Three-Core AC Cables

Cable
R [m€/km] 73.52
L [mH/km] 1.426
C [nF/km] 0.3085
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Table 3-5¢: Single-Core DC Cables

Cable

R [mQ/km] 66.12 (AC), 39.7 (DC)
L [mH/km] 1.646

C [nF/km] 0.203

Table 3-5d: Overhead Cables

Cable
R [m€/km] 42.51
L [mH/km] 0.936
C [nF/km] 0.01256

3.12 Steady State Performance

The steady state analysis of the transmission line allows the determination of how the
generated power is affected during transmission. Distributed component analysis is
performed for a transmission line. Lumped component analysis proves inaccurate in the
modeling of transmission lines [30,52]. This distributed component analysis results in the

determination of two-port network theory for the transmission line.
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3.12.1 Distributed Component Two-Port Network Theory
A distributed component model is used for the analysis of a transmission line; Figure 3-13

below can be used to represent an incremental length of a transmission line [30].

I+AI RAx LAx I
—> —
o MMN—Tn o
V+AV CAx — § GAX A\
o)
L J
< Ax 2

Figure 3-13: Incremental Length of Transmission Line

For this incremental length of transmission line, it is assumed that the receiving end voltage

and current, V' and [ respectively, vary by AV and Al at the sending end. The line

parameters, R, L, C, and G are in per unit length form. The term Ax refers to the incremental

length of transmission line. From this incremental transmission line model, the following
equations represent the voltage and current relationships [30]:

[V+AV] —[I + AIl[R + jwL]Ax =V (3.109)

[+ AIl —VI[G+ jwC]Ax =1 (3.110)

These equations can alternatively be written as follows [30]:

i—i: [I + AII[R + jwL] (3.111)

= =V[G + joC] (3.112)

Taking the limit of this as Ax approaches zero results in the following equations [30]:
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dv .
= =IR +jwl]

ar .
— = V[G + jwC]

(3.113)

(3.114)

The term Al disappears since the limit was taken. These two equations represent mixed

differential equations, solving for equations in terms of J” and / alone result in the following

[30]:
a2V _ 2
dx? 4
d_zl — [‘2]
dx?
Where,

I'? =[R+jwL][G + jwC]

The solution to these differential equations has the following form [30]:

V(x) = Cie'™ + Cre ™

1) = - [Cre™ = Cye™™]

R+jwL
ZO = ]
G+jwC

Where,

(3.115)

(3.116)

(3.117)

(3.118)

(3.119)

(3.120)

The constants C; and C; in the above equations can be found from knowing the voltage and

current at the sending end of the transmission line. These constants can be determined to

be as follows [30]:

, = LRIO)
_ V(©)-21(0)

C, 2

(3.121)

(3.122)
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Substituting these constants into the voltage and current equations results in the following
equations describing the output voltage and current of the transmission line in terms of the

inputs [30].

el"z_e—l"z

V(x) = V(0) " 1100

Zy (3.123)

elZte—
2 2

el"z_e—l"z el"z+e—l"z

2

I(x) = V(0) z_10+ 1(0) (3.124)

2
It is apparent that this equation can be simplified by use of hyperbolic functions. Applying
the definitions for hyperbolic cosine and sine results in the following equations [30]:

V(x) =V (0) cosh(I'x) + 1(0)Z, sinh(T'x) (3.125)

I(x) = V(0) Z—losinh([‘x) +1(0) cosh(Tx) (3.126)

This can be further simplified to be a set of two-port network equations. This set of

equations can be written as follows [30]:
Vi1 _ 1A B1[V
[15] = [C D] IR] (3.127)

Where the ABCD parameters are defined as follows [30]:

A =D =coshlx (3.128)
B = Z,sinhTx (3.129)
C = =sinhTx (3.130)

Zo

These equations allow the analysis of a distributed component transmission line as a set of
two-port network equations. From these equations it can be seen that definition of one set
of parameters allows the determination of the other set of parameters. These equations also

allow for determination of a transmission lines steady state performance.
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3.12.2 Steady State Performance
The steady state performance for a transmission line can be characterized by the following
parameters: the receiving end power, reactive power, power factor, efficiency, and voltage
regulation. For the transmission line it will be assumed that the sending end voltage, Vs,
magnitude of apparent power, S, and power factor, J, are known. The apparent power and
power factor can be converted to the real and reactive power components as follows [30]:
Se =P, +jQs = |S|[6 % j sin(cos™1 §)] (3.131)
Where the imaginary component is positive if the power factor is lagging, and negative if
the power factor is leading. From this definition of the apparent power and the sending end

voltage, the sending end current can be determined. The current is defined as follows:

Ss

I=(2) (3.132)

Vs
From this, the following equations can be used to describe the receiving end voltage and

current:
o= A (i—) — CV; (3.133)
Ve =DV, — B (j—) (3.134)

The receiving end apparent power, real power, reactive power, and power factor can then

be defined as follows:

Sp =DV, — B (i—)] 4 (i—) ~cvg (3.135)
P = RE{Sq} (3.136)

Qr = IM{Sg) (3.137)

g = COS (tan_lg—i) (3.138)
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The transmission line efficiency will be defined as the ratio of received real power to sent

real power. The equation is as follows [30]:
n =100% - & (3.139)
Ps

The voltage regulation is defined as the difference between no load voltage and full load
voltage normalized by the full load voltage. The equation describing this is as follows [30]:

Vil =V £1]

R =100% -
VRS O

(3.140)

The no load voltage can be found from the transmission line two-port network equations

by setting Iz equal to zero. This results in the following simplification:
‘%‘—WRl

— 0/ .
VR =100% A

(3.141)

The voltage regulation allows for a measure of how the voltage will vary as the transmission

line is loaded.

3.13 Model Approximation

The two-port network model using distributed component analysis only allows for
determination of steady state values [30]. For transient performance, the transmission line
must be transformed into an approximation using lumped circuit components [52]. This
allows for a determination of the transmission lines initial conditions. Underwater power
cables have a significant capacitance, and it is expected that modified networks must be
developed to model them accurately [52]. Three lumped component topologies will be
studied, and the limitations of the transmission line length will be determined. This will be
determined by finding the error between the lumped component model and the distributed

component model [52]. The receiving end voltage and apparent power errors will be used
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as the performance criteria. The following equations can be used to evaluate the relative

error [52]:
DVs—BIg—D1Vs+Bq1
evp = 100% - | = — (3.142)
(DVS_BIS)(AIS_CVS)*_(D1V5+Blls)(Alls_C'1Vs)*
— o/ .
es, = 100% (DVeBL) (Al CV.)* (3.143)

It is assumed that the acceptable error is less than 1%. It should be noted that there is a
relationship between voltage and insulation thickness as well as a relationship between
current flow and conductor radius [52]. These relationships have been incorporated into
the analysis. This results in only three parameters that vary, the sending end voltage, the
sending end apparent power, and the line length. Sweeping these parameters and finding
the regions of similarity between the two error plots, generalizations regarding the line
length limitations can be made. The region of error less than 1% will be found by varying
the sending end voltage and line length, and finding plots for various values of apparent
power. The error plots for an apparent power of 2MV A with power factor of 0.95 lagging
will be shown in the subsequent sections. The generalizations regarding the line lengths

are made from comparisons of multiple values of apparent power.

3.13.1 Short Line Approximation
The nominal-pi network can approximate a short length of underwater power cable [52].
The admittance component for underwater power cables is significant and must be

accounted for. Figure 3-14 below shows the equivalent network for the nominal-pi model.
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Figure 3-14: Nominal-Pi Network

The two-port network parameters for this transmission line model can be found to be as

follows:
A=D=1+7Z (3.144)
B=7 (3.145)
c=v+2 (3.146)

Where, Z = (R + jwL)? and Y = (G + jwC)£. Taking this model and comparing it with

the exact model for the transmission line, the region of acceptable error can be seen in

Figures 3-15a through 3-15c¢ below:
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Figure 3-15a: Single-Core Copper Armor Voltage and Apparent Power Error
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Figure 3-15b: Single-Core Steel Armor Voltage and Apparent Power Error
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Figure 3-15c¢: Three-Core Voltage and Apparent Power Error

The regions in blue represent a relative error less than 1%. It can be generalized that this
model is accurate for line lengths up to 25km for single-core copper armor cables, 10km

for single-core steel armor cables, and 40km for three-core cables [52].

3.13.2 Medium Line Approximation

To study the medium line approximations, a modification must be made to the short line
approximation [52]. It is desired to modify the topology as slightly as possible and study
the validity of the model. Two topologies will be studied as a medium line approximation.
These two topologies will be similar in that they are two short line models in cascade.

Model 1 will consist of two cascaded pi networks. This is effectively the same as saying a
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longer transmission line is two shorter transmission lines [52]. Model 2 will have the same
topology, however, the admittances will be abstracted. A non-uniform admittance
distribution will be assumed, and a distribution that provides the best approximation of the
transmission line may be used [52]. These two models will be discussed in the proceeding

sections.

3.13.2.1 Model 1

This transmission line approximation is composed of two cascaded short line models. The

topology for this model can be seen in Figure 3-16 below.

I Iz
O O
Z2 Z/2

Vs Y/4 Y/2 Y/4 Vr

Figure 3-16: Medium Line Approximation Model 1

The two-port network parameters for this model are as follows [52]:

2

2
A=D=1+Z4+2C (3.147)
2 32

2
B=Z+"= (3.148)

3zZy? = z%y3
16 128

D=Y+ (3.149)
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Where, Z = (R + jwL)? and Y = (G + jwC)¥. Taking this model and comparing it with
the exact model for the transmission line, the region of acceptable error can be seen in

Figures 3-17a through 3-17c¢ below:
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Figure 3-17a: Single-Core Copper Armor Voltage and Apparent Power Error
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Figure 3-17b: Single-Core Steel Armor Voltage and Apparent Power Error
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Figure 3-17c: Three-Core Voltage and Apparent Power Error
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It can be generalized that this model is accurate for line lengths up to 50km for single-core
copper armor cables, 30km for single-core steel armor cables, and 75km for three-core

cables [52].

3.13.2.2 Model 2

This model has a similar topology as model 1; however, the admittance components have
variability associated with them. Figure 3-18 is the modified nominal pi topology. The
term k is a variable used to distribute the admittance amongst the three admittance

components [52]. Note that if k=4 this model results in being model 1.

Iy I
o—— — o
Vs Y/k Y/k Vr
O O
Figure 3-18: Medium Line Approximation Model 2
The two-port network parameters for this model are shown below [52]:
- D= Z¥Y (L _ L) y2y2
A=D=1+Z+ (- )z% (3.150)
— 1_1)p2
B=Z+(;—-—)2% (3.151)
= 1_1 2 (L _ L) 2ys3
C=Y+(;—5)20 + (55— 55) 2%V (3.152)
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Where, Z = (R + jwL)? and Y = (G + jwC)¥. Taking this model and comparing it with
the exact model for the transmission line, the region of acceptable error can be seen in

Figures 3-19a through 3-19c¢ below for a value of k=5:
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Figure 3-19a: Single-Core Copper Armor Voltage and Apparent Power Error
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Figure 3-19b: Single-Core Steel Armor Voltage and Apparent Power Error
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Figure 3-19c: Three-Core Voltage and Apparent Power Error
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It can be generalized that this model is accurate for line lengths up to 100km for single-
core copper armor cables, 40km for single-core steel armor cables, and 125km for three-

core cables with the optimal & value chosen [52].

3.14 Transient Analysis

The transient performance will be analyzed when a thevenin equivalent of the power grid
is connected to the receiving end of the transmission line. This thevenin equivalent
represents the impedance of the assumed infinite bus that is the grid, and the voltage of the
infinite bus [30]. For this analysis it will be assumed that the grid voltage is adjusted to
allow the desired power flow from an offshore generator to the grid. The initial conditions
for the network can be determined from the steady state analysis of the lumped component
network. Figure 3-20 below shows an N segment representation of a transmission line. As

N approaches infinity, the model resembles the one used for the two-port network theory.

R L S,
5 N N . RgQ] Le[H
7 AAAA, YT T MM SRR
I Iy Is
e . L . | N
T \ c i - C C \
Vg |\\_‘/¢ _ NH  NH . NH N+ 1\_/, \TG

Figure 3-20: N-segment Transmission Line

This general network will be used as the basis for the development of generalized equations

to solve for the transient performance of AC and DC power cables. The approximation

109



models are but a subset of these general equations. In Figure 3-20, the following can be

defined.

e Rgand L represent the grid thevenin equivalent impedance

e [ is the grid thevenin equivalent voltage

e J is the phase difference between the grid equivalent voltage and the generator
voltage

e V.(0),i=0,1,..,N,is the initial voltage across each capacitor in the network

e [;(0),j =1,2,..,N,is the initial current through each inductor in the network

3.14.1 AC Cable Transient Analysis

Using the circuit model in Figure 3-18 as the transmission line model allows for the
transient performance to be quantified. To analyze the transient conditions, the initial
conditions for voltages and currents through capacitors and inductors respectively must be
found [53,54,55]. These can be found from the steady state analysis of this model. From
Figure 3-18, the following system of equations can be developed for when switch S; is

closed and S is open.

Y —Y 0 0 0 0yl [Ask]
s“t+w
-y z -y o0 o0 oL 0
0 =Y Z -y 0 O0f L |_| ¢
0 0 -y -~ ~ ofl || (3.153)
0 0 0 =~ Z =Y||lva 0
Lo 0o o o -y zILI |,

Where s is the Laplace variable. The following system of equations can be developed for

when switch S; has been closed, and then S is closed:
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Vsls — Veo
Y —Y 0 0 0 07fl sttt s
] _ - . - 3
oz v o o olr] |s0VaVe)tyh®
0 -y oz -¥r 0 04 l(Vc ~Ve,) +<1,(0)
0 0 -v o |[7]=] sV %0 (3.154)
. —vIlI :
3 8 8 0 —ZY z: ] _II(\;]_ Ve, = Vey) + 5 In(0)
VCN |V |sc056(;+w sinég
G 2+ w?
Where,Y=%,Z 2E+ + adZG—E+RG+sLG

3.14.1.1 Short Line Transient Analysis
The short line model can be represented by Figure 3-18 when N=2. The transient
performance for this transmission line model when switch §; is closed and S> is open can

be represented by the following set of equations:

2

sC

|Vsls
) [, ] [ 2+le (3.155)
~w s + R + sL| UL

The following series of equations represents the transient performance when switch S; and

S, are both closed:

i _i 0 |VS|S _ VCIO
sC sC I s2+w? s
2 4 2 Ve Ve ,
~% sctR+sL - [IL =| - +Lig, (3.156)
0 _2 2 +R. +sL Iy Vezg  |Vgl(s cos §g+wsin§g)
s¢ sC G G s s2+w?

3.14.1.2 Medium Line Transient Analysis
Since both medium length transmission line models are similar, model 2 will be analyzed

since model 1 is a specific case of it, when k=4. This model can be evaluated from Figure
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3-18 when N=3. The following equations describe the performance of this model when

switch S, is closed and S: is open:

k k

x _k 0
sC sC Is &
k R L k k-1 k sz+(u2
—= Stst+—— —= L= 1
sC 2 2 sCk-2 sC [11] 0 (3.157)
k R L k k—1 2
0 —_— -+s-4+— 0
sC 2 2 sC k—2

The following equations describe the performance of this model when switch S; is closed

and S, is closed:

k k Vsls Ve
sC sC I s2+w? s
k R L k k-1 -k s Vci Vea .
- —+Ss-+—=—— 0 I —0——°+L1L1
sC 2 2 sC k-2 sC(k-2) 1| _ s s 0 (3 158)
-k R L k k-1 k I - VCZO VC30 . °
0 sty —< 2 0 TG0y,
sC(k—-2) 2 2 sC k-2 sC IR s s 0
k k Ves Vgl(s cos §g+wsin§z)
0 0 L Re + sLe +— e _ [gllscosle d
sC sC s s2+w?

3.14.2 DC Cable Transient Analysis

In the steady state a DC power cable is modeled by a resistance component. For the
transient analysis a more complete model must be used [53]. The models described in the
previous sections would be required to be used. In the previous case, an AC source was
being connected to an AC power grid. In the case of a DC transmission line, a step response
for a generator being connected to a transmission line, then a step response for the
connection to the grid can be performed. The following equation represents the step

response for a generator being connected to a transmission line with switch S; closed and

S, open.
sY —-sY 0 0 .. O L 1 [V
-Y Z =Y 0 . 0 I 0
o -y zZz =Y 0 : I; 1_|o
0 0 -Y Z =~ 0 N R (3.159)
: : . -Y IN—1 0
L0 0 0 -y ZzILIy1 Lo
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To model the step response when this generator and transmission line is connected to the

grid, switch S; is closed and S is closed

Vs = Ve,
o o ) .
s [
o o -v z -~ ol " (3.160)
O 0 0 _y 2: ?Z {i(VCN_;C; VCN)_%IN}

S
It should be noted that if the transmission line were left long enough to charge, then the
initial conditions take the following form:

Ve, = Vi, fori=01,...,N

I;=0,fori=12,..,N

This results in the following system of equations:

—sY sYy 0 0 .. o0 L1 [ O
Y —Z Y 0 0 || L 0
0 Y -Z Y 0 I N
0 0 Y -z o |l [T (3.161)
- Y Iy VO
0 0 O Y _ZG_ _IN+1_ _:S + VG

3.14.3 Transient Performance Sample Analysis
The transient analysis will be performed for a 10km span of underwater transmission line.
Figures 3-21 through 3-23 below represent the transient generator current, receiving end

voltage, and generator input apparent power when switch S1 is closed while S2 is open.
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Figure 3-21: Input Current Transient for 12 Cycles

ecieving End Voltage Transient
T T T

I | 1 | I
0.05 0.06 0.07 0.08 0.09
Time [s]

Figure 3-22: Receiving End Voltage Transient For 6 Cycles
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Figure 3-23: Input Apparent Power Transient For 9 Cycles

At a time t,, the transmission line is switched onto the power grid. Figures 3-24 through 3-

27 below show the transient performance when a load is connected. Additionally, the

analysis is performed for multiple varieties of cable.
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Onshore Transient Voltage
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Figure 3-27: Transient Load Apparent Power
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Offshore power cables, generally have a better transient performance, in terms of the
settling time, peak overhsoot. This is due to the larger resistance and capacitance associated
with the cables [31]. It can be observed from the input apparent power that there is
significant reactive power that the cable absorbs. This can be observed when the cable is

disconnected from the power grid.

3.15 Harmonic Analysis

Underwater power cables have unique characteristics only seen by very long overhead
transmission lines. The harmonic analysis of these cables will show how harmonic
components will be amplified or attenuated [56,57,58]. If any harmonics are to be
transmitted on the cable, it is important to know if they occur at resonance points of the
cable. If they do, damage could potentially be done to the cable due to electrical stress on
the insulation. For the harmonic analysis, there are two cases to study, when the cable is
loaded and when it is unloaded. When the cable is loaded, the two port network equations

provide the following relationship:

VR _p_pSs_
=D -B 5 (3.162)

When the cable is unloaded, the following relationship holds:

Y1 (3.163)

Vs A
To analyze the frequency response, it should be noted that the resistance and inductance of
the cables is a function of frequency. This frequency variability will be accounted for when

performing the analysis.
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3.14.1 Unloaded Cable

The unloaded transmission analysis will be conducted with the same cable that will be used
for the loaded case. This cable is chosen suitably such that it can transmit 3MVA at 0.95
leading power factor at 32.5kV at the sending end of the transmission line. A harmonic
response will also be produced for an equivalent overhead transmission line. Figures 3-

28a-d below show the harmonic responses for the various cables.
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Figure 3-28a: Single-Core Copper Armor Cable Harmonic Response
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Figure 3-28b: Single-Core Steel Armor Cable Harmonic Response
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Figure 3-28c: Three-Core Cable Harmonic Response
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Figure 3-28d: Overhead Cable Harmonic Response

From Figure 3-28, the following observations can be made regarding the harmonic response

for unloaded underwater power cables:

e The length of an underwater transmission lines should be considered when there is
no load; a resonance will occur at the fundamental frequency sooner than overhead

cables.
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e If the harmonic components are large enough, there could potentially be high
voltages at various spots along the underwater power cable. This is due to the
resonances.

e Single core cables with iron armor and three core cables have reduced resonance
peaks.

e Three core cables have fewer resonances in the range of study while overhead

cables have the least.

3.14.2 Loaded Cable

The loaded transmission analysis as stated previously will employ a cable chosen suitably
such that it can transmit 3SMVA at 0.95 leading power factor at 32.5kV at the sending end
of the transmission line. Again, a harmonic response will also be produced for an
equivalent overhead transmission line. Figures 3-29a-d below show the harmonic

responses for the various cables.
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Figure 3-29a: Single-Core Copper Armor Cable Harmonic Response
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Figure 3-29b: Single-Core Steel Armor Cable Harmonic Response
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Figure 3-29c: Three-Core Cable Harmonic Response
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Figure 3-29d: Overhead Cable Harmonic Response
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From Figure 3-29, the following observations can be made regarding the harmonic response

for loaded underwater power cables:

e Underwater power cables have voltage decay sooner than overhead cables.

e When implementing underwater power lines greater than 100km it is possible for
the receiving end voltage to be zero.

e Underwater power cables have more voltage trough regions.

e Single-core cables with copper armor have significant dampening as length and
frequency are increased.

e Three-core cables have slightly more voltage troughs than overhead cables.

e Single-core cables with steel armor have a point in this range where the reflection
coefficient is -1, a voltage zero.

e Minimal voltage gain for the cables in this range of study.
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Chapter 4: Power Conversion

This chapter will summarize power converters that are commonly used with renewable
energy applications. Power converters are used in offshore applications for a variety of
reasons. Converting an AC waveform to DC would allow for the use variable frequency
generators. Transmitting DC as opposed to AC may also be necessary depending on the
underwater transmission line length. The various power converters that are used in offshore
power applications will be discussed, models developed for them, and observations will be

made about how the generated harmonics will affect an underwater power cable.

4.1 Introduction

There are several reasons to use power converters in offshore power applications. These
reasons include frequency regulation, and AC to DC conversion for power transmission.
Underwater power cables have a large capacitance associated with them. This makes AC
power transmission difficult for long transmission line lengths. Transmitting DC power
makes this added capacitance inconsequential for steady state operation. There are four
categories of power converters. These are converters are as follows [59]:

e AC input — DC output, also known as a rectifier

e DC input — AC output, also known as an inverter

e DC input — DC output

e AC input — AC output
This chapter will focus only on the first two converter types. There are several topologies
in which the power converters can be used. The first is to convert the generated AC voltage

waveform to DC and then back to AC for power transmission. What this effectively does
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is it can allow for regulation of the output frequency of the converter. The second is to
convert the generated power to DC and transmit it to shore. Once on shore the DC power

will be converted back to AC for integration with the power grid.

4.2 Switches

Power converters are centered on the concept of having controllable switches that convert
a current or voltage waveform to a desirable form. An ideal switch has the following
characteristics [59]:

e An infinite voltage blocking capability

e No current flows when the switch is off

e An infinite current capability when the switch is on

e Zero voltage drop across the switch when its on

e No switching or conducting losses

e An ability to operate at any frequency
There are several kinds of switch technologies used in power converters. These include
diodes, thyristors, and transistors [59]. The selection of which kind of switch to use in a
power converter depends on the voltage operating point, the required current capacity,
controllability requirement of the switch, speed of switching, and the switching losses
[30,59]. Each of these switches has a different performance and for a given application, a

suitable set of switches must be used.
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4.2.1 Diode

A diode is a simple electronic switch that is uncontrollable. This switch turns on and off
based on the voltage and current characteristics of the circuit that it is in. The equation

relating the diodes current and voltage drop is given as follows [59]:

VD

Iy =1 (e"VT - 1) 4.1)
This equation represents the ‘on’ characteristic of the diode. There are several caveats that
must be discussed with diodes. When a sufficient negative voltage is applied across a
diode, there will be a current flow in the opposite way than expected. Also, in the transition
between ‘on’ and ‘off” the diode will allow a reverse recovery current to flow. A negative
current will flow as the diode transitions to the ‘off’ state. The amount of time that this
negative current flows is called the reverse recovery time. This can become quite

significant in high frequency applications [59].

4.2.2 Thyristor

A thyristor is an electronic switch, which has a control that allows conduction [30,59]. An
alternative name for thyristors are silicon controlled rectifiers. These devices are capable
of passing large currents and blocking high voltages. This makes them ideal for use in high
power applications [30,59]. These devices suffer from lower switching speeds [59]. For a
thyristor to conduct, the control terminal must have a current applied while there is a
positive voltage across the device. The device will continue to conduct while the current
flowing through the switch is positive and above a certain value called the holding current
level. There are also gate turnoff thyristors, which operate similarly to the previously

discussed thyristor, with the exception that they can be turned off with a negative gate
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current [59]. Thyristors were in the past used frequently in power conversion technologies.
They are still used however; power transistor ratings have increased significantly, making

them desirable for use in power conversion along with thyristors [59].

4.2.3 Transistors

Transistors are constructed similarly to diodes with the exception that these devices are
controllable switches. There are several kinds of transistors typically used, which include
MOSFETs, BITs, and IGBTs [59]. Transistors have a small resistance between the drain
and source terminals when operating in the ‘on’ state. This resistance is typically in the
order of milliohms. Transistors typically have faster switching speeds than the other
switching elements [59]. These devices allow for complete control of the on/off state,
unlike thyristors, which must become reverse biased to turn off after it has been turned on

[59].

4.3 DC Transmission Links

There are three conventional ways to implement a DC transmission system. These methods
utilize a monopolar, bipolar, or homopolar link [30]. These various transmission links each
have limitations in applicability. It is assumed that a three phase AC source is being
converted. The preceding figures represent the single line diagrams. These DC
transmission links and their limits of applicability will be discussed in the proceeding

sections.
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4.3.1 Monopolar Link

A monopolar DC transmission link is one in which there is a single conductor and earth
return is used as a ground [30,60,61]. In the case of offshore power systems, the seawater
could be used as the return. This transmission link requires one underwater transmission
line, as well as one set of power converters. Figure 4-1 below shows the topology for a

monopolar DC transmission link.

Figure 4-1: Monopolar Transmission Link

Drawbacks to this topology include power transfer limitations as well as no forms of

redundancy should a fault occur [30].

4.3.2 Bipolar Link

A bipolar transmission link uses two underwater cables, one with a positive polarity and
the other with a negative polarity [30,60,61]. This makes an earth return system
unnecessary in the balanced case. In addition to this, two sets of power converters are

required. Figure 4-2 below shows the topology for a bipolar DC transmission link.
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Figure 4-2: Bipolar Transmission Link

There are several advantages to this method of transmission. There is introduced
redundancy to the system. Each cable could be transformed into a monopole transmission
link with an earth return. This means that under fault conditions, half the load could still
be provided. Since there are two cables, half the power is delivered by each, which means
that each conductor carries half the current. This results in having two cables with a smaller

core conductor.

4.3.3 Homopolar Link

A homopolar link consists of two or more DC transmission lines, each with the same
polarity [30]. These transmission links typically operate with a ground return [30,61].

Figure 4-3 below shows a typical homopolar transmission link.
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Figure 4-3: Homopolar Transmission Link

Advantages of this topology are that any of these cables/converter systems can be

interchanged. So under fault conditions, there is redundancy [30].

4.4 AC to DC Conversion

The conversion from AC to DC involves use of rectifiers. This is the process of using
diodes or thyristors to take a three-phase AC source and create a DC source. This is
beneficial for underwater power transmission. This is because the capacitance associated
with underwater power cables is significant and provides problems for long transmission
lengths. Conversion to DC also minimizes the complexity of synchronizing all the AC
generators. A drawback to the power conversion process is the generation of harmonics in
the process of converting the AC waveform to DC. The most practical/common rectifier
used in power systems is the Graetz circuit [30,59,61]. This circuit provides a full wave
rectification of a three-phase voltage source. This is the rectifier that will be analyzed in

subsequent sections.
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4.4.1 Graetz Circuit

The Graetz circuit is commonly used in AC to DC power conversion. The reasoning is for

its simplicity and quality of the output waveform. The circuit for this rectifier is shown in

Figure 4-4 below.

Figure 4-4: Graetz Circuit

This circuit utilizes six diodes or thyristors in the rectification process [30,59,60,61]. This

circuit will be modeled using both diodes and thyristors in the proceeding sections.

4.4.2 Graetz Circuit Using Diodes

There are several observations that can be made about this circuit that will allow for an
understanding of its operation. It is assumed that we are operating in the steady state and

that it is a three-phase system. In this case, the phase voltages will be as shown in Figure

4-5 below.
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Figure 4-5: Three Phase Voltages

Applying this to the Graetz circuit, it can be observed that:

e The largest phase voltage will turn on a single diode in the top half, diodes 1, 3, or
5. The diode that turns on is the one associated with the largest voltage. The phase
voltages oppose each other, and if one is larger than the rest, then the diode
associated with that phase voltage would turn on and suppress the others from

turning on.

e The smallest phase voltage will turn on a single diode in the bottom half, diodes 2,
4, or 6. The diode that turns on is the one associated with the smallest voltage. The
rationale for this is similar to the top half. The most negative voltage will oppose

the other bottom diodes from turning on.
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e The output voltage is the maximum line-to-line voltage that is possible at any given

time.

e Both diodes in a branch cannot be on at the same time. Diodes 1 and 4 can’t be on
simultaneously for example. This is due to that fact that if diode 1 is on, it is

impossible for diode 4 to turn on.

e Provided the assumed phase voltages in Figure 4-5, the following sequence of
maximum and minimum can be found: (A, B) (C, B) (C, A) (B, A) (B, C) (A, C).
This sequence is recursive and repeats itself every cycle. It corresponds to the
following diodes being on: (1, 6) (5, 6) (5,4) (3,4) (3, 2) (1, 2). The output voltage

will be as follows (Vag) (Vcs) (Vea) (Vea) (Viee) (Vac). Each sequence occurs for

1
— seconds.
360

4.4.2.1 Graetz Circuit Steady State Output Voltage
The output from this rectifier is periodic with a period of 3—20 seconds. This window or

periodicity can be modeled by the following equation [59]:

21

Vo (t) = Vi, _, sin(wt), g Swt<— 4.2)

L
The window of this sin wave represents the periodic section of the rectifier output. Since

this 1s periodic, the Fourier series can then be written for this.

2ntnwt

Vo(£) = Ao + Xy Ay cos (525) + By sin (22) | (4.3)

The coefficients for the Fourier series can be found to be as follows:
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2T

Ao =1 [z Vi, _, sin(wt) d(wt) (4.4)

This is the DC component of the rectifiers output. Solving for this yields the following DC

component.

Ay = mi-L (4.5)

T

The coefficient representing the even component of the signal, Ay, can be found from the

following equation:

2T

Ay == fg Vi _1 sin(wt) cos (Zn:wt) d(wt) (4.6)
3

This can be expanded to the following form:

2T

Ay = %%fg sin(k, wt) + sin(k,wt) d(wt) 4.7)
3

Where, k; =1+ 6nand k, =1 — 6n.

Ay = mEL/TS [kz {cos (kl 2?”) — cos (kl g)} + ky {cos (k2 2?”) — cos (kz g)}] (4.8)

7Tk1k2
Applying trigonometric identities it can be seen that the term on the right is equal to -2.

This results in the following expression for A.

_ ~Vm g
AN - m(36n2-1) (4.9)

The coefficient for the odd component, By, can be found in a similar way as above.

2T
By = %ff Vin, _, sin(wt) sin (@) d(wt) (4.10)

3

2T

By = —3V"71TL‘L ff cos(k,wt) — cos(k,wt) d(wt) (4.11)
3

s =2 oin () sin (1)) b oin (10 2) sn ()] a1
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When this is evaluated further using trigonometric identities it can be seen that this term is
equal to zero.

By =0 (4.13)
The Fourier series representing the output of the rectifier can then be modeled by the

following equation [59]:

3V w [ =6V,
V,(t) = % + ¥ [mezL_i) cos(6nwt)] (4.14)

The harmonics that are resultant at the output of the rectifier can be found by observing the
Fourier series. The output when using twenty of the Fourier series terms can be observed

in Figure 4-6 below. The term V, was chosen to be unity.
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Figure 4-6: Graetz Rectifier Using Diodes Output Voltage Waveform
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4.4.2.2 Graetz Circuit Output Voltage Harmonics

The output voltage of this power converter has a significant DC component but also has
harmonics associated with it. Ideally speaking, the output of the rectifier should only be a
DC waveform. These additional harmonics must be removed from the waveform by use
of either the underwater transmission line it is connected to, or additional filtering. The
normalized amplitudes of the harmonics for this rectifier output can be found to be as
follows:

Qutput Harmonics of Graetz Circuit
I I I I I

o o o
I (03] [4+]
I T I
| 1 |

Normalized Amplitude

o
no
\

!

|
o] 2 4 8 8 10 12 14 16 18 20
Harmonic order, n

Figure 4-7: Harmonics Output of the Graetz Circuit

The harmonics shown in Figure 4-7 are normalized with respect to the input V,

my_p- Flgure

4-7 shows which harmonic components are most significant in modeling the output of the
rectifier. It is worth noting that the frequency of each of the harmonics is given by the

following equation:
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fn =360n (4.15)
These frequencies are relatively large and can be easily removed with use of filters. The
harmonic distortion associated with the output of this rectifier can be defined as follows

[30,59]:

2
0 [_GVmL—L]
n=1|r(36n2-1)

THD = (4.16)

3Vmp-L
T

Where THD is the total harmonic distortion. When this is evaluated, the following result
is obtained:

THD = 0.0593 (4.17)
This figure of merit for the power converter gives an idea of how much the harmonics are

distorting the DC component.

4.4.3 Graetz Circuit With Thyristor Control

The Graetz circuit previously discussed assumed the use of ideal diodes as the switching
devices. Now to be discussed is the Graetz circuit with thyristor control. The thyristors
allow for control over conduction [59]. This allows for the control of the average output
voltage from the converter. The ideal case discussed previously will be used as a starting
point in this analysis. It will be assumed that the period of conduction is the same, however,
the time in which conduction happens is delayed by a phase angle a. From this definition,
the following can be used to describe what the output of the converter will be. The periodic

component at the output of the converter will then be defined as follows [59]:

V,(t) =V

. T 2m
L Sin(wt), staswt<—+a (4.18)

The average voltage for this can then be defined to be as follows:
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2T
Vong = =L 2" sin(wt) d(wt) (4.19)

avg =~ g 3
The result of this integration results in the following average output voltage for each period.

v, = %;# cosa (4.20)

avg ~
The closed form expression representing the harmonic amplitudes for the output voltage is
difficult to display and is best shown graphically. It can be noted that the frequency of the
harmonics will be the same as for the ideal Graetz circuit. The harmonic amplitudes would
be found in a similar method to equations (4.3), (4.6), and (4.10) with exception that in this
case the bounds of integration are different. The bounds of integration are shifted by the
time delay, . The harmonic magnitudes also have a phase associated with them. The

Fourier series can alternatively be expressed in the following form:

2ntnwt

Vo () = Ao + Btz | Cn cos (FF2 + ¢ | (4.21)

Where,

Cy = /ANZ + By? (4.22)

¢ = —tan"1 2N (4.23)

By
Figure 4-8 below shows the first five harmonic amplitudes, as well as the DC component,

as a function of the delay angle a. These harmonic amplitudes will be normalized with

respect to the line-to-line voltage V,,, _, .
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Harmonics Amplitude vs Firing Angle
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Figure 4-8: Controlled Graetz Circuit Harmonic Amplitudes.

The harmonic amplitudes increase and the DC component decreases as the firing angle
increases. A firing angle of zero or pi radians result in maximization of the DC component

and minimization of the generated harmonic amplitudes.

For each of the harmonic magnitudes there exists a phase plot. These phase plots complete

the Fourier series analysis of the controlled Graetz circuit. Figure 4-9 below gives an

example of the phase plot for the first harmonic of this circuit.
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Harmonics Phase vs Firing Angle
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Figure 4-9: First Harmonic Phase

The phase plots are periodic and the frequency varies with the harmonic order. The trend
is similar for each of the harmonics. Comparing the results obtained for the controlled

Graetz circuit to the non-controlled Graetz circuit, the following observations can be made:

e The harmonics at the output of the controlled Graetz circuit can be an order of
magnitude larger.
e The DC component can be varied through control of the delay angle.

e More significant filtering may be required for the controlled Graetz circuit.

To maintain the real power transfer from the AC power source to the DC transmission line,

the following observations can be made [30]:
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PAC = PDC (4.24)

V3
PACRMS = ?VL—LIL COS ¢ (425)
PDC = VDID (4.26)
Vp = LTLT_LCOS a 4.27)
=231 (4.28)

T

In equations (4.27) and (4.28), Vp and I correspond to the RMS output voltage and current
of the Graetz circuit. Substituting equations (4.24) to (4.28) together yields the following
result [30]:

cosp = cosa (4.29)
This implies that the power factor angle must match the delay angle for optimal power

transfer [30].

4.4.4 Graetz Circuit and Underwater Transmission Lines

From equation (4.14) it can be observed that the output of the Graetz circuit consists of a
DC voltage and the summation of various frequency sinusoids. To study how the
harmonics from this will be amplified or attenuated during transmission, the superposition
of signals can be applied. The two-port network theory discussed in Chapter 3 can be
applied for each of these components of the waveform. As was demonstrated in Chapter
3, the worst case occurs when the transmission line is open circuited on the load side; this
is the case that will be studied. Applying the results in Chapter 3, the gain at the receiving

end of an underwater power cable can be found to be as follows:

ve _ 3, PelGar] ey (4.30)

Vimp_1L T coshT?¢
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Where cosh I'? is the term A from the two-port network parameters as defined in Chapter
3. It should be noted that 4 is a function of frequency since the resistance and inductance
are frequency dependent parameters. If the first four harmonic values are taken for an
underwater power cable, the gain and phase at the receiving end of the transmission line
can be accurately modeled. Figures 4-10 and 4-11 below show the gain and phase for an

assumed underwater power cable.
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Figure 4-10: Receiving End Voltage Gain
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Voltage Phase vs Line Length
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Figure 4-11: Receiving End Voltage Phase
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This same result can be shown in three dimensions where the output of the transmission

line is plotted as a function of time and line length. Figure 4-12 below shows the three-

dimensional plot.
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Figure 4-12: Receiving End Voltage vs Line Length and Time

From Figures 4-10 through 4-12, the following observations can be made regarding the
output of the transmission line when a Graetz circuit is used for power conversion. The
results of this are concluded based on these results and those obtained in Chapter 3

regarding harmonic propagation along a transmission line.

e The first harmonic (360Hz) represents the spikes at 31km, 94.2km, and 157km.
These have gains of 2.8, 1.5, and 1.3 respectively.

e The second harmonic (720Hz) represents the spike at 15.8km with a gain of 1.6.

e The third harmonic (1080Hz) represents the spike at 11km with a gain of 1.3.

e The fourth harmonic (1440Hz) represents the spike at 7.9km with a gain of 1.2.

e The harmonic contribution for harmonics above the second are negligible beyond a

line length of 20km.
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e These voltage spikes, if not removed, could cause insulation damage if they are not

accounted for through use of filtering or insulation thickness choice.

This analysis presumed a situation where the load at the receiving end of the transmission
line is lost. This results in the most severe voltage gains along the length of the transmission
line. As demonstrated in chapter 4, when the transmission line is loaded, the inverse

response occurs.

4.4.5 Filtering Options

Due to the generated harmonics from the Graetz circuit and the resonances that can occur
on a transmission line, filtering may be a necessity. There are several different ways to
remove these harmonics using static passive components. These methods involve the use
of a series inductor or use of a two-stage LLC low pass filter. These are the simplest form

of passive filtering that can be used in a power system application.

4.4.5.1 Series Inductance

The simplest way to mitigate the harmonics is to place an inductor in series with the line.
This blocks the higher frequency harmonics from transmitting through the transmission
line. Figure 4-13 below shows the diagram of the network that will be analyzed with a

series inductor added to filter the harmonics.
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Figure 4-13: Filter Network

The equation describing the voltage loss across this element is as follows:

V, =V, —jwLl; (4.31)
So it can be seen from equation (4.19) that if the frequency is zero, V,=V;, but if the
frequency is large and inductance is large, then V> approaches zero. To observe how the
harmonics propagate along the transmission line, the following relationship can be found
between the input to the series inductor and the receiving end of the transmission line:

Vl] _ [A +CZ B+ DZ] VR] (4.32)

L=l ¢ D I
Where Z = jwL. If the receiving end of the transmission line is again assumed to be open
circuited, then the following relationship holds for the gain provided by the transmission

line:

VR _ 1
Vi A+CZ

(4.33)

If a 1H series inductor is placed in line with the transmission line, the resultant open circuit

harmonic voltage gain can be observed in Figure 4-14 below.
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Voltage Gain vs Line Length
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Figure 4-14: Harmonics Gain vs. Line Length and Time with a Series Inductor

The gain provided by the harmonics is at its worst approximately 1.05 times larger than the

applied voltage. This demonstrates the attenuation characteristics that a series inductor has

on the harmonics. From Figure 4-14 the following observations can be made:

e The output is generally flatter than previously with no series inductor.

e The peak output gain is 1.05 when the transmission line length is less than one

kilometer in length.

e Additional resonance has been created by the inclusion of the inductor, however it

1s minimal in comparison to what it was without a series inductor.

e Asthe series inductance approaches infinity, the output voltage gain solely becomes

the contribution due to the DC component of the input.
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4.4.5.2 Two Stage Low Pass Filter
There are several kinds of low pass filters used in power systems. The simplest of these is
the two-stage filter. This low pass filter consists of three reactive components, two

inductors and one capacitor. Figure 4-15 below shows the topology for this filter.

L,
— -
—_— —_— —
Il 12 IR
A B
Vv, L, v, Vi
c D
c
1 .

Figure 4-15: Two-Stage Low Pass Filter

This filter is both simple and should provide sufficient attenuation to the harmonics. This
is provided that the series inductor, which could be used to reduce the harmonics, is either
insufficient or too large for practical purposes. This filter introduces a resonance, however
it can be designed to be far away from any of the harmonic components. The attenuation

that this filter provides saturates to the following value:

L
Amax = 20logso (72-) (4.34)

The resonant and notch peaks occur at the following frequencies:

1 1

W = 50N = g (4.35)

These three definitions can assist in the design of this filter. The two-port network model

of this filter is as follows:
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V2 _ 1 _Zl V1
=1z 1izzll] (4.30)
Where Z;, = jwl, and Z, = jwlL, + ]a%c This two-port network model can be used in

cascade with a transmission line to observe how the cable naturally filters the harmonics
from the Graetz circuit. This filter, when designed properly will allow for even greater

attenuation of the harmonics.

4.5 DC to AC Conversion

For a DC transmission link, the generated AC voltage is converted to DC, but it must be
converted back to AC such that it can be integrated with the power grid. There is a second
possible application of the DC to AC converter, which is as a means to regulate the
generated frequency. This interim stage would involve underwater transmission of the
inverted waveform. There are two general approaches to inverting a DC signal. The first
concept is to reproduce a sinusoidal waveform with use of square pulses [59]. The more
square pulses that are used, the closer the signal is to representing a sinusoid. The second
concept is to use pulse width modulation and filter out the produced harmonics [59]. The
various methods of inversion and their consequences for offshore power systems will be

discussed in the subsequent sections.

4.5.1 Voltage Source Converters

The three-phase inverters objective is to take the DC transmission and convert it into an
AC voltage waveform such that the system can be interconnected with the power grid.

Generally speaking, the inversion process uses square pulses to generally take the form of
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a sinusoid [60]. The number of different voltage level pulses that can be used, the more
the resultant waveform looks like a sinusoid. Issues with this are the resultant harmonics.
The harmonics produced are very close to the 60Hz fundamental frequency and are large
in amplitude. Using multiple stage inverters helps reduce the amplitude of these harmonics.
Use of pulse width modulation allows for the harmonics to be shifted in frequency, which
allows for easier filtering of them. Reduction of the harmonics is a necessity when
interconnecting a DC transmission link to the power grid. The harmonics that are generated
from power inversion can result in damage to power consumer devices. There are strict
regulations regarding what the total harmonic distortion is allowed to be for an
interconnected DC link. The various inverter topologies will be discussed in the proceeding
sections. The Maritime Link project that is presently under construction is a bipolar +/-
200kV, 500MW transmission line. The power conversion in this project, from DC to AC,
1s using modern VSC technology [62,63]. VSC technology is usually not implemented in
high power or high voltage DC applications [60] but the technological advancements in
this area 1s allowing for larger amounts of power and higher voltages to be converted [64].
This makes VSC power converters a very important power conversion technique to analyze

and model for offshore power applications.

4.5.1.1 Single Stage Inverter
The single stage inverter uses three voltage levels to represent a sinusoid. The waveform
that is created is similar to a sinusoid. Figure 4-16 below shows generally what the output

waveform can be from a single stage inverter [59,60].
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Figure 4-16: General Output Waveform
A single period of this waveform can be modeled by the following:
Vpe b<wt<m—96
V,(8) = 1-Vpe T+8<wt<2m—6 (4.37)
0 Otherwise

This output voltage waveform can also be represented by use of the Heaviside functions.
If this notation were used to represent equation (4.37) then the following equation can be
developed:

V,(wt) = Vpe{u(wt — 6) —u(wt — 7+ 8) —u(wt —m —8) —u(wt —2n+8§)} (4.38)
From the symmetry of the problem since the waveform begins at a zero it can be observed
that only B, terms from the Fourier transform are required to model the waveform. It can
also be observed that the integration over one full period will be zero, thus the 4,
component is also zero. This results in the following statements:

A, =0 (4.39)
Ay =0 (4.40)

B, = % fozn V, (wt) sin(nwt)d(wt) (4.41)

151



Solving for this, the following expression can be obtained for the B, coefficients [59]:

Bn _ 2Vpc cos(nd) (1 _ (_1)71)

nm
This can further be simplified to the following form [59]:

4V pc cos(néd
B, = pc cos(ns)

nm

(4.42)

(4.43)

Equation (4.43) only applies for odd values of n. B, is zero for any value of » that is even.

The output voltage waveform Fourier series representation can be observed in Figure 4-17

below.
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Figure 4-17: Output Voltage, Delay Angle m/4
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The harmonics that are introduced by this vary as a function of the delay angle, however,

most importantly is the fact that these harmonics are close in frequency to the fundamental

and have a relatively significant amplitude. Figure 4-18 below shows these harmonic

amplitudes as a function of the delay angle.
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Figure 4-18: Single Stage Inverter Output Harmonics

In this figure the first harmonics is representing the fundamental 60Hz harmonic amplitude.
From Figure 4-18, the following observations can be made:

e f,=602n—-1)Hz.

e The harmonics are close in frequency.

e The 180Hz harmonic amplitude is approximately 1/3 of the fundamental at its

maximum value.
e Varying the delay angle can allow there to be a 180Hz harmonic zero.

e The total harmonic distortion can be modeled by the following expression [59]:

cos n-— 2
THD = \/2%22( (57(12—1 1)))

cosé

(4.44)

From this, the total harmonic distortion can be analyzed as a function of the delay angle.
Figure 4-19 below shows the total harmonic distortion for a simple single stage power

inverter.
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Figure 4-19: Single Stage Inverter Total Harmonic Distortion

It can be observed that the total harmonic distortion reaches a minimum of 28.3% at a delay
angle of 0.4 radians. This results is a large total harmonic distorition, however it is
approximately two times smaller than a conventional square wave. To improve this further,

more stages can be added to the inverter.

4.5.1.2 Multi-Level Inverter

To begin the analysis of the output harmonics from a multi-stage inverter, a two-stage
inverter will first be analyzed. The two-stage inverter uses five voltage levels to represent
a sinusoid. Figure 4-20 below shows generally what the output waveform can be from a

two-stage inverter.
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Figure 4-20: General Output Waveform

A single period of this waveform can be modeled by the following:

Vbc 0<wt<ce
—Voe T+é<wt<m+e¢
V,(t) =1 2Vp, e<wt<m—¢ (4.45)
—2Vpe n+eswt<2m—¢
0 otherwise

This output voltage waveform can also be represented by use of the Heaviside functions.
If this notation were used to represent equation (4.45) then the following equation can be

developed:

ulwt—8) +ulwt—¢) —u(wt —mw+¢) —ul(wt —m+ 6) } (4.46)
—u(wt—m—06) —u(wt —m—¢) + u(wt — 2 + &) + u(wt — 2w + 6) ’

V(1) = Ve |
From the symmetry of the problem since the waveform begins at a zero it can be observed
that only B, terms from the Fourier transform are required to model the waveform [59].
This results in the following statements:

A, =0 (4.47)

Ay =0 (4.48)
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B, = % [TV, (wt) sin(nwt)d(wt) (4.49)
Solving for this, the following expression can be obtained for the B, coefficients:
B, = ZZ% (1 — (=1)™{cos(nd) + cos(ne)} (4.50)

This can also be explained by the observation that this two-stage square wave is the same
as the superposition of two single stage square waves studied in the previous section with

different delay angles. Equation (4.50) can further be simplified to the following form:

__ 4Vpcl{cos(nd)+cos(ne)}
- nm

B, (4.51)

Equation (4.51) only applies for odd values of n. B, is zero for any value of » that is even.

The equation that represents the output of the inverter will be as follows:

Vo (t) _ Z%o()dd [4VDC{cos(n6)+cos(n£)} sin(nwt)] (4.52)

nm

The output voltage waveform Fourier series representation can be observed in Figure 4-21
below.
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Figure 4-21: Two-Stage Inverter Output
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In Figure 4-21 it was assumed that the delay angles were 6=0.393 radians and € =1.122
radians. This result can be further generalized for any number of stages added. The

generalized equation for the harmonic amplitudes of an m stage inverter is as follows:

B, = ZREYM cosné; (4.53)

nm

These delay angles can be used to cancel harmonics as was demonstrated in Figure 4-18

above. This harmonic cancellation will now be explored.

4.5.1.3 Multi Stage Inverter Harmonic Cancellation
As discussed previously, it is possible to design the firing angles of a multi stage inverter
such that harmonics are cancelled. Given equation (4.53), the output voltage waveform
from the inverter will be as follows:
V() = XY odd [{% it CoS n(Si} sin(nwt)] (4.54)
Expanding equation (4.54) will result in the following system of equations [59]:
cos(8;) + cos(d,) + cos(d3) + «- + cos(5,,) = mM;
cos(36;) + cos(36,) + cos(383) + :+- + cos(36,,) =0 (4.55)
cos(nd;) + cos(nd,) + cos(ndz) + -+ + cos(nd,,) =0
For all values of # that are odd these equations can be written. From this expansion it can
be observed that there is a possibility for cancelling specific harmonics. There are m
variables, and thus only m equations can be solved. This implies that the fundamental
harmonic amplitude can be chosen and that m-/ harmonics can have zero amplitude.
Solutions to these equations can be found from iterative techniques. There are several
caveats that must be addressed regarding the iteration techniques. The solutions are not

unique, but some solutions are better than others. It will be presumed that a solution that

157



yields the largest possible value of M; is desired. The numbers being iterated tend to large
values and must be kept within the region of 0 < §; < 2. Table 4-1 below lists the largest

values of M; that are possible to achieve for various numbers of firing angles.

Table 4-1: Largest M; Coefficients for Various Levels of Inverter

Number of Firing Angles M;

2 0.87
0.81
0.67
0.8
0.69
0.61
0.63
0.61

o 0 9 SN A W

Calculating these firing angles allows for harmonic cancellations, which allows for easier
filtering of the higher frequency components. To study this, an inverter with nine firing
angles will be analyzed. The results from this will be contrasted to another inverter with

nine firing angles. The two sets of firing angles will be defined as follows:

1. Firing angles chosen to cancel out the eight harmonics after the fundamental

2. Uniformly spaced firing angles

From these two methods, the output waveform in time, harmonic amplitude, and total
harmonic distortion will be provided for comparison purposes. Figures 4-22 and 4-23

below represent the nine-stage inverter with designed firing angles. Figure 4-22 is the
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waveform as it would appear in time and Figure 4-23 is the waveform, as it would appear
in frequency.

Nine Stage Inverter Output Voltage

I |
In it
| L |

Normalized Amplitude
(]
[
-
1

s WLW .er_ _
AT

-8 I \ I 1 \ I
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018

Time [s]

Figure 4-22: Nine-Stage Inverter Output With Designed Firing Angles
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Figure 4-23: Nine-Stage Inverter Harmonics With Designed Firing Angles
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The resultant total harmonic distortion for this nine level inverter, with designed firing
angles, 15 0.0618. This is the harmonic distortion before any filtering is applied at the output

of the inverter.

Figures 4-24 and 4-25 below represent the nine-stage inverter with uniform firing angles.
Figure 4-24 is the waveform as it would appear in time and Figure 4-25 is the waveform,

as it would appear in frequency.
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Figure 4-24: Nine-Stage Inverter Output With Uniform Firing Angles
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Nine Stage Inverter Output Harmonics
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Figure 4-25: Nine-Stage Inverter Harmonics With Uniform Firing Angles

The resultant total harmonic distortion for this nine-level inverter, with designed firing
angles, 1s 0.1617. This is the harmonic distortion before any filtering is applied at the output
of the inverter. It can also be noted in Figure 4-25 that the second harmonic has significant
amplitude. To reduce the total harmonic distortion, this harmonic would have to be

removed. To remove that harmonic, a high order filter would be required.

This result shows that selection of the firing angles allows for a significant decrease in the
total harmonic distortion. Use of a simple lower pass filter will result in a very small total
harmonic distortion. The consequence for the improvement of the total harmonic distortion

is a reduction in amplitude of the fundamental frequency component.
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4.5.1.4 Pulse Width Modulation Inverter

The pulse width modulation (PWM) inverter is designed such that the harmonics produced
by the inverter are at a much higher frequency then the fundamental. The tradeoff is that
the control circuitry is quite complex and there will be a larger amount of switching power
loss [59,60]. The PWM inverter generates an output from the comparison of a reference
signal to a carrier signal. For power inverters, the reference signal is a sinusoidal waveform

and the carrier signal is a triangular waveform.

For bipolar switching, a subtraction is performed between the sin wave and the triangle
wave. If the sin wave is larger, the output will be +Vpc. If the sin wave is smaller, the
output will be —Vpc. Figure 4-26 below shows what the output waveform will be for this

switching technique.

A ‘

Figure 4-26: Bipolar PWM
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For unipolar switching, two waveforms are generated and their difference will represent
the output of the inverter. The first waveform outputs +Vpc if the sin wave is larger than
the triangle wave and zero if the smaller. The second waveform compares a sin wave that
is the negative of the one used for the first waveform. The output will be +Vpc if this
negative sin wave is larger than the triangle wave and zero if smaller. Figure 4-27 below

shows the output waveform generated from this switching technique.

AN AT
R i

OO, IO

SO
T -

Figure 4-27: Unipolar PWM

Application of PWM does not necessarily make the output waveform better than the
previous inversion methods. The harmonics at the output can be quite substantial in
comparison to the fundamental frequency, however they occur at much higher frequencies
than with the other inverters [59]. The output harmonics from the inverter can be modeled

by the analysis of each pulse produced from the inverter and taking the summation of these
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for all pulses in a complete cycle. What can be noted from Figure 4-26 and 4-27 is that the
period of the pulses that are produced are small in comparison to that of the fundamental
frequency. This implies that the frequency components will exist at higher frequencies.
This allows for simpler, lower order filters be used to eliminate the harmonics produced
from the PWM. To find the Fourier series of bipolar PWM, a generalized square wave
with a variable duty cycle can be assumed. The generalized square wave can be observed

in Figure 4-28 below.

Vbe

Ok Okt Yk |Ok+1 t

-Vpe

Figure 4-28: Generalized PWM Waveform

If the frequency of the triangular waveform is an odd multiple of the sinusoidal waveform,
then the PWM output will be odd, thus containing only the odd Fourier series components.
The PWM output voltage can thus be represented as follows [59]:

V,(t) = Yo, B, sin(nwt) (4.56)
Where the coefficients can be evaluated for each of the pulses in the PWM signal as

follows, with use of Figure 4-28:

2

B, = ;f;(kH[ZVDcu(t — o) — 2Vpcu(t — o — ¥ )] sin (

2ntnwt
T

)dwt (4.57)
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When equation (4.57) is simplified, the following results for the Fourier series coefficients

[59]:

B, = szc [cos(nay) + cos(noyy1) — 2 cos(n(oy, + vi))] (4.58)

n

This can be simulated by use of a 60Hz sin wave that is modulated by a 2460Hz triangular

waveform as can be seen in Figure 4-29 below.
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Figure 4-29: PWM Generating Signals

It was further assumed that the triangular waveform had amplitude of 0.9. From this, the

bipolar PWM output waveform can be generated as discussed previously. Figure 4-30

below shows what the PWM output waveform will be.
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Bipolar Pulse Width Modulation Output
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Figure 4-30: PWM Output Waveform

Representing this waveform as a series of Fourier Coefficients will yield the result shown
in Figure 4-31 below.
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Figure 4-31: Fourier Series of PWM Output
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From Figure 4-31 the following can be observed, regarding the harmonics:

e The THD incorporating all harmonics is 0.8641, which is very large

e The THD for the first 30 harmonics is 0.0424, which is significantly less than the
prior THD

e Filtering will yield a minimally distorted fundamental frequency

e The filtering of higher order harmonics is quite simple to do, the carrier frequency
can be increased, pushing the harmonics further away from the fundamental.

e The Fourier series has clusters of harmonics centered at multiples of the triangular

waveform frequency

4.5.2 Filtering Options
The applied filtering for power inverters are low-pass filters, similar to those discussed
previously for AC to DC power conversion. The objective is that the fundamental 60Hz
wave is passed and all others filtered out. For PWM inverters this allows the use of a low
order filter, such as the single-stage low pass filter discussed previously. As shown
previously, if the firing angles of the inverter are chosen, the low frequency harmonics can
be eliminated, causing a decrease in the total harmonic distortion as well as reducing the
filtering requirements. A summary of the THD for various inverter technologies before
and after filtering is as follows:

e Single stage inverter >28.3%

e Nine stage inverter 6.18%

e Nine stage inverter after LCL filter 0.0904%

e PWM with no filter 86.41%, 4.24% with a first order filter
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For other converter types, there will be required a higher order filter, many stages of low
pass filter, since the harmonics are very close in frequency to the fundamental. These
filtering systems can become quite complex and could potentially be designed to provide

dynamic filtering under certain conditions.

4.5.3 DC to AC Conversion and Underwater Transmission Lines

In certain circumstances, inverters may be used in an application to regulate the frequency
of the of underwater AC transmission. The effect that the underwater cable will have on
this 1s that some harmonics will be filtered when the cable is loaded, while resonances are
produced when the cable is not loaded. In this case, filtering before transmission is required
such that the harmonic resonances can be eliminated. The analysis of the cables influence
on the harmonics would be similar to the analysis described in the AC to DC power

conversion process.

4.6 Power Grid Harmonic Constraints

The modern power grid has constraints on how polluted the 60Hz voltage waveform can
be with harmonics. The purpose for these constraints is for safety of user devices that are
using power from the grid as well as the power providers’ equipment [30,65]. Harmonics
can cause additional heating losses, as well as potential premature dielectric breakdown of
insulation materials [27,30,65]. The IEEE Standard 519-1992 as well as its 2014 revisions
provides an idea of limitations regarding the total harmonic distortion. This standard gives
an idea of what the worst-case total harmonic distortion should be for a given power system.

The results from this standard are summarized in Table 4-2, 4-3, 4-4, and 4-5 below.
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Table 4-2: Voltage Distortion Limitations [65]

Bus Voltage Individual Harmonic Total Voltage Distortion
Distortion [%] THD [%]
Below 1kV 5.0 8.0
Below 69KV, above 1kV 3.0 5.0
Below 161kV, above 69kV 1.5 2.5
Above 161kV 1.0 1.5
Table 4-3: Current Distortion Limitations, 120V through 69kV [65]
Isc/IL 3<h<10 11<h<16 17<h<22 23<h<34 35<h<50 TDD
Below 20 4 2 1.5 0.6 0.3 5
Below 50, above 20 7 3.5 2.5 1 0.5 8
Below 100, above 50 10 4.5 4 1.5 0.7 12
Below 1000, above 100 12 5.5 5 2 1 15
Above 1000 15 7 6 2.5 1.4 20
Table 4-4: Current Distortion Limitations, 69kV through 161kV [65]
Isc/IL 3<h<10 11<h<16 17<h<22 23<h<34 35<h<50 TDD
Below 20 2 1 0.75 0.3 0.15 2.5
Below 50, above 20 3.5 1.75 1.25 0.5 0.25 4
Below 100, above 50 5 2.25 2 0.75 0.35 6
Below 1000, above 100 6 2.75 2.5 1 0.5 7.5
Above 1000 7.5 3.5 3 1.25 0.7 10
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Table 4-5: Current Distortion Limitations, above 161kV [65]

Isc/IL 3<h<10 11<h<16 17<h<22 23<h<34 35<h<50 TDD
Below 25 1 0.5 0.38 0.15 5.0 1.5
Below 50, above 25 2 1 0.75 0.3 3.0 2.5
Above 50 3 1.5 1.15 0.45 1.5 3.75

Where Isc 1s the maximum short circuit current at the point of common connection, /; is
the maximum demand load current, from the fundamental component, under normal

operating conditions, and h is the harmonic order.

The limits that are listed in Table 4-2 through 4-5 represent the absolute worst-case steady
state harmonic distortion that is allowed at a point of common connection in the power grid.
It is common practice to check the harmonic distortion periodically at points in the system
where it is predicted to be the worst [65]. It is important to make sure that the transmission
lines, transformers, and filters are not being overstressed. Also it is important to make sure

that no resonances in the system are being caused by the harmonics.

4.7 Modern HVDC Applications

Presently, as of 2016 there are a number of HVDC projects under construction. These
projects represent what the common power converter technology and bounds of the power

converter technology are. A few of these projects are:

1. The Maritime Link Project, Canada, Bipolar +/- 200kV, 5S00MW, 170km, IGBT

[62,63]
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2. NORD.LINK Project, Germany to Norway, 525kV, 1400MW, 623km, Thyristor
[66]

3. DolWin3 Project, UK, Bipolar +/- 320kV, 900MW, 160km, IGBT [67]

4. DolWin2 Project, Germany, Bipolar +/- 320kV, 900MW, 135km, IGBT [68]

5. Western HVDC Link Project, UK, 600kV, 2200MW, 422km, Thyristor [69]

6. SydVisldanken Project, Sweden, Bipolar +/- 300kV, 1440MW, IGBT [70]

There are just a handful of projects presently under construction in North America and
Europe at present. The power carrying capability, voltage class, and transmission length

of these projects are increasing rapidly.
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Chapter 5: AC vs. DC Offshore Systems

This chapter provides an analysis detailing how a selection between an AC or DC offshore
system can be performed. There are many factors to evaluate when considering if the
offshore transmission should be AC or DC. These factors will be summarized in the

subsequent sections.

5.1 Introduction

Deciding on whether AC or DC power should be transmitted is not a trivial matter for
offshore systems. There are many economic considerations for both AC and DC
transmission. Generalizing a transmission line length for which underwater AC power
transmission is no longer practical is difficult to quantify. Several methods for generalizing
this can be used, equivalent losses and cable, or equivalent losses and power transfer. These
two methods will result in different cost crossover points. Observations from the steady
state performance can be used to sectionalize transmission line length regions. These two
regions will have different costs associated with them. In addition to creating methods to
analyze the cost of an AC or DC system, the cost functions for all the differential equipment
must be determined. The results of the economic analysis will help to determine which

kind of system, AC or DC, should be used for a given offshore power application.

5.2 Decision Factors

There are many similarities between an AC and DC offshore system. There are also,

however, many differences. Listed below are some of the considerations that must be taken
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into account when deciding whether an AC or DC offshore system is suitable for a given
application.
e Thermal limitations in ampacity of the cable
e Forces applied to lay the cable in the water/tidal currents, electromechanical forces
between the conductors under transient conditions, and external sources of damage.
These are mechanical forces seen by underwater power cables.
— The armour material choice and thickness affects the efficiency of the cable
e The choice of using AC or DC transmission
— DC transmission will require power converters
» Introduction of harmonics
— AC will potentially require reactive power support
= Design of a cable’s insulation thickness could potentially provide the
reactive power support for an induction machine
» Harmonic resonances are produced
— DC allows for higher cable ampacity
— AC transmission has a significant Ferranti effect
= Voltage swells at the receiving end of the transmission line
— DC systems only require two cables for bipolar transmission, AC requires
three
— DC would allow easier interconnection of multiple offshore power
installations
e The choice of cable configuration

— Single-core cables can sustain higher voltages than multi-core cables
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— Single-core cables allow for better heat dissipation

— More underwater trenches required for single-core cable applications

— Three-core cables do not allow for cheap redundancy if a single core fails.
Also increases the probability of more than one core failing due to external
damage.

— Steel armour causes diminished cable efficiency in single-core cables

— Magnetic field in the environment surrounding a three-core cable

diminishes faster than for a single-core cable

Figures 5-1 and 5-2 below show what a typical offshore DC or AC system would be

composed of respectively.

Offshore Step-Up ACDC Power Transmission Line DC-AC Power Step-Down Grid Thevenin
Generator Conversion Conversion Equivalent

]
0

Figure 5-1: DC Bipolar Transmission Link

174



Offshore Step-Up Transmission Line Reactive Power StepDown Grid Thevenin
Generator Compensation Equivalent
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Figure 5-2: AC Transmission Link

]

Comparing and contrasting these systems, the following observations/assumptions can be

made regarding the two systems:

e Both systems are assumed to use induction generators, due to the fact these are the
cheaper of the AC generators

e Both systems are connected to an AC power grid on the shore

e Both systems have step-up and step-down transformers

e The DC system has two power conversion stations

e The AC system has a potential need for reactive power compensation

e The DC system has two transmission lines

e The AC system has three transmission lines

e Multi-core cable systems will be neglected
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From this, the cost for each system can be generally defined as follows:
Cpc = Ceen + Cxpmr, + Crecririer + "Cocpyp e + Cxpmr, + Cinverrer  (5.1)

Cac = Cgen + Cxrmr, + 3Caciypr T Cxrmr, + Cpr_corrEcTiON (5.2)

The difference in cost can also be found:

CAC - CDC = 3CACCABLE + CPFCORRECTION - nCDCCABLE - CCONVERSION (53)
If this total cost differential, C4 — Cp, is greater than zero then AC is desirable over DC.
If the total is less than zero then DC is desirable over AC. Each of the costs above can be

defined as follows:

Caceapre 18 related to the length of the transmission line, ampacity, and the

insulation thickness.

CACCABLE = f (L, "conar thinsut) (5.4)

Coceapre 18 related to the length of the transmission line, ampacity, and the

insulation thickness

CDCCABLE = f (L, "conar thinsu) (5.5)

e [tis worth observing that the core conductor radius is related to the ampacity of the
cable and the insulation thickness is related to the voltage class.

e  Cconversion 18 the cost of the rectification process to convert AC to DC and an
inverter system to convert DC to AC. All DC transmission links would require
these converter stations. To properly model this cost, there is the cost of the
converter station, plus a penalty factor for the harmonics that are introduced into
the system due to the extra power losses in the power system, the k-factor rating of

transformers, and the potential cost of a filtering network. Converter station costs
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depend on the required voltage level and the output current capabilities. In the case
of offshore power conversion, the power converters are constructed on platforms
above sea level. This introduces another base cost associated with the power

conversion process.

Cconversion = f(V, 1) + f(harmonics) + Cyiatform (5.6)

Crroorrecrion 1S the cost of having shunt capacitor or inductor banks. In the case

of offshore power, inductor banks would be required. If an induction generator is
used for an offshore power installation, the reactive power draw of the machine will
offset some of the reactive power supplied by the transmission line. If an onshore
power factor is specified, then a cut-off transmission line length could be evaluated
where, at this point, reactive power support would begin to be required. This cost
would thus be a function of transmission line length, cable selection, and generator
selection.

= f(l, cable, generator) (5.7)

Cpr CORRECTION

5.3 Cost Crossover for Power Transmission

There are several approaches to analyze the cost crossover point between AC and DC power

transmission. These approaches are as follows:

Equivalent cable and line losses assumption

Equivalent power transfer and line losses assumption

Both of these models will neglect the additional costs associated with AC or DC power

transmission, such as the power conversion process and reactive power support. These two

approaches are different in their assumptions regarding how to compare whether AC or DC
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transmission should be used. The equivalent cable approach assumes that a cable has been
selected for an offshore power installation. This implies that the core conductor radius and
insulation thickness are equivalent for both AC and DC power transmission. The second
approach is to assume that the line losses and power transfer are equivalent. This approach
puts constraints on the insulation thickness and core conductor radius. For both approaches,
the same approximation for the DC and AC resistance will be used. Accounting for the

skin effect defined in (3.1), the DC and AC resistances can be approximated as follows:

t
norpc?

Rpc = (5.8)

£
g (2rac—95)

Ryc = (5.9)

These equations for resistance are used for evaluating the line losses for the cables. These

are simplified approximations of the cables resistance. The exact formulations for the

resistance can be found in Chapter 3.

5.3.1 Equivalent Losses and Cable Geometry

If it is assumed that a cable has been pre-selected for a given offshore power installation
and it is required to determine whether AC or DC power should be transmitted, the
following constraints can be applied for analysis: the core conductor radius is equivalent,
the insulation thickness is equivalent, meaning that the peak AC voltage can be equivalent
to the DC voltage, the line losses are equivalent, and a bipolar DC transmission link is to
be used. As a result, the difference between AC and DC losses can be approximated to be

as follows:

_ P _ ? 31Lp2 21D2 5 10
AP, =Ppye = Prpe =7 26(2r-8) 12 (5.10)
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If the losses are equivalent, then the following relationship can be determined:

IL_p_ 468(2r-6)
D /3—r2 (5.12)

Since it has been assumed that the peak AC voltage is equivalent to the DC voltage [30],

the ratio of power transfer can be defined as follows:

E_EIL_P (511)

PDC_41D

Substituting this into equation (5.11) results in the following relationship:

Pac _ [38(2r=9)
s = /4 = (5.13)

It can be observed that for a specified cable, equation (5.13) is a constant. Since the losses

are equivalent, equation (5.13) defines the ratio of profit capability of one transmission
medium over the other. The cable electrical losses, being assumed equivalent for the AC
and DC power transmission, is an equivalent statement to saying that the wear of the cables
is equivalent. This is because the electrical losses translate to heat, which affects the life
of the insulation. Figure 5-3 below shows a plot of the power ratio as the radius of the core

conductor varies.
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Figure 5-3: Power Ratio vs. Conductor Radius

It can be observed from this plot that the ratio is never greater than unity. This implies that
given the constraints listed above, a DC cable will be able to transmit more power than an

AC cable.

Assuming that this is a short transmission line, less than 15km, where an AC system can
be assumed to require no power factor correction, the difference in cost between the two
systems can be simplified to be as follows:

AC = —Cconversion + (3 =) Ceapre + PACnomBT(l -y (5.14)
Where £ is the price per megawatt-hour that can be obtained for the power, 7 is the number
of DC cables which in this case is two since a bipolar DC link was assumed, y is the power

ratio defined by equation (5.13), 7 is the average operating time at nominal capacity of the
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generator, and Py is the nominal generating capacity of the generator. From this

equation it can be found how long it would take to pay for the added converter stations.

5.3.2 Equivalent Losses and Power Transfer

An alternative way to compare the transmission lines is to assume that the line losses and
power transfer are equal for both cables [30]. This implies that electrically speaking both
cables operate equivalently. The line losses and power transfer for AC and DC cables can

be defined as follows [30]:

Puac =211, Rac (5.15)
P, = 2Ip°Rpc (5.16)
Ppc = ZVLNpILp (5.17)

Ppe = 2Vplp (5.18)

Where | Ly is the amplitude of the current waveform and V;, Ny is the amplitude of the voltage

waveform. To accurately compare the two cables, the average AC power must be compared
to the DC power. It has been assumed that the peak values of voltage and current are used.

The relation between the peak values and the RMS values is given as follows:
VLNp = ‘/ZVRMS (5.19)
ILp = ‘/EIRMS (5.20)
Using this definition, equating the line losses provides the following relationship:

ID _ 3 T'DCZ

I, ~\46@2rac-6)

(5.21)
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Where rpc and r4¢ are the radii of the core conductors for the DC and AC transmission line
respectively.
If the current carrying capacity of the cables were desired to be equivalent, then the

following relationship will exist for the radii of the core conductors of the cables:
48
oc = |7 (21 — 6) (5.22)

Applying the result in equation (5.21), and assuming that the input powers are equivalent,
which in this case is synonymous with equivalence of received power, the following can
be observed:

VLNp _ 4 TDCZ
Vp 38(2r4¢c—96)

(5.23)

This represents the relationship between AC and DC voltage required to have equivalent
line losses and equivalent power delivery. Equation (5.21) represents the ratio of current
carrying capacity required such that the cables have equivalent line losses. Equation (5.23)
represents the ratio of required voltage.

For underwater power cables, the current requirement defines the radius of the core
conductor and the voltage class defines the thickness of the insulation. Equations (5.21)
and (5.23) provide these ratios. The core conductor radius and insulation thickness define
the cost of the cable. In this case, since losses are equivalent and power transfer is also
equivalent, then the only factor that offsets the DC converter station is the differential cost
of the cables. This is assuming that the transmission length is less than 15km, where power
factor correction is not required for an AC transmission line. With this assumption in mind,
the following equation can be developed to represent the differential cost of an AC and DC

system:
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AC = —Cconversion T 3Cac.gpe — 2Cpccapie (5.24)

This again is assuming the application of a bipolar DC transmission link. It is worth noting

that under these constraints, AC power transmission would be most economic.

5.4 Power Factor Compensation

Underwater power cables are a source of significant reactive power [29,31]. As such, they
may require reactive power compensation for longer transmission line length [29]. Since
the cables are dominated by their capacitance, inductive reactive power would be required
to balance this. If it is assumed that an induction generator is connected to a transmission
line, then it is expected that the onshore power factor will have the following trend: the
power factor would begin at the power factor of the induction machine, increase to unity,
and then decrease as the line length increases. Figure 5-4 below shows an example of the
onshore power factor as line length is varied.
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Figure 5-4: Onshore Power Factor

183



From Figure 5-4 it can be observed that for an offshore power cable, there is a region in

which the power factor is greater than that of the induction machine. Within this region it

can be said that no power factor correction would be required for the transmission line. If

line lengths begin to exceed this region, power factor correction will begin becoming a

necessity. The reactive power provided by the transmission line on shore for various

underwater transmission lines can be found to have the trend shown in Figure 5-5 below.
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Figure 5-5: Onshore Reactive Power

Observations that can be made regarding the reactive power supplied by an underwater

transmission line are the following:

e The reactive power can be approximated as being linear or quadratic functions of

transmission line length.

e The intercept of the approximations would correspond to the power factor of the

generator.
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So for a given transmission line, a regression can be performed to approximate the reactive
power requirement for the cable in terms of the transmission line length. Observing that
for a specified offshore power system, a fixed amount of reactive power would be required.
This implies that fixed reactor banks could be connected onshore to supplement the reactive
power provided by the transmission line. Assuming the transmission line length is longer
than the region where the power factor is greater than the induction generator, the cost of

power factor correction can be defined as follows:

CPFCORRECTION = af({’) (5'25)

Where, «a is the cost per megavar of reactive power compensation and f () is the regression
model representing how many megavars are supplied by the transmission line. The full

equation for the cost of power factor correction can be defined as follows:

_ 0, £< ¥,
CPFCORRECTION - {af([)' £> 4, (5.26)
Where £, represents the cut-off transmission line length where the power factor remains

above that of the induction generator.

5.5 Cost Functions

To evaluate the cost crossover points described previously, the cost functions for the
various power system equipment must be known. This equipment includes, the cost of AC
cables, DC cables, the installation cost of the cables, the cost of power conversion, the cost
of required offshore platforms, the cost of reactive power compensation if it is required,
and the price of energy. The cost functions that will be described are best-fit functions

from manufacturer data.
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5.5.1 Cable Costs

The cost of power cables can be generalized as being a function of voltage class and
ampacity. In general, the only cable layers that vary are the conductor diameter and
insulation thickness. The additional protective layers are typically invariant unless it has
been specifically requested that they be different. In addition to the cost of the physical

cable itself, there is a cost associated with laying the cable underwater.

5.5.1.1 AC Cable Cost
The per kilometer cost associated with AC cables, in millions of Euros, is defined to be as
follows [71,72,73]:

Cacegpre = ac + ﬁACe% M€/km (5.27)
Where [ is the ampacity of the cable and the coefficients a, B, and y are coefficients that

depend on the voltage class of the cable. Table 5-1 below shows various values of these

parameters as the cable voltage is varied.

Table 5-1: AC Cable Cost Coefficients [71,72]

Voltage [kV] a,c [M€/km] B ac IM€/km] Yac [1/A]
30-36 0.05208 0.07551 234.34
132 0.24972 0.02648 379.5
230 0.4032 0.01394 462.1
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5.5.1.2 DC Cable Cost

The cost of DC cables is different from AC cables in that the cost doesn’t vary exponentially
with the ampacity. A justification for this would be the lowering of the ampacity of an AC
cable due to the skin effect. The cost of a DC cable can be defined to be as follows

[71,72,73]:

Coecape = ¥c + 1ons VI ME€/km (5.28)

Where V' and [ are the cables voltage rating in kV and ampacity in A. The coefficients Y
and o depend on the voltage class of the cable. Table 5-2 below shows various values of

these parameters as the cable voltage is varied.

Table 5-2: DC Cable Cost Coefficients [72]

Voltage [kV] Ypc [M€/km] opc [€/kmVA]
5 -0.03806 0.04488
40 -0.03454 0.006789
160 -0.011 0.001804
230 0.00836 0.00132
300 0.03146 0.00010659

5.5.1.3 Offshore Cable Installation Cost

The cost of laying the cables depends significantly on the application. It depends entirely
on the depth of water between a ship and the seabed and the composition of the seabed.
The cost per kilometer to install the cable offshore is approximately three times more
expensive than on land, costing on average between (.264 to 0.365M¢€/km to install offshore

[71,73].
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5.5.2 Power converter Cost

The cost of power conversion comes in three variants, the cost of DC/AC conversion,
DC/DC conversion, and DC/AC conversion. In this section, only the process of
rectification (AC/DC) and inversion (DC/AC) will be analyzed. The cost of these
converters will be related to the amount of power it is desired for them to convert. In

addition to the cost of the power conversion equipment is the cost of the offshore platform.

5.5.2.1 Rectifier Cost

The cost function used to represent the cost of AC to DC power conversion is all-inclusive.
The cost 1s 0.072 M€E/MW for this converter and all associated components [73]. This is an
average value for a power converter that is in the 150MVA range. Smaller power

converters will cost slightly more, bigger converters will cost slightly less than this cost

figure [73].

5.5.2.2 Inverter Cost

The inverter cost function can be quite complicated to model. The reasoning for this is that
the cost will be a function of the required power conversion and also of how complicated
the inverter system is. The cost of a single stage inverter or a pulse width modulation
inverter would be equivalent to that of a rectifier, since it will use the same quantity and
kind of components. This cost will be 0.072 M€/MW [72,73]. For a multistage inverter,
more switches are required in order to produce a waveform. It can be proposed that the

cost of an n-level inverter can have a cost function of 0.072n M€/MW.
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5.5.3 Offshore Platform Cost

In the event that an offshore platform is required for a power converter, the cost associated

with that will be 2.534 M€ [71,73].

5.5.4 Reactive Power Compensation Cost
The cost of reactive power compensation in the form of an inductive reactor is
approximately 2/3 the cost of a power transformer of an equivalent power rating [71]. A
linear model representing this cost is given as follows [71,72]:

Creactor = 0.1264 + 0.003542 - Q M€ (5.29)
Where Q is the reactive power required by the system in MVAr. The average cost of a
static VAR compensator is 0.077 M€/MVAr. An offshore platform would also be required
for the reactive power support. It is assumed that the cost of the power converter platforms
1s similar to what is required for the reactive power compensation. Choice of which method
of power factor correction depends entirely upon how much reactive power is required. In
the case of AC cables being used to transmit power to shore, if the transmission length is

less than 20km, no power factor compensation may be required.

5.5.5 Energy Prices

Energy prices vary quite significantly from region to region. In Canada the cost per
kilowatt-hour can vary from 0.072 to 0.165 CAD as of May 2015 [74,75]. The average
cost of energy in the United States is 0.1293 USD cents per kilowatt-hour as of June 2015
[76]. In the United Kingdom, prices of energy averaged 0.201 EU as of 2014 [77]. In

Europe, the average cost of energy is 0.208 EU per kilowatt-hour [77].

189



5.6 Analysis of Cost Crossover Threshold

To analyze the cost crossover point between an AC and DC transmission link, the

differential cost given by equation (5.24) will be applied along with the cost functions

defined in the previous section.

following:

The specifications for this transmission link are the

e The choice is to use 230kV AC transmission or +/-230kV DC transmission to

transmit S00MW of power.

e Reactive power support will be included in the model

e A VSC power inverter will be assumed to be used to convert the DC waveform to

an AC waveform

The results of this analysis can be observed in Figure 5-6 below.
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From Figure 5-6 it can be observed that a transmission length between 33km and 34km
results in the cost crossover point. This means that: for transmission lines up to 33km AC
transmission is economically viable and for transmission length above 34km, DC
transmission is economically viable. It should be noted that this analysis was for a large
offshore generation installation. For a smaller power installation, the following
specifications can be provided for analysis:
e The choice is to use 36kV AC transmission or +/-36kV DC transmission to transmit
10MW of power.
e Reactive power support will be included in the model
e A VSC power inverter will be assumed to be used to convert the DC waveform to
an AC waveform

The results of this analysis can be observed in Figure 5-7 below.
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From this result it can be observed that the cost cross over point occurs at approximately
15km. This means that for transmission lengths less than 15km, AC transmission is the
most economic, and for transmission lengths over 15km, DC transmission most

economical.

5.7 Selection of a Transmission Line

For a given offshore power installation, it is required to be able to choose the transmission
line geometry. This can be done evaluating the most cost effective voltage and current for
the application. The cost of an AC power cable is given by expression (5.27). This cost
function has various values of the parameters a4, S4c, and y,4.. These parameters depend
on the voltage class of the cable. A regression can be performed on these parameters to
find them as a function of voltage. The regression on this data set results in the following

equations [71,72]:

a,c = 0.0019V — 0.0166 (5.30)
Bac = 0.1091¢~0:00% (5.31)
Yac = 1.1842V + 190.83 (5.32)

Where V is the line-to-line voltage measured in kV. These were the equations that resulted
in minimum regression error for the data points collected. Applying these parameter
regressions can allow for a general cost plot to be created as a function of both voltage and
current. Plotting this results in the contour plot shown in Figure 5-8a and Figure 5-8b

below.
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From Figure 5-8a and 5-8b, it can be observed that as the voltage and current rating of the
cable increase, so does the cost. The voltage rating of the cable can be translated to a
specific insulation thickness and the current rating can be translated to a specific conductor
radius. The voltage/insulation thickness and current/conductor radius relationship has been
used previously when modelling the underwater power cables. Again, a regression was
performed on present cable manufacturer data found in [28]. Applying this results in the
Figure shown in 5-8b. From these plots, it is desired to select the most cost economic cable.
It should be worth noting that this analysis applies for underwater power cables of length
less than 15km. For longer underwater cables, a penalty factor would have to be introduced
to account for reactive power compensation or application of power electronics. The result
in Figure 5-8a and 5-8b can be used to select a specific cable for an application by applying
the power constraint equation for the application. The power constraint is given by the

following equation:

ISl 3Rac
1000v3:|I|  1000V3

11 = |V] (5.33)

Where |V| is the magnitude of voltage in kV, |I| is the magnitude of the current, |S| is the
magnitude of apparent power in VA, and Ry is the AC resistance of the cable. The AC
resistance of the cable depends on the core conductor material and cross sectional area.
From [28] a regression equation can be determined for the resistance of typical underwater

power cables. This equation is as follows:

¢
R= 0(0.001112-0.01131+0.1677) (5.34)

Regression equations can also be determined for the insulation thickness, th, and core conductor
radius, r, for typical underwater power cables from [28]. These equations are as follows:

th = 2.0937 + 0.1725V — 0.0005V? + 6 - 1077V 3 (5.35)
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r= %\/0.001112 ~0.01131 + 0.1677 (5.36)

Applying equation (5.33) and plotting this on top of the cost contour plot results in Figure

5-9 below.
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Figure 5-9: Cost of Cable With Power Balance Equation

In Figure 5-9, the single red curve represents equation (5.33). This equation represents all
of the possible combinations of voltage and current that will result in the magnitude of
apparent power of SMVA. It is also assumed that the cable length was 1km. It can be
observed that the corner in the red curve corresponds to the most economic cable selection.
Figure 5-9 will result in the selection of the most economic voltage class and cable cross

section for the given power installation. This can then be translated to the physical
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geometry of the cable from equations (5.35) and (5.36). In the event that the required
transmission line length were to be longer than 15km, the same analysis would be true for
the cost of the transmission line. There would be an additional cost associated with the
necessary power electronics and/or the power factor correction. This analysis methodology
is also applicable to the case where a DC cable may be required. The difference being that

the cost function for DC power cables is different.
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Chapter 6: Offshore Micro-Grids

This chapter provides an overview of offshore power system topologies. These various
topologies apply for when there are multiple offshore generation sites. The selection of
topology has implications on the offshore cluster generation performance as well as cost.
The model for an offshore micro-grid will be developed from the study of these various
topologies. The implications and consequences of interconnecting the offshore micro-grid

with the onshore power system will be analyzed.

6.1 Introduction

Offshore micro-grid generation is applied for the large offshore wind farms described in
Chapter 1. These wind farms can be comprised of over 100 wind turbines. The same
application could be used for tidal based power generation as well. The power generated
from the cluster of generators is typically centralized and transmitted to shore using a single
transmission line. This is typically necessary so as to minimize the project cost. There are
four main offshore topologies that are used to interconnect generators and transmit the
power to shore: star, radial, ring, and point-to-point. The first three topologies, star, radial,
and ring are necessary when a large number of turbines are used. Point-to-point would
typically be used if few offshore generators were used. In the previous chapters, the
analysis performed was for the situation where there was a single generator connected to a
single transmission line. The various offshore micro-grid topologies will be analyzed and
the effects they have on the offshore micro-grid and the micro-grids effect to the onshore
grid will be discussed for both AC and DC applications. The study of this will be

generalized such that the analysis will apply for an offshore cluster of generators, either
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wind or tidal based, groups of these generator clusters, singular distributed generation, and
offshore loads. Figure 6-1 below provides a general diagram for what the micro-grid will

consist of.

Figure 6-1: Micro-Grid Model

From this model, each generator could be represented by an equivalent of a cluster of
generators or singular generators. Loads local to these clusters will be incorporated into
the modelling of the different topologies. The model of the micro-grid in Figure 6-1 can
be generalized to allow for multiple onshore connection points from the various generation

clusters.
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6.2 Offshore Micro-Grid Generator Cluster Topologies

Often when constructing offshore power generation sites, multiple generators are installed

in close proximity to each other. When there are multiple generators, there are various

ways in which the power can be transmitted to shore. The features that will be used to

define an offshore micro-grid are the following:

A cluster or several clusters of offshore wind and/or tidal generators will form the
backbone of the micro-grid

Inclusion of singular generators in close proximity to this aforementioned array of
generators

Inclusion of offshore loads

Inclusion of energy storage

These features will allow for a starting point in the analysis of offshore micro-grids.

6.2.1 Offshore Generation Cluster Interconnections

Offshore generator cluster interconnection topologies involve the various ways in which

this power can be transmitted to shore. The various topologies that can be applied for an

offshore power installation are the following [82,83]:

1.

2.

Star connection
Radial Connection
Ring Connection

Point-to-Point Connection
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The first three topologies can be observed in Figure 6-2 below in order from left to right.
The point-to-point connection was not represented in Figure 6-2. This connection topology

involves each generator having its own transmission line to shore.
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Figure 6-2: Offshore Grid Interconnections, Star, Radial, and Ring

For these topologies it has been assumed that the array contains » turbines in each row and
there are m rows. The distance between each turbine in the row was assumed to be, w, and
the distance between rows, 4. These various topologies each have their own benefits and

disadvantages, which will be discussed in the subsequent sections.

6.2.1.1 Star Connection

This topology creates an underwater power hub in which all the generators are connected.
The generators are connected to the hub by a lower capacity power cable. A higher capacity
cable is then used to transmit the power to shore. The number of cable segments required

for this topology is as follows:
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Cable Segments = nm (6.1)
If it 1s assumed that the underwater power hub is constructed in the middle of the array, the

minimum total length, per phase or pole, of transmission line required is given as follows:

Ceapie = d +h™=2 4 I, S0, \[wz (i-22) 42 (j - 2)° (62)
6.2.1.2 Radial Connection
This topology daisy chains several generators together. These groups of generators will
require larger capacity cables as well as the creation of hubs when these groups of
generators are connected together. Again, a larger capacity cable is used to transmit the
power to shore. The total number of cable segments required is as follows:
Cable Segments = nm — 1 (6.3)

The minimum total length of cable required, per phase or pole, will be as follows:

Leape =d+mn— 1w+ h(m—1) (6.4)

6.2.1.3 Ring Connection
This topology is similar to the radial connection. With exception that there are loops
created between the generators. This increases the reliability of the system, however it is
more expensive due to the extra cable lengths required, as well as the offshore switchgear.
The total number of cable segments for this topology is as follows:

Cable Segments = m(n+ 2) — 3 (6.5)
The minimum total length of cable required, per phase or pole, is as follows:

Leape = d +mn — 1w + 3h(m — 1) (6.6)
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6.2.1.4 Point-to-Point Connection
This topology has the best reliability, since each generator has its own transmission line to
shore. Due to this, lower capacity cables can be used for the power transmission. This can
become expensive if the number of generators gets large. Typically point-to-point
connections are only used for smaller scale applications because of this. The total number
of cable segments for this topology is as follows:

Cable Segments = nm (6.7)

The minimum total length of cable, per phase or pole, would be as follows:

Ceapie = mn(d + 75 (6.8)

6.2.1.5 Interconnection Choice
The choice of which topology is used for transmitting the offshore power to the shore
depends on many factors [82,83].

e The size of the installation both in terms of quantity of turbines and amount of
generation power. Larger numbers of turbines render point-to-point unfeasible due
to the cost of all the cable. Due to this, one of the other three topologies must be
applied. The amount of power from each generator is also significant because it

will affect the size of the cable required to interconnect the generators [82,83].
e The length of cable required is significant both in cost, and in terms reactive power

capabilities if AC power transmission is used. Generally speaking, from equations

(6.2), (6.4), (6.6), and (6.8) above, the following can be generalized regarding the
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length of cable required: radial, ring, star, and point-to-point is the ordering from

shortest to longest cable requirements [82,83].

The number of subsea components, such as breakers, transformers, and hubs is
another cost associated with the four topologies. The ring topology requires more
breakers due to the additional connections between generators. The star topology
requires one hub, point-to-point requires no hub, and the radial/ring topology

requires multiple hubs [82,83].

The number of joints created with the underwater power cable is another factor to
consider when analyzing the cost. The number of required joints is proportional to

the number of cable segments [82,83].

Minimized power losses are another ideal characteristic of the offshore
interconnection. The losses are related to the geometry choice and composition for
the cables as well as the length of the cable. The geometry and composition account
for the effects due to the selection of voltage class and ampacity requirements of
the cable. Selecting appropriate materials for the cables outer layers as well as

minimizing the length of cable used can mitigate additional losses [82,83].

Power quality can be thought of in two different respects depending on whether AC

or DC power is being transmitted. For AC power, the length of cable corresponds

to a certain amount of reactive power being injected into the network. This injected
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reactive power could balance with the reactive power demand from the induction
generators. For DC power, the harmonic attenuation is what determines the quality
of the power. The attenuation of harmonics is related to the line parameters of the
cable and the cables length. It is ideal to maximize the quality of the power that is
received onshore; this corresponds to unity power factor onshore, or zero total

harmonic distortion [82,83].

Reliability is an important aspect to consider when choosing a topology. It is ideal,
that when a failure happens, that each or all generators can be disconnected from
the power grid. It is also ideal to be able to reroute the power such that if a
transmission line were to fail, power can still be generated and delivered to shore.
The trade-off with reliability is the cost. A system must be chosen that provides

reasonable reliability for a reasonable additional cost [82,83].

Synchronization requirements for offshore power installations using induction
machines can be quite difficult or expensive to achieve. The requirements of

synchronization are quite different for the various topologies [82,83].

6.2.2 Inclusion of Remote Generation and Offshore Loads

For the topologies described above, models will be developed to incorporate the possible

addition of other offshore generators, which are not part of the main cluster, as well as

loads. An example of an additional offshore turbine would be the inclusion of several

offshore tidal generators to the common hub of an offshore wind farm. An example of a
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load would be an offshore oil platform. The inclusion of all these components results in a

general model for an offshore micro-grid.

6.3 Offshore AC Generation Micro-Grid

If it was required to have an AC offshore micro-grid, there are several requirements that
must be specified. The offshore generators must be synchronized, frequency regulated if
an induction machine is used, voltage regulated, and the transmission lengths must be less
than approximately 35km. Synchronization requires that at the point of common
connection there is a fixed voltage and phase. The star and radial topologies will be
analyzed to determine the synchronization requirements for the generators as well as

determining the equivalent model of the micro-grid.

6.3.1 Micro-Grid Model
To begin the analysis, a generalized topology for the problem must be created. This will
include the main generator cluster, remote generation that is interconnected to the cluster,

and loads. The generalized topology can be observed in Figure 6-3 below.
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Figure 6-3: Generalized Offshore Micro-Grid Star and Radial Topologies

In Figure 6-3, Vy 1s the voltage and phase at the common hub, V; is the voltage and phase
for each generator in the main cluster, V; is the voltage and phase for each of the other
interconnected turbines, and S, represents various loads that may be connected to the hub.
It should be noted that the non-cluster generator(s) could represent an equivalent circuit for
another offshore generator cluster. For the analysis, the following assumptions about the

system will be made:

e The magnitude of generator voltage is known

e The apparent power and power factor for each generator is known
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e The hub voltage phase angle is assumed to be the reference

e The equivalent of the micro-grid will be represented as an equivalent sending end
voltage and current such that two-port network analysis can be performed for the
transmission line to shore. The sending end voltage is V' and the sending end

current is the summation of current from each generator branch.

Finding the equivalent model for a single cluster of generators in Figure 6-3 will allow for

the analysis of larger systems.

6.3.2 Star Topology

To formulate an equivalent of this topology, it should be noted that the hub voltage is
unknown but common among all the generators. Since an underwater power cable connects

each generator to the hub, two-port network analysis can be applied as follows:

|Vi|268; = Alvy] +§(||j—§||4(5j—¢j)—6|VH|> (6.9)

Where §; is the phase angle of the generator and ¢; is the power factor of the generator.

Separating this into its real and imaginary components results in the following equations:
S .
|A||V]-| cos(a + 6]-) — |B|||V—;||cos(ﬁ + 6 — ¢j) = |Vyl (6.10)
. Sil .
|A||Vj|sm(a+5j)— |B|||V—;||51n(ﬁ+5j—¢j) =0 (6.11)

Where « is the phase angle of 4 and f is the phase angle of B. Equation (6.11) has only
the unknown parameter §; in it. This equation can be evaluated to find the phase angle of

the generator. The following relationship can be created:
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j4llv,* _ sin(8+6,-9,)
IBI|S;] - sin(a+6;)

(6.12)

This equation is non linear and can be iterated to find a solution. Once the solution of §;
has been evaluated, equation (6.10) can be evaluated to find what the hub voltage will be.
Once these have been evaluated, the current injected to the hub from each generator can be
evaluated. The total current transmitted to shore is the summation of each current injected

into the hub from each generator. The following observations can be made regarding this

topology:

e FEach generator has its own transmission line to the hub. Each transmission line will
have its own ABCD parameters due to the different transmission line lengths and
potentially different cable geometry.

e [f each generator and transmission line are equivalent, the phase angle of each
generator will also be equivalent.

e [fthe generator and transmission line are not equivalent, then equation (6.12) would
result in a different solution for each generator. This means that the hub voltage
must be determined and remain constant.

e Equation (6.12) will be used to evaluate the hub voltage for each generator. The
absolute error between each generator voltage and hub voltage will be used to
evaluate what the hub voltage must be. The generator with the numerically largest
error and its associated hub voltage will be selected to define the hub voltage. For
the remaining generators, the phase angles will be determined from equation (6.10)

given the hub voltage previously evaluated.
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e The load will be modeled by evaluating the current draw at the sending end of the
loads transmission line. This current will be subtracted from the hub current.

e For additional generators, the i/ generator, a similar analysis as described above
will occur.

e Once the hub voltage and current are evaluated, an equivalent for the micro-grid
will have been determined. Two-port network analysis can then be performed for

the transmission line to shore as discussed in Chapter 3.

6.3.3 Radial Topology
To formulate an equivalent for this topology, a circuit representing each branch of the radial

network will be constructed. This circuit can be observed in Figure 6-4 below.

A B G D B C D A B G Dy ABCGD

Iy=14 T L e Ly I L, R
' 1L ' L ]

~_ ) Vg L& WRA'/ A Vg L8 . | Vg Lén Vi
) Vo Lo 6 L0 G L03 G H

Figure 6-4: Equivalent Circuit of Each Branch in a Radial Network

From Figure 6-4, the following equations can be written for the first stage:

B |11

|A;| cos(a; + ;) —cos(8,) = Vel cos(B; + @) (6.13)
|4y sin(a; + &) —sin(8;) = ilsin(B, + ¢) (6.14)
Iy, = HEAE el (6.15)
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IS = IRl + |I|L¢ (6.16)

2
Equations (6.13) and (6.14) can be iterated to find a solution for the generator phase angles.
When the phase angles are evaluated, the receiving end current for the first transmission
line can be evaluated. Once this is complete, cascaded two-port network analysis can be
performed to find the hub voltage and injected current. This forward analysis is applicable
for a single radial branch or for multiple identical radial branches. Evaluation of the phase
angles of each generator when the hub voltage is known will be evaluated in a different

form of analysis. An equivalent model, as discussed in Appendix A, of the transmission

lines will be used. Figure 6-5 below is the simplified radial topology.

k=1L In Is2 Ip2 Is3 I3 ka Ira
r I - Tz i [z -
Zy ¢ Zy |14 Zy

('~ Vg L3, -\ Vg L6 )V L6a v,
& G L0 Zy [l ] Z - G Ze H

Zy

[~e) Vel z
__/ ¥

Figure 6-5: Equivalent Radial Topology

This transmission line model is appropriate since the generators in a radial branch will be
close in proximity. From Figure 6-5, where the hub voltage and phase angle is defined, the
following system of equations can be written to enable evaluation of each generators phase

angle:

|I|L¢— Vi l£80—1Vn_1148n_1 ) V|26, _ Vi |£87~VH |28y =0
z Zy z

|I2¢p — (W) _5 (|VGZ|:52) B (|VG|452;|VG|453) ~0 (6.17)
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2¢ — (lVG|451) _ (|VG|451—|VG|L52) —0

Zy z
From this system of equations, the phase angles of each generator can be designed such
that the hub voltage is matched. The following observations can be made about this
topology:
e Groups of generators are daisy-chained together to form a branch of the radial
network
e [feach branch is different, synchronization becomes relatively difficult to achieve.
e The same hub voltage selection criteria will be applied as with the star topology.
e The load will be modeled by evaluating the current draw at the sending end of the
loads transmission line. This current will be subtracted from the hub current.
e For additional generators, the i generator, the star analysis will be applied to
determine how to synchronize that generator.
e Once the hub voltage and current are evaluated, an equivalent for the radial

topology micro-grid will have been determined.

6.4 Offshore DC Generation Micro-Grid

The offshore DC generation micro-grid will consist of clusters of AC generators which
have had the power converted to DC. The topologies utilized for the DC generation micro-
grid will be equivalent to Figure 6-3. In the matter of interconnection requirements, it can
be observed that for a DC micro-grid, matching of voltage magnitude at the output of the
rectification stage is all that is required. As discussed in Chapter 4, this is a matter of

controlling firing angles.
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6.4.1 Star Topology

To begin analyzing this topology, the DC component of the rectifier output will be
analyzed. All of the power generated should be contained in the DC component. In reality
there are energy losses associated with the power conversion process as well as contained
within the resultant harmonics. The model shown in Figure 6-3 for the star topology can
be simplified for this analysis. Each of the transmission lines that connect the generators
to the hub can be modelled by a single resistive element. Ifthe voltage at the hub is required
to be a constant, then the DC voltage at the output of the rectifier for each generator must
be evaluated. For the i™ generator, the following equation can be used to evaluate what this

voltage should be, assuming that bipolar DC transmission is applied.

_Vn o [(vE)? o RePi
V=24 [(B) + 2 (6.18)

From this equation, the DC voltage required from the generator can be determined for each
of the generators in the network. This voltage can be controlled from the firing angle of
the rectifier. This interconnection requirement is much simpler to achieve than for an AC
cluster of generation where there is both concern for the voltage magnitude as well as the
phase angles. The current delivered to the hub is equal to the summation of currents from
each generator. To determine what the hub voltage must be for a generator cluster, the

following equation can be applied for each generator:

PGR;

Vi =Vi= %

(6.19)

Where the V; term for each generator is obtained from the magnitude of the DC component

of the controlled Graetz circuit from Chapter 4. This results in the following equation:

PGgR;

3
VH - ;VLL COS((Z) - 6V cos(a)

(6.20)
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From this equation the maximum hub voltage can be evaluated for each generator. The

equation describing the maximum hub voltage is the following:

Ve _g=_3 ; PgRim cos(a)
= 0= nVLL sin(a) + o1, (@) (6.21)
Which results in the following equation:
2
0=cosa— Mjﬁsin3 a (6.22)
PGR;

This equation can be solved using an iterative method. This will evaluate the firing angle
resulting in the maximum hub voltage for each of the generators. When these maximum
values are determined, the hub voltage will be set at the minima of these values. Once this
has been evaluated, equation (6.18) can be used to evaluate the generator voltage for each
of the remaining generators. The methodology is similar to the AC micro-grid. It has been
assumed that sufficient filtering is employed with each rectifier that there are negligible

effects due to harmonics.

6.4.2 Radial Topology

This topology will be analyzed with similar constraints as the star topology. The difference
is in the interconnection, which is similar to Figure 6-4. For this application there is a
resistive component connecting each of the generators together. It is assumed that the hub
voltage is known and is constant. From this topology, the following equation can be created
to determine what the DC voltage for each generator in a radial branch must be. Again, it
1s assumed that bipolar DC transmission is being applied.

Pj

n
Vo= Vo ¥ Re ) 3 (623)
i= i
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This equation allows for the backwards evaluation of the generators DC voltages, starting
at the hub. The current delivered to the hub is equal to the summation of currents from

each generator.

6.5 Power Flow Solution with IEEE 14 Bus System

The previous sections have discussed a means to form an equivalent model for an offshore
micro-grid. The next step is to evaluate the performance of an onshore power grid when
there is an interconnection with an offshore micro-grid. To perform this analysis, a sample
offshore micro-grid will be defined. This micro-grid will replace a generator in the IEEE
14 bus system as shown in Figure 6-6 below. The object of studying the small IEEE 14
bus system is to simulate the effects that offshore micro-grid generation would have for a

small community. This model could also apply for onshore wind micro-grid generation.
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Figure 6-6: IEEE 14 bus System With Offshore Micro-Grid Inclusion

In Figure 6-6, the generator on second bus has been replaced with an offshore micro-grid,
which has been denoted by a cluster of generators. The equivalent model of this micro-
grid must first be defined; an equivalent circuit evaluated, and finally is included into the

load flow formulation for the 14-bus system as was evaluated in Appendix A.

6.5.1 Offshore Micro-Grid Specifications
The micro-grid that will be analyzed will be composed of the following elements:
e 40 offshore wind turbines in a star configuration with w and /4 spacing of 0.5km.
The grid will have 8 columns and 5 rows. The hub will be at the center of this grid.
The hub is 15km from shore. Each generator is rated for I0MVA at a 0.95 leading

power factor. The voltage rating for each generator is 32.5kV.
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e 2 offshore tidal turbines that are 10km and S5km from the hub. Each generator is
rated for IOMVA at a 0.95 leading power factor. The voltage rating for each
generator is 32.5kV.

e | offshore load that is 15km from the hub. This load draws 10MW and 10MVAR.

6.5.2 Equivalent Model of Offshore Micro-Grid
To begin the analysis, the distances of each generator to the collection hub must be
evaluated. The equation that will describe the distance of each generator the hub is given

as follows:

2,; =05/(i—45)2 + (j — 3)2 (6.24)
The distances can then be evaluated to be the following:

20156 1.6008 1.25 1.0308 1.0308 1.25 1.6008 2.0156
1.82 13463 09014 0559 0559 09014 1.3463 1.82
¢;=| 175 125 075 025 025 075 125 175 | (6.25)
182 13463 09014 0559 0559 09014 1.3463 1.82
2.0156 1.6008 1.25 1.0308 1.0308 1.25 1.6008 2.0156

Based on the generator specified previously, a transmission line can be specified. A copper
core conductor with a cross sectional area of approximately 150mm?” or a diameter of
14mm. The XLPE insulation thickness should be 8mm. The lead sheath should have a
thickness of 1.4mm. There will be one layer of steel armor that is Smm in thickness. This
specified cable would be sufficient for use with each specified generator. It will be assumed
that single core cables will be used for the generator interconnection. The line parameters

per kilometer can be evaluated to be the following:

0.138 Q /km
0.0017 H/km
~1833-1071 S/km (6.26)

1.837-1077 F /km

O~ X
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From these line parameters, the two-port network parameters can be evaluated for each of

the transmission lines. From these two-port network parameters the following equations

can be used to evaluate the phase angles of each generator in the micro-grid.

5k+1

5k+1 — 6k +<

= §k —

lallvg|*
IBl|Sg|

sm(a+6k) sin(B+8%-¢¢)

jallvgl”

IBl|Sg|

Vyl-l4llvel cos(a+5k)+

|m5d

cos(a+6%)—cos(B+8%—pg)

—A|lvel sm(a+6")+

|m$d

cos(p+8k- ¢>G))

sin(B+8%-¢¢)

The solution method for equations (6.27) and (6.28) is as follows:

1. Solve equation (6.27) for each generator.

(6.27)

(6.28)

2. Evaluate the hub voltage using equation (6.10) and absolute error between generator

and hub voltage.

3. Select the hub voltage associated with the numerically largest error as the hub

voltage.

4. Evaluate equation (6.28) for all of the other generators in this micro-grid.

This solution method will yield the phase angles for each generator, the hub voltage, and

the current injected into the hub. The sum of the currents injected to the hub from each

generator minus the sum of the current drawn from the offshore loads will yield the total

current that must be transmitted to shore. The phase angles, in degrees, for each of the

generators in the main grid are as follows:

0.7331 0.5826
0.6622 0.4902
8i; = 06368 0.4552
0.6622 0.4902
0.7331 0.5826

0.4552
0.3284
0.2733
0.3284
0.4552

0.3754
0.2038
0.0912
0.2038
0.3754

0.3754
0.2038
0.0912
0.2038
0.3754

0.4552
0.3284
0.2733
0.3284
0.4552

0.5826
0.4902
0.4552
0.4902
0.5826

0.7331
0.6622
0.6368 | (6.29)
0.6622
0.7331
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The phase angles, in degrees, for the two tidal generators are as follows:

=05

Where the first angle corresponds to the tidal generator that is 10km from the hub and the
second to the tidal generator that is Skm from the hub. Having determined these phase
angles, two-port network analysis can be performed to evaluate the receiving end current
and thus the current injected into the hub. The absolute difference between the generator
voltage and the hub voltage it would produce according to equation (6.10) is defined as
follows:

e = Vgen = Viup (6.31)
The difference associated with each of the generators in the main generator cluster is as
follows measured in [V]:

—2495 -19.84 -1551 -128 -128 -1551 -19.84 -24.95
—-2254 -16.7 -—-112 -695 -695 -112 -—-16.7 -—22.54
e;j=|-21.68 —-1551 —-932 -3.11 -3.11 -932 -1551 -21.68| (6.32)
—-22.54 -16.7 -11.2 —-695 -695 -11.2 -—16.7 -—22.54
—2495 -19.84 -1551 -128 -128 -1551 -19.84 -24.95

The difference for the two tidal generators is as follows:

- (T954301

—57.9668 (6.33)

Where the first difference corresponds to the tidal generator that is 10km from the hub and
the second to the tidal generator that is Skm from the hub. From these voltage difference
computations it can be seen that the hub voltage will be chosen to be the resultant voltage
due to the generators closest to the hub. This results in the single-phase hub voltage being
18478.32V. The phase angle for these two generators is 0.0912 degrees. The phase angles
of all the other generators will now be evaluated using equation (6.28) now that the hub

voltage has been established.
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3.5172 3.02 2553 2.23 2,23 2,553 3.02 3.5172
3.2885 2.687 2.023 1372 1372 2.023 2.687 3.2885
6;;=| 3.204 2.553 1.758 0.0783 0.0783 1.758 2.553 3.204 (6.34)
3.2885 2.687 2.023 1372 1372 2.023 2.687 3.2885
3.5172 3.02 2553 2.23 2,23 2,553 3.02 3.5172

5= (16(?'3053) (6.35)

Equations (6.34) and (6.35) are in degrees and represent the phase angles of each generator
such that a single phase hub voltage of 18478.32V is achieved. The total apparent power
delivered to the hub can now be evaluated. The current injected into the hub can be
evaluated from the following equation:

Cc
IS_VSZ

Iy, = e (6.36)

From equation (6.36), the current from each generator that is injected into the hub can be
evaluated. From this and the known hub voltage, the power injected into the hub can be
evaluated. The total power injected into the hub from all generators is equal to the
following:
SuuBggy = 392.54MW — j145.31MVAR
The total power generated from all generators is equal to the following:
Scen = 399MW — j131.14MV AR

This result has the following implications:

e The efficiency is 98.4%

e The power factor went from 0.95 leading to 0.9378 leading

e The hub voltage is 18.478kV line to neutral
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The next step in the evaluation of the offshore micro-grid is the inclusion of the offshore
load. This will be analyzed by observing that the apparent power delivered to the load is
known as well as the hub voltage is known. Using the power relationship at the output of
the transmission line delivering power to the load as well as the two-port network theory,
the following equations can be created to define what the voltage and voltage phase angle
at the load will be.

|VHub|2|VLoad|2 = (IBllS1pqal cos(B + ¢) + |A] cos(a) |VLoad|2)2 + (IBlIS10q4l sin(B + @) +

|A] sin(a) |VLoadd|2)2 (637)

oy _ IBlISioadl sin(B+¢)+|4| sin(a)|Vg|?
tan(=8) =155, el cos(8+6) Al cos@IVnl? (6.38)

Equation (6.37) can be solved to find the magnitude of the voltage at the load. Equation
(6.38) can then be used to evaluate what the phase angle of voltage across the load will be.
For this particular load the voltage across the load was evaluated to be 16.072kV at an angle
of -4.9045 degrees. Two-port network parameters can then be used to evaluate what the
power draw from the hub will be to power this load. This set of two-port parameters is

defined as follows:

g _ 42

Cc IIHub ] (6.39)
Load

VHub ] —
VLoad

From this the apparent power drawn from the hub can be evaluated to be the following:

AlrO >

c

Stoap = 10.512MW + j11.444MV AR
Combining all of these results, the following can be defined regarding the hub:
e The hub line to neutral voltage is 18.478kV
e The hub apparent power is Sy = 388.488MW — j142.584MV AR

e This includes all 40 turbines in the cluster, 2 tidal turbines, and 1 offshore load.
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The next step in the analysis is to model this micro-grid with the transmission line
connecting the hub to shore. This transmission line will be analyzed using the two-port
network theory developed in Chapter 3. The transmission line that will be used to transmit

the power to shore will have the following parameters:

39.7916 mQ/km
1.642 mH /km

6.569 10711  S/km
1.5365-10"7 F/km

O~

It has been assumed that the voltage is transformed to a reasonable value, 320kV, to
transmit the power to shore. At the output of the transmission line, the power delivered to
shore has the following specifications:
Vp =322.32 2 —2.034° [kV]
Ir =704.6216 27.838° [A]
Pp = 387.55 [MW]
Qg = —67.44 [MVAR]
PF = 0.9852 Leading
n =99.76%
The global efficiency between generation and reception of the power on shore is 97.13%.
The power factor has also improved from 0.95 leading to 0.9852 leading. This increase in
power factor is due to the capacitance of the underwater transmission line. In discussing
the power factor it should be observed that as more generators are added to the micro-grid,

the further the micro-grid could be from shore.
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6.5.3 Incorporation With the IEEE 14 Bus System Power Flow Solution

Incorporating this offshore micro-grid with the IEEE 14-bus system will require a
modification of the power flow formulation developed in Appendix A. This power flow
model assumed that the voltage and real power output from a generator were controllable.
In the case of an offshore micro-grid that uses induction generators, there is limited control
of the reactive power that is generated. To incorporate this micro-grid into the power flow

formulation, the following method can be applied:

e The voltage, real power, and reactive power at the shore are known.
e The reactive power draw of the micro-grid can be modeled by a shunt inductance
at the on-shore bus. Where the equivalent inductance can be found from the

following equation:

2
— L [Vshorel (640)

" 2nf Qshore

e [t will be assumed at this point that the micro-grid acts as if it were a classic
generator bus. In the power flow solution, the voltage and real power are known
while the phase angle and reactive power are unknown.

e The phase angle will be evaluated. This will require a re-evaluation of the hub
voltage phase angle as well as the phase angle of each generator using the reverse
process described previously.

e The reactive power that is evaluated from the power flow will determine what
additional reactive power support is required at the on-shore bus. This reactive
power support can be provided from a switched capacitor bank, synchronous

condenser, or a static VAR compensator.
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The new 14-bus system will have the topology shown in Figure 6-7 below.

T L — T~ T
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Figure 6-7: Modified IEEE 14-bus System With Micro-Grid
For the current case study, the inductance can be found to be L=4.0863H.

6.5.4 Power Flow Solution

Given the modified system in Figure 6-7, the power flow formulation can be modified by
changing the real power at bus 2 to be 0.38755 per unit and including the shunt inductance
on bus 2. It is expected that the resulting power flow solution will be virtually identical to
what was previously analyzed. The sole difference being that the reactive power on bus 2

is increased by the value QO evaluated previously.
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1‘;4 - 0.9936 -
5 1.0027
V7 0.992
Vo 0.8671
Vio[ | 0.9933
V1 0.9939
V12 0.9855
Vis 1.034
Vi 0.9752
8, —0.1325
L= |%|_[-02968
04 —0.2575
Js —-0.2170
6 —0.3088
5, | |-0.3782
ss | [-0.3782
5| |—0.4402
510l [~0.4230
s5.,| [-03701
5, |-0.2824
5., |-02424
5,,] L-0.3738

This result has only a slight deviation from what was evaluated in Appendix A. The phase
angles at each bus have changed slightly. This is due to the generated power reducing to
be 0.3877 per unit as opposed to 0.4 per unit. There are some observations that must be
made regarding this result. From this result, it can be demonstrated that an underwater
transmission lines effects, of length less than 20km, are negligible for an offshore cluster
of generation using AC generators. For longer transmission line lengths, HVDC would be
the best means of power transmission. The issue to overcome with offshore renewable

energy sources can be simplified to the fact that they are intermittent by nature.
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6.6 Energy Storage in the Offshore Power Micro-Grid

The previous analysis was a special case scenario. It was analyzing how to model the
micro-grid when generation was fully available. In reality, these sources are intermittent
whereas the load profile of a community is relatively rigid. Tidal based power is predictable
while offshore wind is not. This raises the issue of unit commitment as well as the necessity
for some form of energy storage. The IEEE 14-bus system that was modelled previously
can be looked at in a few ways:
1. Bus I, which is the slack bus, is the power grid, which supports the load that the
community draws.
2. Bus 1, is a local generator and the 14-bus system is an island.
3. Bus 1 is potentially grid connected and connected to a local generator, a hybrid of
the previous two.
For the sake of this discussion it will be assumed that the community in question wishes to
minimize power purchased from the grid and/or minimize the usage of the local generator.
The local generator is assumed to use fossil fuels to generate electricity. Assuming offshore
tidal and offshore wind were the only source of renewable energy, prediction models for
the wind and tides would have to be developed such that daily generation profiles can be
predicted. With the load profile and the predicted renewables generation profile, the
difference is what would be required to be supplied by the grid or local generator. To
maximize the usage of renewable energy, all the renewable energy would have to be

extracted when it is available. This may lead to the following situations:
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1. Renewable generation is greater than the load, this allows for energy to be stored or
energy sold to the grid [84].
2. Renewable generation is less than the load; this requires energy to be drawn from
the storage or energy purchased from the grid [84].

By evaluating these profiles, evaluation of what energy storage would be required for a
community can be performed. The energy storage device, to be of best use, should start
each day at a specified energy state. This way, the energy storage device can absorb power
when there is excess or provide power when it is needed. The factors associated in design
of an energy storage system are the following:

1. Allowable depth of discharge and maximum charge

2. Maximum rate of charge and discharge

3. Starting day and end of day state of charge

4. Number of charge/discharge cycles (for some energy storage mediums)

5. Fossil fuel generator minimum loading requirements and optimal operation
For a system in which there exist only a fossil fuel generator and an energy storage device,
with knowledge of the historical hourly load profile, a storage system can be specified.
Running a fossil fuel generator at a constant power set point with minimal step changes in
generation per day would be ideal. However, the longer the generator power set point is
held constant, the greater the depth of charge/discharge will be. This would require a large
energy storage device. Figure 6-8 below provides a sample daily generation profile for a

community.
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Figure 6-8: Example Load Profile

From Figure 6-8, the average load is 527.08kW for the whole 24-hour time scale. Figure
6-9a and 6-9b below represent the plots for the cumulative depth of discharge that an energy

storage system would have to provide for a 24h and 6h power set-point averaging time

window.
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As can be observed from these plots, the cumulative depth of discharge is greatly reduced
by having a change in the generator power set point every six hours. From Figure 6-9a it
can be observed that the energy storage device must be able to cumulatively store 800kWh
of energy and cumulatively be able to discharge 300kWh from a nominal state of charge at
the beginning of that day. In Figure 6-9b it can be observed that there is approximately a
125kW-hr charge and 300kW-hr discharge that the energy storage device must be able to
achieve. These two results would lead to very different energy storage systems.
Incorporation of the practical constraints of the generator operation and historical load data
would allow for long term historical analysis to determine what the global maximum depth
of charge/discharge would be. This in turn would yield what capacity the energy storage

system should have.

6.6.1 Energy Storage With Inclusion of Renewable Generation
The preceding discussion regarding energy storage was for the case of a fossil fuel based
generator as part of a micro-grid. The incorporation of renewable generation and its
inherent intermittency changes the energy storage requirements. If historic data regarding
the renewable resource were known, a similar methodology could be applied where the
following equation would hold:

Froap(M) = FrenewaLes(M) = Frossin rues (M) (6.41)
Where F represents the forecasted power profile and n represents the discrete data points.
From this the new cumulative depth of charge/discharge can be evaluated. The only
variable in (6.41) that is controllable is the fossil fuel generation. This forecast is the one

that will be modified with the inclusion of energy storage on the system. The ideal
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objective would be to design a micro-grid that no longer would require fossil fuel
generation. It should be noted that the fossil fuel generation term in (6.41) could also be
substituted with imported power from a gird interconnection. Due to the uncertainty in
both load and renewable generation for a given day, a real time controller would have to be
implemented to control the energy storage device and power set point of the fossil fuel
generator, given forecasts based upon historic data and real time atmospheric
measurements. Given the intermittency of generation, it is hypothesized that to increase
the reliability of a renewable energy micro-grid, a diversity of generation would have to be

introduced.

6.6.2 Energy Storage Media
The preceding discussions regarding energy storage did not specify what kinds of energy
storage could be used. The subsequent sections will discuss the various promising energy
storage mediums as well as their present day limitations. Large-scale energy storage is the
most limiting factor associated with the transition to renewable power generation. It is very
expensive and difficult to store large amounts of energy. This affects the overall cost of
the renewable energy system as well as the stability due to the intermittency of the resource.
There are many methods of energy storage that are available for use, including the
following:

1. Battery energy storage

2. Super capacitor energy storage

3. Flywheel energy storage

4. Pumped hydro energy storage
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5. Compressed air energy storage

6. Thermal energy storage

7. Super magnetic energy storage

8. Fuel cell energy storage

It should be noted from this list that some of these energy storage mediums are location

specific.

Not every location may have a means storing pumped hydro energy or

compressed air. Table 6-1 below summarizes the applicability of each of these energy

storage mediums.

Table 6-1: Energy Storage Mediums [85,86,87]

Type Round Trip Power Rating Energy Density Discharge Time Cost Cycles
Efficiency [W-hr/kg] [$/KW-hr]
Battery 70-90 0-8MW 10-240 Minutes to hours 100-2500 2000
Capacitor 90-95 0-300kW 2.5-15 Seconds 300-2000 Unbounded
Flywheel 85-95 0-250kW 10-30 Seconds 1000-5000 20,000+
Pumped Hydro 65-87 100-5000MW 0.5-1.5 Hours to days 5-100 Unbounded
Compressed Air 50-89 5-300MW 30-60 Hours to days 2-50 Unbounded
Super Magnetic 95-98 0.1-10MW 0.5-5 Seconds 1000-10,000 100,000+
Fuel Cell 20-35 0-50MW 800-10000 Seconds to hours 1000

From this array of energy storage mediums, they can be categorized into three groups: short

duration power, medium to long duration power, and availability. Given a diversity of

renewable generation, it is most likely that energy storage that can provide power in the

minutes to hours range would be desired, which results in battery storage being the suitable

medium of energy storage.
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Chapter 7: Offshore Power Case Study

In this chapter, the analysis techniques developed in the previous chapters will be applied

to a specific case study in Nova Scotia, Canada.

7.1 Introduction

This case study will be based on a study published by the Offshore Energy Research
Association (OERA) in Nova Scotia, Canada [88]. The study will be conducted at the
Grand Passage tidal power site, which has a potential for 3.6MW of power extraction [88].

This tidal power site location can be seen in Figure 7-1 below.

Figure 7-1: Grand Passage Tidal Site Location [89]
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Two options of how to interconnect this turbine with Nova Scotia are immediately

observable. These two options would be the following:

1.

Connect the turbine to the grid at the rural location. This would require an
underwater transmission line length of less than 2km.

Connect the turbine to mainland Nova Scotia, presumably to a stronger section of
the power grid. This would require approximately 16-18km of underwater power

cable.

For this study it will be assumed that this tidal turbine will be used to generate power for

the local communities. The pre-existing electrical connection with mainland Nova Scotia

will be maintained as a grid tie-in point, resulting in this region of Nova Scotia operating

as an offshore power micro-grid. The following list outlines the process for the design of

this offshore power system.

1.

Determination of the load and generation profile for the renewable resource and the
local communities.

Determine if AC or DC power transmission is most economic.

Determine what transmission line would be most economic. From this, the cables
core conductor diameter and insulation thickness can be determined. The line
parameters and steady state performance of the cable can then be determined.
Analyze the various methods of power conversion that can be applied (if necessary)
and how the generated harmonics will propagate through the underwater
transmission line.

Quantify how much energy storage would be required to smooth the load profile.
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A flow chart for this process can be observed in Figure 7-2 below.

(Vo]
Cable Route Evaluate £ I(-Z}valuate £ Cable Route
Constraints Geometry o eometry o Constraints
AC Cable DC Cable
AC Cable AB,C,D AB,C,D DC Cable
Cost Parameters Parameters Cost
<3
Reactive Power
Power Cost Converter Cost

ifAC>0 > DC

else if AC >0— AC

Figure 7-2: Design Flow Chart

7.2 AC or DC Transmission

From the analysis described in Chapter 5, the cost crossover threshold can be determined

and is displayed in Figure 7-3 below.
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Figure 7-3: Cost Crossover

From Figure 7-3 it can be observed that the cost crossover point for this system is between
7 and 8km. The length of underwater transmission line for this application would be at

least 16km in length. Therefore, the most economic transmission medium would be DC.

7.3 Transmission Line Geometry Selection

As discussed in Chapter 5, the most economic transmission line geometry can be
determined. This is based upon the cost function for the underwater DC cables as well as
the regression equations for voltage/insulation thickness and ampacity/core conductor

radius. The cost gradient for underwater power cable can be evaluated from the equations
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developed in Chapter 5. The power balance equation for a bipolar DC link can be given by

the following equation:

P _rRD-L=v (7.1)

20001 1000

From these two equations, the optimal selection of voltage and current can be determined.

These can be solved using the method of Lagrange multipliers. The Lagrangian is as

follows:
L=C V,D)+A(—=——-R(D—— -V 73
= Ceapre(V, 1) + (20001_ ()1000_ ) (7.3)
The partial derivatives of the Lagrangian can be evaluated to be the following:
aL P I
FY R 0= 20001 R(I)m -V (7.4)
G_L _ _ aCCable _
P 0= v A (7.5)
L dCcable -P__dR() I RW)
a1 0= al +4 (200012 dl 1000 1000) (7.6)

Solving equations (7.4) through (7.6) results in a selection of 22kV and 68A as the nominal
voltage and ampacity of the cable. From this a cables geometry can be determined to

require 5.65mm insulation thickness and a 6.4mm core conductor diameter.

7.4 System Performance

The performance of the system can now be evaluated. The performance will be analyzed
for three cases, the steady state performance, transient performance, and harmonic
performance. From the cable geometry defined above and using a typical underwater
power cable geometry, the two port network parameters can be evaluated. The system that

will be analyzed is shown in Figures 7-4 and 7-5 below.
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Figure 7-4: Offshore Turbine System Steady State Model

R

Figure 7-5: Offshore Turbine System Transient

Figure 7-4 represents the system model that will be used for the analysis of the steady state
and harmonic performance. Figure 7-5 will be used to evaluate the transient performance
of this system. For the transmission line geometry defined previously, the line parameters
can be evaluated to be the following at a 60Hz frequency:

e R=897.5 [mQ/km]

e [=1.654 [mH/km]

e (C=0.1595 [uF/km]

e G=61.76 [pS/km]
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The steady state analysis of this transmission link, since it will be transmitting DC power
is trivial to evaluate. The attenuation of voltage between sending end and receiving end of

a bipolar DC link can be evaluated as follows:

L (7.7)

Vs 2042V g2
From this, the voltage gain can be evaluated to be 0.974. The harmonic performance of the
transmission line can be evaluated as described in Chapter 3. Figure 7-6 and 7-7 below
represents the worst-case series of resonances that will occur to this cable in the event of a

loss of load (S1 closed and S2 open) in Figure 7-4 above.

Frequency Response
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Figure 7-6: Underwater Transmission Line Resonances
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of an Unloaded Transmission Line
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Figure 7-7: Underwater Transmission Line Resonances Contour Plot

From Figures 7-6 and 7-7 above it can be observed that there is a resonant arc that exists
for frequencies greater than 800Hz for line lengths of 16km or less. If a three-phase rectifier
using a Graetz circuit, or equivalent, is applied then there will be harmonic components at
the following frequencies:

fo = 60f (7.8)
Where 7 is the harmonic number and f'is the fundamental frequency of 60Hz. It can be
observed that there would be several harmonics with resonances along the length of the
transmission line, the most significant being the first harmonic. A different interpretation

of this can be observed in Figures 7-8 and 7-9 below.
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Figure 7-9: Resonances as a Function of Time and Line Length Less Than 20km
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These figures show what the resonances will look like as a function of time and
transmission line length. Figure 7-8 represents this transmission line for line lengths up to
100km where Figure 7-9 limits itself to line lengths less than 20km. From Figure 7-9 it can
be observed that at line lengths less than Skm, the nominal Graetz circuit output is observed.
At line lengths between 5 and 20km, higher frequency resonances begin to become quite

pronounced with a voltage gain of approximately 1.1. Figure 7-10 below shows a contour

plot view of Figure 7-9.
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Figure 7-10: Contour Plot of Cable Resonances

The transient performance of this transmission link can be determined by evaluating the
step response of the transmission line when the grid connection is translated to an
equivalent on the DC bus as described in Appendix A. Figures 7-11 and 7-12 below show

what the transient response of this transmission line would be for various cases.
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From Figures 7-11 and 7-12, the following observations can be made:

When there’s no load connected at the receiving end, the voltage will have a percent
peak overshoot of approximately 100%. The oscillations will persist for
approximately one 60Hz AC cycle.

The effect that the rest of the system has on the transient effect is that it provides
significant damping of the transient oscillations as well as reducing the percent peak

overshoot to approximately 20%.
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Chapter 8: Conclusion

In this thesis, a review of the state of offshore power and offshore power technology has
been conducted. The analysis of various forms of underwater power cables were analyzed
and their line parameters determined. The steady state power transmission performance of
these various cables has been analyzed and their limitations outlined. Equivalent
transmission line models have been developed and the limitations of their validity as the
transmission length increased has also been determined. These equivalent models are
important for determining the transient response of an offshore transmission line as well as
for use in power flow analysis. Harmonic analysis has been conducted for the various
transmission lines to determine where resonances or troughs may be located along a
transmission line’s length. The resonances and troughs have been analyzed for two cases:
when the cable is loaded and when it is not loaded. This analysis, along with the review
and analysis of modern power electronic systems, allows for the determination of where
various harmonics will have a resonance along the length of the transmission line. This
allows for the determination of where the cables insulation may be prematurely broken
down. The harmonic propagation has been determined for various configurations of power

electronic systems.

An economic analysis has been conducted with the objective of determining the cutoff
transmission length to determine when it is most economical to transmit DC rather than AC
power. This analysis, in conjunction with the previous analysis, resulted in the
determination that at a transmission line’s length greater than 15km, DC is the preferable

medium of transmission. There are multiple economic models presented to represent the

244



varying situations of communities. The cost functions of underwater cables coupled with
underwater cable manufacturer data allow for the determination of the most economic cable

geometry.

The analysis of an offshore micro-grid is presented for a general micro-grid topology. The
micro-grid is defined as being a potentially autonomous segment of power grid that uses
offshore generation to both power an onshore and a potential offshore load. Energy storage
techniques are summarized and its applicability for micro-grids is discussed. This offshore
micro-grid is modelled using the IEEE 14-bus system where one of the generation units is
replaced by offshore generation. The results of this are contrasted with the results of the

normal IEEE 14-bus system found in the Appendix.

This thesis provides a methodology of analysis for offshore power system micro-grid
design and the results that can be applied and used for modelling of potential offshore
power systems. An example case study for a tidal power site in Nova Scotia, Canada, is

analyzed to demonstrate the application of the methodology that has been developed.

Future work would include analyzing the effects that energy storage would have on a

micro-grid and how to select an energy storage devices energy capacity. This would

include analysis on the economics of energy storage devices.

245



References

[1] “Offshore Wind Energy”, Environmental and Energy Studies Institute, October 2010,
[online], Available:
http://www.eesi.org/files/offshore wind 101310.pdf

[2] “London Array”, 4C Offshore, February 24 2015, [online], Available:
http://www.4coffshore.com/windfarms/london-array-united-kingdom-uk14.html

[3] Denholm-Hall, R., “World’s second largest offshore wind farm opens off coast of
Wales”, Wales Online, June 18 2015, [online], Available:
http://www.walesonline.co.uk/business/business-news/worlds-second-largest-offshore-
wind-9476670

[4] “UK: Greater Gabbard Offshore Wind Farm Generates Power”, Offshore Wind,
September 7 2012, [online], Available:
http://www.offshorewind.biz/2012/09/07/uk-greater-gabbard-offshore-wind-farm-
generates-power/

[5] “Anholt”, 4C Offshore, October 26, 2015, [online], Available:
http://www.4coffshore.com/windfarms/anholt-denmark-dk13.html

[6] “BARD Offshore 17, 4C Offshore, October 5, 2015, [online], Available:
http://www.4coffshore.com/windfarms/bard-offshore-i-germany-de23.html

[7] Odams, R., Benzinger, A., “World’s largest offshore wind farm with 175 Siemens wind
turbines inaugurated”, Siemens News Press, 2013, [online], Available:
http://www.siemens.co.uk/pool/news press/news archive/2013/london-array.jpg

[8] Bray, J.W., Fair, R., Haran, K., “Wind and Ocean Power Generators”, IEEE
Transactions on Applied Superconductivity, vol. 24, no. 3, 2013

[9] “The European Offshore Wind Industry — Key Trends and Statistics 2016, European
Wind Energy Association, January 2017, [online], Available:
https://windeurope.org/wp-content/uploads/files/about-wind/statistics/ WindEurope-

Annual-Offshore-Statistics-2016.pdf

[10] “Offshore wind in Europe Walking the tightrope to success”, The European Wind
Energy Association, March 2014

[11] Twidell, John, Gaudiosi, Gaetano, “Offshore Wind Power”, Multi-Science Publishing
Co. Ltd., UK, ISBN 978-0906522-639

[12] Charlier, R.H., Finkl, C.W., “Ocean Energy Tide and Tidal Power”, Springer, Berlin,
2009

246



[13] Clark, Robert, H., “Elements of Tidal-Electric Engineering”, IEEE Press, US, 2007

[14] “Industry Vision Paper”, European Ocean Energy, 2013, [online], Available:
http://www.oceanenergy-europe.eu/images/Publications/European Ocean Energy-
Industry Vision Paper 2013.pdf

[15] “Tidal giants — the world’s five biggest tidal power plants”, Power Technology, April
11 2014, [online], Available:
http://www.power-technology.com/features/featuretidal-giants---the-worlds-five-biggest-
tidal-power-plants-4211218/

[16] “Grid-Connected Wave Test Site”, The European Marine Energy Center Ltd.,
Accessed: October 29, 2015, [online], Available:
http://www.emec.org.uk/facilities/wave-test-site/

[17] Odams, R., “Hat trick for SeaGen tidal current turbine”, Siemens News Press, 2012,
[online], Available:

http://www.siemens.co.uk//en/news press/index/news archive/seagen-tidal-currant-
turbine-milestone-hat-trick.htm

[18] Barrage de la Rance, June 202017, [online], Available:
https://upload.wikimedia.org/wikipedia/commons/thumb/e/eb/Barrage de la Rance.jpg/

800px-Barrage de la Rance.jpg

[19] Count, B., “Power from Sea Waves”, Academic Press, UK, 1979
[20] Hardisty, Jack, “The Analysis of Tidal Stream Power”, Wiley-Blackwell, UK, 2009

[21] “Hydraulic turbine and electrical generator, cutaway view”, U.S. Army Corps of
Engineers, March 4 2012, [online], Available:
http://upload.wikimedia.org/wikipedia/commons/thumb/0/09/Water turbine (en 2).svg/2
000px-Water turbine (en 2).svg.png

[22] “Generating Electricity from the Tide”, Murdoch University, [online], Available:
http://www.see.murdoch.edu.au/resources/info/Tech/tidal/image007.jpg

[23] “Fundamentals of hydropower. Horizontal Kaplan hydro units”, RusHydro,
November 20, 2011, [online], Available:
http://blog.rushydro.ru/wp-content/uploads/2011/11/Bulb Turbine Cross Section.jpg

[24] “Outer rim seal a Straflo turbine”, Institute of Hydraulic Fluid Machinery, [online],
Available:

http://www.hfm.tugraz.at/fileadmin/ migrated/pics/Experimental-investigation-of-the-
rim-lip-seal-of-a-double-regulated-STRAFLO-Kaplan-turbine.jpg

247



[25] “Wind Power”, International Renewable Energy Agency, Renewable Energy
Technologies: Cost Analysis Series, Volume 1: Power Sector, Issue 5/5, page 23, [online],
Auvailable:

http://www.irena.org/DocumentDownloads/Publications/RE Technologies Cost Analysi
s-WIND POWER.pdf

[26] Umans, Stephen D., “Fitzgerald & Kingsley’s Electric Machinery”, Seventh Edition,
McGraw Hill, New York, NY, 2014

[27] Worzyk, T, “Submarine Power Cables Design, Installation, Repair, Environmental
Aspects”, Springer, Heidelberg, Berlin, 2009

[28] “XLPE Submarine Cable Systems Attachment to XLLPE Land Cable Systems — User’s
Guide”, ABB, 2010

[29] MacNeill, A. M., El-Hawary, M. E., Molloy, S., "Submarine Power Cable
Performance Evaluation For Marine Energy Applications", The Journal of Ocean
Technology, Volume 8 Number 1, St. Johns, NL, 2013

[30] El-Hawary, M.E, “Electrical Power Systems Design and Analysis”, IEEE Press, New
York, NY, 1995

[31] MacNeill, A.M., El-Hawary, M.E., Molloy, S., Ghanashyam, R., “Investigation and
Modelling of Cable Performance Characteristics for Marine Energy”, Technical Report
Prepared for Natural Resources Canada Marine Energy Technology Group, May 2013

[32] Pieroni, A., Charles, Fellows, W., Bruce, “Life Evaluation of a 35-kV Submarine
Power Cable in a Continuous Flexing Environment”, IEEE Journal of Oceanic Engineering,
Vol. OE-4 No. 1, 1979

[33] Kirtley Jr., James L., “Class Notes 3: Eddy Currents, Surface Impedances and Loss
Mechanisms”, Massachusetts Institute of Technology, September 2005

[34] Sadiku, M.N.O, “Elements of Electromagnetics Fourth Edition”, Oxford University
Press, New York, NY, 2007

[35] Hauge, O., Normann, Johnsen, J., Holte, T.A., Bjorlow-Larsen, K., “Performance of
The +/-250kV HVDC Skagerrak Submarine Cables. Further Development of the HVDC
Paper-Insulated, Mass Impregnated (Solid Type) Submarine Cable”, IEEE Transactions on
Power Delivery, 1988

[36] Thue, A., William, “Electrical Power Cable Engineering”, CRC Press, New York, NY,
1998

248



[37] Westerwell, Th., Price, J., J, “Basslink HVDC Interconnector — System Design
Considerations”, IEEE AC and DC Power Transmission, 2006

[38] Doyen, H., Eberling, H., Fiss, H. J., Labrenz, M., “Experiences With Different Cable
Laying Designs and Laying Methods in Conjunction With the Power Supply of the Islands
in the North and Baltic Sea”, IEEE Electrical Distribution, 1989

[39] Wolft, C., Elberling, T., “The Kontek HVDC Link between Denmark and Germany”,
IEEE Power Engineering Society, 2000

[40] Ohman, Marcus C., Sigray, Peter, Wsterberg, Hakan, “Offshore Windmills and the
Effects of Electromagnetic Fields on Fish”, Royal Swedish Academy of Sciences, 2007

[41] Tricas, Timothy, Gill, Andrew, “Effects of EMFs From Undersea Power Cables On
Elasmobranchs and Other Marine Species”, Normandeau Associates, Inc., 2011

[42] Schelkunoff, S.A, “The Electromagnetic Theory of Coaxial Transmission Lines and
Cylindrical Shields”, Bell System Technical Journal, vol. XIII (1934), pp. 532-578

[43] Carson, John R., Gilbert, J.J., “Transmission Characteristics of The Submarine Cable”,
Bell System Technical Journal, Journal of the Franklin Institute, December 1921

[44] Tranter, C.J, “Bessel Functions With Some Physical Applications”, Hart Publishing
Company, Inc., New York, NY, 1969

[45] Bianchi, G, Luoni, G, “Induced Currents and Losses In Single-Core Submarine
Cables”, IEEE Transactions on Power Apparatus and Systems Vol. PAS-95, no. 1, 1976

[46] Ametani, A., “A General Formulation of Impedance and Admittance of Cables”, IEEE
Transactions on Power Apparatus and Systems, Vol. PAS-99, no.3, 1980

[47] Chien, C.H., Bucknall, R. W. G., “Harmonic Calculations of Proximity Effect on
Impedance Characteristics in Subsea Power Transmission Cables”, IEEE Transactions on
Power Delivery, Vol. 24, No. 4, October 2009

[48] Kane, M., Auriol, P., “Analytical Modelling of Frequency Parameters of Lines”, IEE
Second Annual Conference on Computation in Electromagnetics, pp. 239-242, May 1994

[49] Ferkal, K., Poloujadoff, M., Dorison, E., “Proximity Effect and Eddy Current Losses
in Insulated Cables”, IEEE Transactions on Power Delivery, Vol. 11, No. 3, July 1996

[50] Sadiku, M.N.O, “Numerical Techniques in Electromagnetics with MATLAB, Third
Edition”, Taylor & Francis Group, CRC Press, 2009

[51] McDonald, Kirk T., “An Off-Center “Coaxial” Cable”, Joseph Henry Laboratories,
Princeton University, 1999

249



[52] MacNeill, A.M., El-Hawary, M. E., “Underwater Power Cable Approximation Models
for Offshore Applications”, Oceans 2014

[53] Greenwood, Allan, “Electrical Transients in Power Systems”, Wiley-Interscience,
United States, 1971

[54] Bickford, J.P., Mullineux, N., Reed, J.R., “Computation of Power System Transients”,
Peter Peregrinus Ltd., Stevenage, Herts. SG1 1HQ, England, 1976

[55] Hayt, William H. Jr., Kemmerly, Jack E., Durbin, Steven M., “Engineering Circuit
Analysis Seventh Edition”, Mcgraw Hill, New York, NY, 2007

[56] Arrillaga, J., Bradley, D.A., Bodger, P.S., “Power System Harmonics”, Wiley-
Interscience, 1985

[57] Chien, C. H., Bucknall, W. G., “Analysis of Harmonics in Subsea Power Transmission
Cables Used in VSC-HVDC Transmission Systems Operating Under Steady-State
Conditions”, IEEE Transactions on Power Delivery, Vol. 22, No. 4, October 2007

[58] Chien, C. H., Bucknall, R. W. G., “Theoretical aspects of the harmonics performance
of subsea AC transmission systems for offshore power generation schemes”, IEE
Proceedings — Generation, Transmission and Distribution, Vol. 153, Issue 5, 2006

[59] Hart, Daniel W., “Power Electronics”, McGraw Hill, New York, NY, 2011

[60] Acha, E., Agelidis V. G., Anaya-Lara, O., Miller, T. J. E., “Power Electronics Control
in Electrical Systems”, Newnes, 2002

[61] “High Voltage Direct Current Transmission — Proven Technology for Power
Exchange”, Siemens, Siemens AG Energy Sector, 2011

[62] “ABB awarded $400 million order for Maritime Link power project in Canada”, ABB,
July 9 2014, [online], Available:
http://www.abb.ca/cawp/seitp202/d0f4803b261ba8a9¢1257d0f0078eble.aspx? ga=1.189
912043.1599510773.1473958651

[63] “Maritime Link Connecting remote generation and interconnecting grids”, ABB,
[online], Available:
https://library.e.abb.com/public/f523db335¢701667¢1257dcf00509242/POW0097%20Re

v%201.pdf

[64] Adam, Grain Philip, Williams, Barry W., “Multi-pole voltage source converter HVDC
transmission systems”, IET Journals & Magazines, IET Generation, Transmission &
Distribution, Vol. 10 Issue 2, 2016

250



[65] IEEE Std 519-2014, “IEEE Recommended Practices and Requirements for Harmonic
Control in Electric Power Systems”, IEEE, 1993

[66] “ABB wins $900 million order to connect Norwegian and German power grids”, ABB,
[online], Available:
http://www.abb.com/cawp/seitp202/8893afcd95434d02¢1257e0d003af5a4.aspx

[67] “Offshore wind energy: TenneT awards “DolWin3” project to Alstom, marking next
step in Germany’s energy turnaround”, Alstom, [online], Available:
http://www.alstom.com/press-centre/2013/2/offshore-wind-energy-tennet-awards-
dolwin3project-to-alstom-marking-next-step-in-germanys-energy-turnaround/

[68] “ABB positions world’s most powerful offshore converter platform in the North Sea”,
ABB, [online], Available:
http://new.abb.com/systems/hvdc/references/dolwin2

[69] “Western HVDC Link™, Prysmian, [online], Available:
http://www.prysmiangroup.com/en/corporate/about/special projects/western-HVDC-link/

[70] “South West Link Balancing the power supply between central and southern Sweden
with HVDC”, Alstom, [online], Available:
http://www.gegridsolutions.com/alstomenerey/grid/Global/OneAlstomPlus/Grid/PDF/Su
pererid/SouthWest%201ink%20HVDC%20project-epslanguage=en-GB.pdf

[71] Dicorato, M., Forte, G., Pisani, M., Trovato, M., “Guidelines for assessment of
investment cost for offshore wind generation”, Elsevier, Renewable Energy 36, 2011, pp.
2043-2051

[72] Lundberg, Stefan, “Performance comparison of wind park configurations”, Chalmers
University of Technology, Goteborg Sweden, 2003

[73] De Prada, Mikel, Corchero, Cristina, Gomis-Bellmunt, Oriol, Sumper, Andreas,
“Hybrid AC-DC Offshore Wind Power Plant Topology: Optimal Design”, IEEE
Transactions on Power Systems, Vol. 30 No. 4, July 2015

[74] “Utility rate comparisons”, Manitoba Hydro, May 1 2016, [online], Available:
https://www.hydro.mb.ca/regulatory affairs/energy rates/electricity/utility rate comp.sht
ml

[75] “Electricity Rates by Province”, Ontario Hydro, 2013, [online], Available:
http://www.ontario-hydro.com/index.php?page=electricity rates by province

[76] “Electricity Power Monthly”, U.S Energy Information Administration, June 2016,
[online], Available:
http://www.eia.gov/electricity/monthly/epm table erapher.cfm?t=epmt 5 6 a

251



[77] “Half-yearly electricity and gas prices, second half of year, 2012-2014 (EUR per
kWh)”, Eurostat, [online], Available:
http://ec.europa.eu/eurostat/statistics-explained/index.php/File:Half-

yvearly electricity and gas prices, second half of year, 2012%E2%80%9314 (EUR p
er kWh) YBI15.png

[78] Debs, Atif'S., “Modern Power Systems Control and Operation”, Springer US, 1988

[79] Angeles-Camacho, C., Tortelli, O.L., Acha, E., Fuerte-Esquivel, C.R., “Inclusion of a
high voltage DC-voltage source converter model in a Newton-Raphson power flow

algorithm”, IEE Proceedings — Generation, Transmission and Distribution, Vol. 150, Iss.
6, Nov. 2003

[80] Pai, M., A., “Computer Techniques in Power System Analysis”, Second Edition,
McGraw Hill, 1979

[81] Milano, F., “Power System Modelling and Scripting”, Springer, London, 2010

[82] Khan, J., Leon, D., Moshref, A., Arabi, S., Bhuyan, G., “Network Security
Assessments for Integrating Large-Scale Tidal Current and Ocean Wave Resources Into
Future Electrical Grids”, Proceedings of the IEEE, Vol. 101, No. 4, April 2013

[83] Erlich, 1., Shewarega, F., Feltes, C., Koch, F., Fortmann, J., “Offshore Wind Power
Generation Technologies”, Proceedings of the IEEE, Vol. 101, No.4, April 2013

[84] Chen, S.X., Gooi, H.B., Wang, M.Q., “Sizing of Energy Storage for Microgrids”,
IEEE Transactions on Smart Grid, Vol. 3, No. 1, March 2012

[85] Ter-Gazarian, A., “Energy Storage for Power Systems”, Second Edition, IET Power
and Energy Series Vol. 63, Herfordshire, U.K, 2011

[86] Luo, X., Wang, J., Dooner, M., Clarke, J., “Overview of current development in
electrical energy storage technologies and the application potential in power system
operation”, Elsevier Applied Energy, Volume 137, p.p 511-536, 2015

[87] Aneke, M., Wang, M., “Energy storage technologies and real life applications — A
state of the art review”, Elsevier Applied Energy, Volume 179, p.p 360-377, October 2016

[88] Karsten, R., “Tidal Energy Resource Assessment Map for Nova Scotia”, Report to
OEER/OETR, Acadia Tidal Energy Institute, Acadia University, November 9" 2012

[89] Google Maps, (2017), Grand Passage Nova Scotia, [online], Available:
https://www.google.ca/maps/(@44.2440711.-66.2602413,11.91z

252



Appendix A: Power System Model

This chapter provides an overview of power system analysis and methods to analyze the
fusion of offshore generation with an onshore power grid. Evaluation of the voltage and
phase for each bus in a power system, given a generation set point, provides important
information about the power system. Using the power flow equations and appropriate

models for components, this analysis can be performed.

A.1 Introduction

The power flow formulation of a power system is a very important analysis tool. It provides
a steady state evaluation of the system. For this formulation its assumed that lumped circuit
elements can be used to represent the various components of the power system. These
components would include transmission lines, transformers, and power converters. Due to
the unique properties of offshore power cables, an expanded transmission line model may
be required to be used in modelling the offshore system. There exist several standards of
power system that can be used as a model for analysis; these are the IEEE bus systems.
Using the IEEE 14 bus system, a power flow solution for an onshore power system could

be used to contrast the power flow solution when generation is offshore.

A.2 Power flow

The power flow is a method that takes known power system information (voltage, phase,

power, reactive power) and the known topology of the network, and solves for the
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unknowns in the system [30,78]. The known parameters are defined based upon the bus

designations in the power system. A bus is said to be one of the following [30,78]:

e Generator Bus, the voltage and real power are defined
e Load Bus, the real and reactive power requirements are defined

e Slack Bus, the voltage and phase are defined

The power flow generates two equations for every bus in the power system. The equations
are based off of the principle that the power incoming to the bus equals the power outgoing.
This applies for the real and reactive power. To generalize this concept, two interconnected
busses can be analyzed, and the power flow equations developed. Figure A-1 below is a

diagram of a two-bus system [78].

V.£0 _ Viardom
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Figure A-1: Two-Bus System

This represents a generalized two-bus connection, where a transmission line, pi model,

connects the two busses in this case. Also on bus / there is a shunt capacitor, which further
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generalizes the model. The general power flow equations can be found to be as follows
[78]:
Py = V2 [X (Gsim + Gun)] = Vi 2 Vin[ Gy €05 (8; — 8,) + By sin(8; — 8] (A.1)
Q1 = —Vi?[Bsi + X(Bsim + Bun)1 = Vi X Vin[Gpy sin(8; — 8,y) — By c05(8; — 6,,)]
(A.2)
For any bus in the power system, equations for P; and Q; can be written. These equations
correspond to the power and reactive power injected to a bus. For generation busses, it is
equal to the power injected to the bus from the generator [78]. For load busses, it is equal
to the negative of the load [78]. For the slack bus, it is undefined [78]. For intermediate
busses the net power and reactive power is zero. It should be noted also that if intermediate
busses do exist, busses that are neither load nor generator busses, they can be absorbed by
other busses in the system. The system of equations that is generated from the power flow
is non linear and requires an iterative solution. There are many methods to iterate a
solution. The newton-raphson, fast-decoupled, and the gauss-seidel methods are examples
of iteration techniques [30,78]. The general equation that represents the newton-raphson
iteration method is shown below [78]:
x4 = ) 401 (y — f(x ) (A3)
Where, x represents the variables that are required to be solved, y represents the constant
that the functions being iterated equals, f(x) represents the functions evaluated at the current
set of iteration values, and J(x) represents the Jacobian matrix evaluated at the current set

of iteration values. The Jacobian matrix is defined as follows:

o .. 0
dxq 0xn

J= 1 (A.4)
0xq Oxp
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Applying this solution technique, a solution to the power flow equations can be obtained.
Depending on the size of the power system, an appropriate iteration method can be applied.
The fast-decoupled method provides a faster solution. This is due to assumptions made
regarding the effect of voltage or phase angle on the power and reactive power. These
assumptions fill the Jacobian matrix with zeros, which makes the matrix inversion faster to
compute. This is typically used in larger power system analysis. For the purpose of
analysis of the IEEE 14 bus system, the newton-raphson method will prove to be

sufficiently capable of solving the system variables.

A.3 Power System Components

In a power system there exist several components that require lumped component
modelling such that they can be included into the power flow model. There are four
components, transformers, transmission lines, underwater transmission lines, and power

converters. These components will be discussed in the subsequent sections.

A.3.1 Transformer Model

To further complete the power flow analysis, a model of a transformer can be developed.
This model is necessary to be used with the power flow method described in the previous
section. In the current AC power system, transformers are very commonly used. Figure

A-2 below shows the equivalent model for a transformer [78].
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Figure A-2: Transformer Model

Where, ¢ represents the ideal turns ratio, Z; and Zg are the in-line and shunt impedances
respectively. The relationship between the voltage and current on bus 1 and bus 2 can be

found to be as follows [78]:

-5

The model for a transformer can next be represented as a pi equivalent circuit between bus
1 and bus 2. Figure A-3 below shows what this equivalent circuit for the transformer will

be.

Figure A-3: Transformer Equivalent Circuit
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The equivalent circuit in Figure A-3 has the following relationship between the current and

voltage on bus 1 and 2 [78]:

11] [Y12 + Y512 —Yi2 ] [V1]
_ A6
I, Yi2 —(Yi2 + Yool IV, (A-6)

It can then be concluded that the impedance components of the transformer can be
transformed into the impedance components in Figure A-3 through the following

relationships [78]:

le = tYL (A.7)
Yip = t(t — DY, + t%Ys (A.8)
Yoor = (1 =0V, (A9)

This equivalent model can be used to represent a transformer. This can further be applied
to easily help solve the power flow equations when transformers are present in the power
system. It should be noted that this model only characterizes non-phase shifting
transformers. An equivalent circuit, as seen previously, cannot be used to model phase

shifting transformers.

A.3.2 Overhead Transmission Line Model
There are three transmission line models that can be used to model an overhead

transmission line. These models are as follows:

e The short line approximation

e The medium line approximation (nominal pi)

e The exact pi model
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As discussed in Chapter 3, transmission lines are accurately represented by distributed
components. This cannot be easily analyzed using the power flow equations since this
would imply that an infinite number of busses, thus an infinite number of equations be

solved. A simplified lumped component model of the transmission line must be used.

A.3.2.1 Short Line Approximation

The series impedance of the transmission line represents the short line approximation. The
capacitance and conductance are assumed negligible. This approximation is valid for
transmission line lengths up to 80km [30]. Figure A-4 below shows what the lumped

component model for this transmission line would be.

— — —>
O O
Z
VS VR
O O

Figure A-4: Short Line

This model has the following two-port network equations:

E/j - [é ﬂ ]1/:] (A.10)

This corresponds to A=D=1, C=0, B=Z as the ABCD parameters for this lumped

component transmission line model.
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A.3.2.2 Medium Line Approximation

The medium line approximation model of a transmission line is a nominal pi topology.
The series impedance has half of the admittance at the input and output. This model is
valid for transmission line lengths of up to 250km [30]. Figure A-5 below shows the

topology for this nominal pi transmission line model.

I I
—> — —>
O | O
Z
Vs Y/2 Y2 \
O O

Figure A-5: Medium Line

This model has the same two-port network equations as was found in Chapter 3.

zZY
1+— A
Vsl _ 2 Vr
[15] a ] (A11)

2
v +25 142 U
4 2

This is the transmission line model that has been assumed in the power flow model of

Figure A-1. Note that if Y=0, that (A.11) becomes (A.10).
A.3.2.3 Exact Pi Model

The exact pi model is similar to the nominal pi in terms of the topology. The difference

between the two models is that the impedance and admittance values are abstracted and
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depend on the actual ABCD parameters, using distributed components, which are discussed

in Chapter 3. Figure A-6 below shows the topology for this model.

I I
O : = O
L
I
Vg Yn/2 Yr/2 Vr
O O

Figure A-6: Exact Pi Model

The equations for this can be determined by making the following relations:

Zn Y
2

A=D=1+
B=2,

C =Y, (1+%2%)

From equation (A.13) and (A.12) it can be seen that:

_2(4-1)

Y, -

(A.12)
(A.13)

(A.14)

(A.15)

This model of the transmission line is abstracted, however, provides accurate modelling of

a longer transmission line lengths.

A.3.3 Underwater Transmission Line Model

Due to the large capacitance associated with underwater power cables, different models are

required to be used [52]. Chapter 3 discusses this in detail, the results of which will be

reiterated. A nominal pi model as in Figure A-5 above can represent an underwater power
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cable if the line lengths do not exceed 10 km [52]. If the transmission line length is greater
than 10 km but less than 40 km, then two cascaded nominal pi models are required to model

the transmission line [52]. This can be generalized as can be seen in Figure A-7 below.

Z12

e [

]

Figure A-7: Underwater Transmission Line General Model

Note that in Figure A-7, if k=2, the model reduces to the nominal pi. To use the model in
Figure A-7 in the power flow equations, an artificial bus can be inserted midway through
the transmission line. The power flow formulation previously discussed assumed that a pi
topology was used for the transmission line. This additional bus allows for easy analysis
of the underwater transmission lines using the already existing power flow formulation. If
transmission lines of length longer than 40 km are used, then multiple artificial busses and

more nominal pi models can be used to model the transmission line [52].

A.3.4 Power Converter Model for AC Power Flow Evaluation
A DC power link can be modelled in the AC power flow formulation. The model for this
assumes that voltage source converters are being implemented. This model makes the

following assumptions regarding the power converters [79].
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e The transmission losses and converter losses can be lumped into a single real power
loss.

e The fundamental frequency, 60Hz, is the frequency being output of the inverter
system. This in reality would not be the case. In reality there would be the super
position of odd order harmonics injected into the system. This would require
multiple power flow solutions be formulated for each of the harmonics injected into
the system by the power converter.

e There are transformers or reactors connected before the rectifier stage and after the

inverter stage.

The equivalent network of a DC transmission link, which can be implemented in a classical

power flow formulation, can be observed in Figure A-8 below [79].

Vin g v | — + v, Va

ViudOn

Figure A-8: Power Converter Model

From Figure A-8 the power flow formulation can be written for each of the busses as

follows [79]:
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b = |Vm|ZGR - |Vm||VR|(GR C05[5m - 5R] + Bg sin[6m - 5R]) (A.16)

Qm = _|Vm|ZBR - |Vm||VR|(GR sin[5m - 5R] + Bg C05[5m - SR]) (A.17)
Pp = |VR|2GR - |Vm||VR|(GR C05[5R - 5m] + Bg Sin[SR - 5m]) (A.18)
Qr = _llezBR - |Vm||VR|(GR Sin[5R - 5m] + By C05[5R - 5m]) (A.19)
b, = |Vn|ZGI - |VI||Vn|(GI C05[5n - 51] + B, sin[6n - 51]) (A.20)
Qn = _|Vn|231 - |VI||Vn|(Gl sin[5n - 51] + B, 005[511 - 51]) (A.21)
P = |VI|ZGI - |VI||Vn|(GI C05[51 - 5n] + B, Sin[51 - 5n]) (A.22)
Q= _|V1|231 - |VI||Vn|(GI sin[51 - 5n] + B, C05[51 - Sn]) (A.23)

There is one additional constraint that must be applied. This constraint is given as follows
[79]:

RE{(VRIz* + V;I,* + Ppc} =0 (A.24)
What this equation implies is that the real power injected into the rectifier equals the output
power of the inverter in addition to the power losses of transmission. From this system of
equations, a solution can be iterated. This methodology can allow the inclusion of a DC

transmission link into the AC power flow formulation.

A.4 IEEE 14 Bus System

A power system that could be used as a modelling tool to see the effects of an offshore

power system would be an IEEE Bus System.
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Figure A-9: IEEE 14 Bus System

This model can be used to simulate the effects of having one of the conventional generators
replaced by offshore power cables and offshore wind or tidal generators. Power flow
analysis of the power system would allow the study of the deviation of system voltage and
phase angles, provided that the same power generation is supplied by the offshore power

system.

A.4.1 Bus Specifications

For this IEEE 14 bus system, the generation bus voltages and real power must be defined
and the load bus real and reactive power requirements must be defined. Table A-1 below

provide these specifications:
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Table A-1: Bus Specifications [80,81]

Bus  Bus Type [V Pgen Qcen Proap Qroap Qcenmax  Qgenmin
1 Slack 1.06 2.32 -0.1601 0 0 10 -10
2 Gen 1.045 04 -0.4541 0.217 0.127 0.5 -0.4
3 Gen 1.01 0 0.2528 0.942 0.19 0.4 0
4 Load - 0 0 0.478 -0.039 0 0
5 Load - 0 0 0.076 0.016 0 0
6 Gen 1.07 0 0.1362 0.112 0.075 0.24 -0.06
7 Load - 0 0 0 0 0 0
8 Gen 1.09 0 0.1824 0 0 0.24 -0.06
9 Load - 0 0 0.295 0.166 0 0
10 Load - 0 0 0.09 0.058 0 0
11 Load - 0 0 0.035 0.018 0 0
12 Load - 0 0 0.061 0.016 0 0
13 Load - 0 0 0.135 0.058 0 0
14 Load - 0 0 0.149 0.05 0 0

From this bus specification it should also be noted that the values in per-unit. The bases

for these per-unit values are as follows [80,81]:

The power base is I00MVA

The voltage base is 69kV for busses 1-5, 13.8kV for busses 6, 7, 9-14, and 18kV

for bus 8
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The per-unit system normalizes the numbers such that convenient small numbers can be

used to describe voltages and powers.

A.4.2 Impedance Specifications

In addition to the bus information, the impedances of the transmission lines connecting all
of the busses in the IEEE 14 bus system must also be defined. Table A-2 below show these

impedances as well as the transformer turns ratios.

Table A-2: Impedance Specifications [80,81]

From To | Resistance (p.u)  Reactance (p.u) Susceptance (p.u) Tap Ratio (t;)
1 2 0.01938 0.05917 0.0528 1
1 5 0.05403 0.22304 0.0492 1
2 3 0.04699 0.19797 0.0438 1
2 4 0.05811 0.17632 0.0374 1
2 5 0.05695 0.17388 0.034 1
3 4 0.06701 0.17103 0.0346 1
4 5 0.01335 0.04211 0.0128 1
4 7 0 0.20912 0 0.978
4 9 0 0.55618 0 0.969
5 6 0 0.25202 0 0.932
6 11 0.09498 0.1989 0 1
6 12 0.12291 0.25581 0 1
6 13 0.06615 0.13027 0 1
7 8 0 0.17615 0 1
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7 9 0 0.11001 0 1
9 10 0.03181 0.0845 0 1
9 14 0.12711 0.27038 0 1
10 11 0.08205 0.19207 0 1
12 13 0.22092 0.19988 0 1
13 14 0.17093 0.34802 0 1

In addition to this, there is a shunt capacitor connected to bus number 9 in Figure A-9. This

shunt capacitor has an admittance of 0.19 per-unit.

The base impedance can be calculated from the voltage and power base values defined in

the previous section. The impedance base is equal to the following:

VbaseZ
Zpase = = — (A.25)

Shase

It is assumed that the admittance values defined in Table A-2 correspond to each of the
shunt components of a pi model transmission line. It is also assumed that the shunt

conductance for all transmission lines is negligible.

A.5 IEEE 14 Bus System Model

To generate the power flow equations, the matrices defining what the impedances of the
system are must be created. In accordance with the notation used in Figure A-1 for the
power flow formulation, and the data in Table A-2, the following impedance matrices can

be created:
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Glm [p u]

0

0
0

—-1.0259
-1.7011

0
—1.686
—1.986
10.513
—6.841

—4.99913 0
-1.135

6.017
—4.99913

9.521

0
—6.841

3.121
—1.986

-1.135
—1.686
-1.7011

0
0
6.58

0 9.568

—1.0259

—-1.955 -1.526 -3.099 0

0

—1.424

0

0
—1.881

—3.902
5.783
—1.881

5.326
—3.902

0

0

0
0
4.015
—2.489

0 0

0
—-1955 0 0

3.836

0
0

0
—1.424

0
0
0

0
-1.137

2.561

—2.489
5.588
-1.137

0
0

-1526 0 0

—=3.099 0 0

0

0

00

0

Blm [pu]

0
0

4.235

0
5.116

-9.85 5.0688
5.0688

0
4,782

15.263
—30.355

4,782

—19.498

5.194

15.263

0
21.58

0
0

4.235

X3

X2

0
X1

X4
21.58

5.116
5.194

Xs

0

3176  6.103 0

4.094

0

X6

X1

9.09
0
Xg
10.365

5.677

—5.677

X7
5.677

X2

0

3.029

0

0
4.403

10.365
—14.768

9.09

X3

0
0
—5.428
2.252

0

4.403 —8.497

0

0
0
0

4.094
3.176
6.103

0
0
0

0

2.315
—5.344

2.252

—10.67

0
0

2.315

0

3.029 0

0

00 0 0O
00 0 0O
00 0 0O
00 0 0O
00 0 0 O
00 0 0 O
00 0 0 O
00 0 0 O
0 0 0 0 O
00 0 0 O
00 0 0 O
00 0 0O
00 0 0O
00 0 0O

0
0
0

0
0.168

0.102

0
0.0784 0

0

0

0

Xoq

0 x5

0

0
0
0
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le [p u] =

[=NeleeNel=N-leoloBoBole =2 =
[eNeleoNoNolol-NoN-R-Ro o Noh =]
[>NeloloNolol-NololoRo o Noh =]
OO OO OoOOCOOO
[=NeleloNolel-NeX=R=N=lo o]
[=NeleoNel-N-ololeoBo o2 =
[eNeleoNoNoleol-NoNol-Ro o Noh =]
[>NeloloNolol-NololoRo o N =]
[=NeleleNel=R=-lelelelelo Nl =
OO0 OO0OOOCOOOOO
[>leleloNolol- o2 =R loNo R o]
[>leleloNolol- el =R=R= oo o]
[=NeleloNolel-NeX =R ==l o]

Within these matrices are variables. These variables are defined in Table A-3 below. They
account for the sum of shunt impedance components as well as the transformer additional

impedance.

Table A-3: Matrix Variables

Name in Matrices Value for Matrices
X 3.968 - t5q
X, 4.782 -ty
X3 1.789 - tyg
X4 —31.7546 — 4.782-ty; — 1.798 - tyq
X5 —31.009 — 3.968 - t5¢
X6 —13.372 — 3.968 - t5¢
X7 —14.767 — 4.782 -ty
Xg —22.484 — 1.798 - tyq
X9 0.0848 — (t49 — 1) " Biine(4,9) — (ta7 — 1) Biine(4,7)
X109 0.096 — (ts¢ — 1) - Bjine(5,6)
X11 —(1 - tsg) - Blin;(sr 6)
56
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X12 Biine (4: 7)

—(1 — ty7)- ;
47
Bjine (4,9
X13 _(1 _ t49)' lm;( )
49

The states of the system can also be defined as well as the net real/reactive power at each
bus and the initially assumed state values. The net real/reactive power is equivalent to the

load real/reactive power subtracted from the generated real/reactive power.

Va 11 P21 0183 1
Vs 1 Py | |-0.942
V7 1 Py | |-0478
Vo 1 Ps| |-0.076
V1o 1 Ps| |-0.112
V11 1 P, 0
V12 1 Py 0
Vis 1 Py | |-0.295
Vig 1 Py —0.09
8, 0 Pi;| |-0.035
|8 o |0] , _|Pre| _|-0.061
8y |” o[’ T |P| T [-0.135
Js 0 Py, —0.149
86 0 Qa4 0.039
5, 0 0<| |-0.016
Sg 0 0, 0
Sy 0 0, |-0.166
510 0 0| |-0.058
811 0 0..| |-0.018
51 0 0.,| |-0.016
51s 0 0..| |-0.058
(514 -0- Q141 - —0.05 -

The above vectors are defined as follows: x represents the states of the system, x” represents

the initial guess of voltages and phase angles for the states, and y is the equality for each
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power equation. From the admittance matrices, state vector, defined voltages on busses 1,
2, 3, 6, and 8, and the assumed phase angle of 0 at bus 1, the real and reactive power
equations can be determined. From these equations, the Jacobian can be determined and

the power flow solution iterated as described in previous sections.

A.6 IEEE 14 Bus System Power Flow Solution

The power flow solutions provided the preceding bus specifications is as follows:

1‘;4 - 0.9936 -
5 1.0027
V7 0.992
Vo 0.8671
Vio[ | 0.9933
V1 0.9939
V12 0.9855
Vis 1.034
Vi 0.9752
8, —0.1318
L= |%| 2 |-02962
04 —0.257
Js —0.2165
6 —0.3083
5, | |-03777
5s | [-0.3777
5| |—-0.4396
50| |—0.4225
5| [-03696
5, |-02819
5., |-02419
5,,] 1-0.3733

This solution can be used as a basis of comparison for when the generation is replaced
with offshore generation. It should be noted that this is the steady state solution.
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