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Problem Description

With the recently accepted goals set by the European Union, stating that 20 % of all energy
production shall come from renewable energy sources in 2020, and the Norwegian government’s
ambitious goal of no net CO2 emission in 2050, the development of wind power production is a
more current issue than ever. Especially large scale offshore wind power will require attention to
new focus areas. The wind may be more stable offshore, but there will be less geographical
smoothing effect, so wind variations will still be a key issue. Power transmission, grid connection
and the internal grid structure represent other main challenges for realization of large scale wind
power, and especially for offshore wind farms.

Off the Norwegian coastline, the large water depths of the Norwegian trench make it impossible to
utilize today’s technology, where the wind turbines are mounted to the seabed. To reach shallow
enough areas, the wind turbines must be placed at a minimum distance of approximately 100 km
from shore. At these distances, AC cable connection to shore is challenging, due to the high
capacitance of the cables, and HVDC technology may be a competitive option.

Presently, there is also a debate among the offshore wind community regarding the value of
redundancy required in the offshore grid to maximize the energy yield, and the impact it may
impose on the capital costs of the wind farm. The major concern is related to the cost of
supplementary subsea cabling, either in terms of extra length or higher ratings, versus the value
of the decreased losses during normal operation and contingency operation due to the redundancy
provided to the wind farm. For small wind farms, the power loss due to a fault is relatively small,
and redundancy has not been considered a profitable option. With planned wind farms in the 1GW
range, the power and, in consequence, income lost due to a fault may be large enough for
redundancy to be profitable.

With this as the background, this thesis will focus on the effect of the offshore wind farm layout on
the wind farm’s performance. Different options for the design of the offshore grid and the
transmission to shore will be studied. The wind farm investigated will have an installed capacity of
540 MW, and will be modeled in detail, meaning that all turbines are modeled separately.
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Abstract

This master thesis has been written at the Department of Electric Power Engineering at the Norwegian
University of Science and Technology. The work has been carried out at the Royal Institute of Technology
in Stockholm, where the author spent the last year of his studies as an exchange student.

In the thesis, six different designs of the electrical grid of a 540 MW offshore wind farm, placed 100km
off the Norwegian coast, have been studied and compared. At this distance, AC cable transmission might
be difficult because of the reactive power production in the cables. Taking this into consideration, two
options for the transmission system to shore have been studied. In addition to the AC cable transmission,
voltage source converter based HVDC transmission, in the form of HVDC Light, has been studied, giving
a total of 12 models.

The main scope of the thesis was to study the load flow situation and power system performance of the
different offshore wind farm layouts. Two load flow cases were run for each model; the first studying the
model when the active power transmission to shore was maximized, the second studying the model under
a contingency situation. The reliability of the six designs was compared by calculating the expected
number of cable failures during the life time of the wind farm for each design, and what consequence the
disconnection of any cable would have on the power losses. In order to study the effect of the offshore
grid design and transmission system design on the offshore power system stability, dynamic simulations
have also been executed, and the voltage response and rotor speed response following a fault have been
studied.

All simulations have been executed in version 31 of the program PSS/E. The wind farm was modeled full
scale, consisting of 108 wind turbines rated at SMW. The wind turbines were modeled as doubly fed
induction generators, using the generic wind model that comes with the program.

The load flow simulations showed that an AC cable connection to shore gave lower total system losses
than a DC connection for all designs. The lowest losses were found at the n-sided ring design in the
AC/AC system, and the highest losses were found for the star design in the AC/DC system. These losses
were 2.33% and 8.19% of the total installed capacity, respectively.

In the dynamic simulations, a three phase short circuit fault, lasting 150ms, was applied at three different
places in the system. The simulations showed that except from at the wind turbines that were islanded as a
result of a fault, all dynamic responses were stable. The HVDC Light transmission to shore gave the
highest voltage drops and the lowest voltage peaks offshore. Also, the maximum speed deviation was
found to be larger when using HVDC Light transmission compared to using AC cables, with two
exceptions; the radial and star designs when a fault was applied to the transmission system. A comparison
of the six different grid designs showed that the results were varying. Based on the results in this thesis it
has not been concluded that one of the offshore designs have better dynamic qualities than the other. The
simulation results indicated that this is case specific, and more dependent on where in the offshore grid the
fault occurs rather than the design of the offshore grid.
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1 Introduction

With the recently accepted goals set by the European Union, stating that 20 % of all energy production
shall come from renewable energy sources in 2020, and the Norwegian government’s ambitious goal of
no net CO2 emission in 2050, the development of offshore wind power production is a more current issue

than ever. For Norway, Enova has estimated the physical potential for offshore wind power production to
14 000 TWh.

The wind industry is, together with the solar power industry, the fastest growing energy technology in the
world today. Wind strengths are higher offshore, and the wind turbines are moved away from the visible
surroundings of humans. Nevertheless, outside of the Norwegian coastline, the large water depths of the
Norwegian trench make it impossible to utilize today’s technology, where the wind turbines are mounted
to the seabed. This technology can only be used at maximum depths of approximately 60 meters. To reach
areas with water depths not exceeding 60 meters, the turbines must be placed at a minimum distance of
approximately 100 km from the coastline. At these distances, long AC cable connections to shore can lead
to the need of very large and expensive reactive power compensators due to the high capacitance of the
cables. HVDC technology may be utilized instead.

Presently, there is also a debate among the offshore wind community regarding the value of redundancy
required in the offshore grid to maximize the energy yield, and the impact it may impose on the capital
costs of the wind farm. The major concern is related to the cost of supplementary subsea cabling, either in
terms of extra length or higher ratings, versus the value of the decreased losses during normal operation
and contingency operation due to the redundancy provided to the wind farm. For small wind farms, the
power loss due to a fault is relatively small, and redundancy has not been considered a profitable option.
With planned wind farms in the 1GW range, the issue is more current, as the amount of power and, in
consequence, income lost due to a fault may be large enough for redundancy to be profitable.

With this as the background, this thesis will focus on the effect of the offshore wind farm layout on total
power system performance. Different options for the design of the offshore grid shall be compared by
looking at the difference in power losses and ability to provide redundancy. Also, the dynamic behavior of
selected generators in the different grids shall be studied in order to compare the dynamic characteristics
of each design. Two transmission options to shore will be studied. Both of the transmission options use
two parallel connections to shore in order to provide redundancy. The first option is to have two parallel
AC cable connections to shore. The second option is to have two parallel HVDC Light connections. The
difference in power losses and effect of the transmission choice on the dynamic behavior offshore shall be
studied.

All simulations will be executed in the program PSS/E (Power System Simulator for Engineering), version
31. Twelve wind farm models, one for each grid design and transmission choice, shall be developed in this
program. The wind farm will have a total installed power capacity of 540 MW, and will consist of 108
wind turbines, rated at SMW. The wind farm is modeled in detail, meaning that all wind turbines will be
modeled separately in the model. Realistic parameters for all elements of the wind farm will be chosen.
The HVDC Light model is developed and provided by ABB, while cable data will be gathered from cable
manufacturers. The generator will be modeled as a doubly fed induction generator, using the generic wind
model that comes with PSS/E.
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2 Wind energy conversion systems

Figure 1 shows the contents of a Vestas V90 3.0 MW wind turbine. The energy conversion process in the
wind turbine is as follows: When the air mass enters the blades (1) of the turbine, the kinetic energy in the
wind makes the blades rotate. The blades are connected to the blade hub (2) which again is coupled to a
rotational shaft, rotating at the same speed as the blades. This shaft is connected to a gear (3) where the
rotational speed of the shaft is increased to suit the generator (4), which operates at a much higher
rotational speed than the hub. In the generator, the rotating kinetic energy of the shaft is converted to
electric energy. The electric energy is transferred to a high voltage transformer (5) and from the
transformer it is sent down the tower (6) and to the grid.

Figure 1 - Vestas V90 3.0 MW wind turbine (Vestas Wind systems AS)

There are several ways to construct the wind energy conversion system (WECS) of a wind turbine. This
chapter gives an introduction to the physical laws describing the conversion from wind energy to electrical
energy, and it also presents concepts for turbine technology. The standard, state-of-the-art wind turbine
types are presented, along with a DC turbine that may be used in future DC wind farms.

2.1 Betz' law

The power contained by an air mass with the air density p [kg/m’] flowing at a wind speed v [m/s] through
an area 4 [m’] can be calculated as:

1

Pwind = 5PAV3 =

The air density p is a function of the height above sea level, and can be expressed as:

P = &
RT

, Where

ph) = air density as a function of altitude [kg/m’]

Py = standard sea level atmospheric density = 1.225  [kg/m’]

R = specific gas constant for air = 287.05 [J/kgK]

S0
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T = temperature [K]
g = gravity constant = 9,81 [m/s?]
h = altitude above sea level [m]

In a wind turbine, the power in the wind is converted to rotational energy in the rotor of the wind turbine.
This results in a decreased wind speed after the air mass has passed the wind turbine. The wind turbine
cannot utilize all of the power contained by the air mass passing through the rotor area, as the speed of this
air mass then would be equal to zero at the downwind side of the rotor, thus resulting in an accumulation
of air in this area. The theoretical optimum for the utilization of the power in the wind was deduced by
Albert Betz in 1919

16 1 3 1 3 2-3
=——pAv’ =0,59-— pAv’ =0,59- P,
272p 2p ind

opt ,wind wi

Hence, if it was possible to extract power without any power losses, it would be possible to utilize
approximately 59% of the available wind power in a wind turbine.

2.2 Turbine efficiency factor

Practically, depending on the efficiency factor of the wind turbine, the extracted electric power from the
wind is in the range of 35 — 45 %. The efficiency factor of the turbine depends on several factors such as
blade profiles, pitch angle, tip speed ratio and air density.

Considering the losses in the conversion system, the electric power that is extracted from the wind turbine
is often expressed as:

P,=C,(B.2)-P 24

opt ,wind

, where C,(f,4) is the turbine efficiency factor. £ is the pitch angle (the angle of the blades towards the
rotational plane). If the pitch angle is low, the blades are almost perpendicular to the wind and if the pitch
angle is high (near 90 degrees) the blades are almost parallel with the hub direction.

A is the tip speed ratio; the ratio between the tip speed of the blades and the wind speed, and can be

expressed:

ﬂ, — a)TRrotor 2-5
1

, Where

Rioior = the turbine rotor diameter [m]

W7 = the turbine rotor speed [rad/s]

% = the wind speed [m/s]

Figure 2 shows the mechanical output as a function of the wind speed v and the pitch angle f, and the
turbine efficiency factor C, as a function of tip speed ratio 4 and the pitch angle § for a defined blade
profile. The maximum extracted electric power from the wind is slightly below 45%, peaking at a tip
speed ratio at between eight and nine for a pitch angle at 0°, as shown in the right plot.
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Figure 2 - Power output as a function of wind speed and pitch angle (left) and turbine efficiency factor as a function of tip
speed ratio and pitch angle (right) (Lundberg, 2006)

2.3 Wind turbines

Wind turbines can operate at either fixed speed or at variable speed. There are also several concepts for
power control in wind turbines. This section will describe the different concepts used for speed- and
power control, and present the standard AC based wind turbine types. Applying speed control as the
criterion, there are four dominating types of wind turbines. Further on, wind turbines can be classified by
considering the power control method used. Taking both of these classification criterions into
consideration, Table 1 indicates the different types of AC wind turbine configurations:

Speed control Power control
Stall Pitch Active stall
Fixed speed Type A Type AO Type Al Type A2
Variable speed Type B Type BO Type Bl Type B2
Type C Type CO Type C1 Type C2
Type D Type DO Type D1 Type D2

Table 1 — AC wind turbine concepts. The grey zones indicate combinations that are not used in the wind turbine industry
today (Ackermann, 2005).

2.3.1 Fixed speed wind turbines

In fixed speed wind turbines, the speed of the rotor is fixed and determined by the frequency of the supply
grid, the gear ratio and the generator design. A fixed speed wind turbine is characteristically equipped
with an induction generator (wound rotor or squirrel cage). To ensure a smoother grid connection it is
equipped with a soft starter. The soft starter is a simple power electronic component used to decrease the
in-rush current, and thereby limiting the disturbances to the grid. Its topology is shown in Figure 7. The
generator is directly connected to the grid. Since induction generators always draw reactive power from
the grid, a capacitor bank for this type of configuration is used to provide reactive power compensation.
The concept of the type A turbine is shown in Figure 3: The generator is a squirrel cage induction machine

(SCIG).
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Figure 3 — Type A configuration: Fixed speed control.

The advantages of fixed speed wind turbines are that they are simple, robust and reliable. Also, the
technology is well-proven and the cost of parts is low. Its disadvantages are that the reactive power
consumption is uncontrollable, and the power quality control is limited. Also, the turbine is exposed to
rather large mechanical stresses. Since the wind turbine operates at fixed speed, all fluctuations in the
wind speed is transmitted as torque fluctuations and thus also as fluctuations in the electrical power
delivered to the grid. In the case of weak grids, these fluctuations might lead to voltage fluctuations which
eventually can result in significant line losses. It therefore requires a stiff grid.

To control the power output of a type A wind turbine, there are mainly three concepts that are used; stal/
(passive) control, pitch (active) control and active stall control.

Type AQ: stall control

The simplest concept is the stall control, where the blades are bolted to the hub at a fixed angle. The
design of the rotor acrodynamics causes the rotor to lose power (stall) when the wind speed exceeds a
predefined level. The advantages of this control method are that it is simple, robust and cheap.
Disadvantages are that it contributes to lower efficiency at low wind speed, there is no assisted startup and
there are variations in the maximum steady-state power due to variations in air density and grid frequency.

Type Al: pitch control

The pitch control allows the blades to be turned out of or into the wind as the power output is too high or
too low. The advantages of this type of control are that it provides good power control, assisted startup
and emergency stop. From an electrical point of view, good power control means that at high wind speeds
the mean output is kept close to the rated power of the generator. The main disadvantage of this method is
that there are higher power fluctuations at high wind speeds. Due to the slow nature of the pitch speed, the
instantaneous power will fluctuate around the rated power output as the turbine is subject to wind gusts.

Type A2: Active stall control

The active stall control controls the stall of the blade actively by pitching the blades. At low wind speeds,
the blades are pitched just like a pitch controlled wind turbine, in order to achieve maximum efficiency. At
high wind speeds, the blades go into a deeper stall by being by being pitched slightly in the opposite
direction of the one the blades of a pitch controlled wind turbine would go into. The advantages of this
method is that it provides a smoother limited power without the high power fluctuations that the pitch-
controlled wind turbines experience, and it is able to compensate variations in air density. The
combination with the pitch mechanism makes it easier to carry out emergency stops and to start up the
wind turbine.

2.3.2 Variable speed wind turbines
Variable speed wind turbines operate at a speed that keeps the tip speed ratio A constant at a predefined
value that corresponds to the maximum power coefficient. This is done by adjusting the rotational speed

-5-
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of the wind turbine as the wind speed varies. Variable speed wind turbines are designed to achieve
maximum aerodynamic efficiency over a wide spectrum of wind speeds. Contrary to the fixed-speed
turbines, the variable speed system provides a generator torque that is almost constant. The power
fluctuations due to variations in the wind strength are absorbed by changes in the generator speed. The
electrical system is more complicated than for fixed speed turbines. Variable wind speed turbines are
typically equipped with an induction or synchronous generator and connected to the grid through a power
converter. The advantages of variable speed wind turbines are an increased energy capture, improved
power quality and reduced mechanical stress on the turbine. The disadvantages are that the more
complicated electrical system leads to losses in the power electronics, the use of more components and
increased cost of equipment.

Due to power limitation considerations, the variable speed concept is only used in combination with a fast
pitch control mechanism, as indicated in Table 1. Variable speed- or active stall controlled wind turbines
are not included here as they potentially lack the capability of fast power reduction which might lead to a
critically high aerodynamic torque. This again might lead to a runaway situation. Underneath the variable
speed concepts that are used today are described:

Type B: Limited variable speed:

This configuration consists of a wound rotor induction generator (WRIG) with a variable rotor resistance.
This additional variable rotor resistance is known as OptiSlip and is a registered trademark of the Danish
manufacturer Vestas. It changes by an optically controlled converter which is mounted on the rotor shaft.
The generator is directly connected to the grid through a transformer, with a capacitor bank and a soft-
starter.

Variable resistance

Soft - y | .
Gear Starter i | \ Grid

WRIG

Capacitor
bank

Figure 4 - Type B configuration: Limited variable speed control

The advantage of this configuration is that when the rotor resistance is controlled, the slip is controlled,
and thus the power output is controlled. The circuit topology is quite simple, and the optical coupling
eliminates the need for slip rings that need brushes and maintenance. Compared to the SCIG the speed
range is improved. The disadvantages are that the speed range is typically limited to 0-10% above the
synchronous speed as it is dependent on the variable rotor resistance, that the power control is quite poor
and that the slip power is dissipated in the variable resistances as losses.

Type C: Variable speed with partial scale frequency converter:

This configuration is widely known as the doubly fed induction generator (DFIG) concept. It consists of a
WRIG which is connected to the grid via a transformer. A partial scale frequency converter is used on the
rotor circuit. This provides smoother grid connection and performs the reactive power compensation that
was provided by the soft-starter and capacitor bank respectively.
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Figure S - Type C configuration: Variable speed control with partial scale converter.

This configuration has several advantages. It provides a wide range of dynamic speed control; typically
the speed range comprises synchronous speed -40% to +30%. The DFIG can provide a decoupled active
and reactive power control, and the generator does not necessarily need to be magnetized from the grid.
The smaller frequency converter makes the concept economically desirable. Its main disadvantages are the
use of slip rings that need brushes and maintenance, and that it is poorly protected in the case of grid
faults.

Type D: Variable speed with full scale frequency converter:

In this configuration, the generator can be excited either by a permanent magnet (Permanent magnet
synchronous generator (PMSQG)), or electrically (Wound rotor synchronous generator (WRSG) or WRIG).
It is connected to the grid via a full scale frequency converter which performs the reactive power
compensation and the smoother grid connection. The gearbox can be left out for some full-variable speed
wind turbine systems, and in these cases a direct driven multipole generator with relatively large diameter
is used.

Full scale frequency converter
—_——n

|
Gear Y Grid
Lol v

PMSG/WRSG/WRIG

Figure 6 - Type D configuration: Variable speed control with full scale frequency converter.

The advantage of this configuration is the full range speed control and that the gearbox can be omitted.
For the permanent magnet generator, the efficiency is higher than in the induction machine as no energy
supply is needed for the excitation. The disadvantage is that to omit the gearbox, a large and heavy
generator is needed, and a full scale power converter that has to handle the full power of the system is
needed. PMSGs may cause problems during startup, synchronization and voltage regulation. The
synchronous operation causes a stiff performance during an external short circuit and if the wind speed is
unsteady. Also, PMSGs are sensitive to temperature, and therefore the rotor temperature must be
supervised and a cooling system is required.

2.3.3 Power electronics in wind turbines

This chapter will give a brief explanation of why power electronics are important in wind turbine systems,
and presents the most commonly used power electronics devises in wind turbine systems. The details of
the operation of the power electronics are beyond the scope of this project, and interested readers are

-7-
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referred to (Mohan & Undeland, 2006). The two main features of power electronics is that they make it
possible to control the frequency, which is important for the wind turbine.

Power electronic equipment also provides the possibility for wind farms to become active elements in the
power grid, i.e. they can have power plant characteristics. This is important for the grid. The
disadvantages of using power electronics are from the wind turbine perspective the additional power
losses and the increased price of equipment. Concerning the grid side, the power electronics generate high
harmonics. Table 2 lists the advantages and disadvantages of using power electronics in wind turbine
systems:

Power electronics properties Advantages Disadvantages
Controllable frequency Energy optimal operation e Extra costs
(important for the wind Soft drive train e Additional losses

turbine) Load control

Gearless option
Reduced noise

Power plant characteristics Controllable active and reactive e High harmonics
(important for the grid) power
Local reactive power source
e Improved voltage stability
e Improved power quality
- Reduced flicker level
- Filters out low harmonics
- Limited short circuit power

Table 2 - Advantages and disadvantages of using power electronics in wind turbine systems

The two main power electronic devices are the soft starter and the frequency converter, as indicated in
Figure 3to Figure 6. The topology of the soft starter is shown in Figure 7:

— —
K
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— —
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— —
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Figure 7 — Three phase soft starter topology

As shown, it consists of two thyristors connected in antiparallel for each phase. The in-rush current is
controlled by adjusting the firing angle of the thyristors. After the in-rush, the thyristors are bypassed in
order to reduce the power losses.

There are several frequency converter topologies present, but only the most commonly used is described
in this chapter. This is the back-to-back converter, whose topology is shown in Figure 8
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Figure 8 - Back to back converter topology

Due to the increasing amount of, and sizes of, wind farms, the wind farms will have to have power plant
characteristics, that is, they have to be able to work as active controllable components in the power
system. The wind farms will have to perform frequency and voltage control, to regulate active and
reactive power and to provide quick responses during transient and dynamic disturbances in the power
system. Without power electronics, there are no solutions as of today that can meet these high demands.
Power electronic devices will therefore play a significant part in large wind farms.

2.3.4 The dynamics of a DFIG

In this thesis, it is chosen to use a model of the DFIG for the simulations. The DFIG is widely used in
wind farms, for instance in the 160 MW Horns rev offshore wind farm (www.hornsrev.dk) where the
VestasV80 turbine is used. A wind power plant consisting of DFIGs can improve the angular behavior of
the power system, but may decrease voltage stability under larger disturbances. DFIGs with power system
stabilizers (PSS) may be used as a positive contribution to power system damping (Elkington, 2009). The
electrical scheme of a DFIG is shown in Figure 9. It resembles the traditional circuit for the induction
machine (Hubert, 2002). The only difference in the electrical scheme is that since the rotor of the DFIG is
also excited, the rotor side is open-circuit instead of being short circuit as in the standard induction
machine model.

) PV VN e YA
Rs ]Xs JXi Rr
N.:N K s l
— e jor
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T s D) S s

[

In the figure, values with the subscript s are located on the stator side of the generator and values with the
subscript » are located on the rotor side. The nomenclature otherwise is as follows:

Figure 9 - Electrical scheme of DFIG
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V = voltage [V]
Os = network voltage phase angle [°]
Os = angular displacement between stator and rotor voltage [°]
R = resistance [Q]
X = reactance [H]
N = number of windings

Ry, and X,, are the iron resistance and magnetic reactance respectively. k s is the slip, which is given by:

w

s=1—— 2-6
a)S

, Where

o, = rotational speed of the rotor [rad/s]

w, = rotational speed of the stator [rad/s]

Using the third order, two-axis model, neglecting the stator resistance, the equations describing the
dynamics of a doubly-fed induction machine without any compensation in the form of voltage regulation
or a PSS are (Elkington, 2009):

. 1 X -X'
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, where the subscripts ¢ and d denotes the q and d axis value of the symbols they are attached to. The
subscripts  and s denote that the value in question is connected to the rotor and stator respectively. The
parameter symbols not already accounted for in relation to Figure 9 are:
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0 = angle between transient emf and stator (output) voltage [°]

E’ = transient emf [V]

Ty = open circuit time constant [s]

w = rotational speed [rpm]
X’ = transient reactance [H]

M = inertia coefficient [MVA-s?]
P, = mechanical output power [W]

P, = electrical output power W

Py = stator power [W]

H = inertia constant of turbine shaft and generator [s]

S, = transient reactance [MVA]

For the background for these equations and further details regarding the modeling of DFIGs, see
(Elkington, 2009).

The simulation tool PSS/E®, which is used for the simulations in this thesis, contains a generic wind
model using this type of generator. The model is described in chapter 6.3.

-11 -
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3 Wind farm layouts

Depending on how transformers and power electronics are utilized, there are several possibilities for the
layout of a wind farm. This chapter presents and discusses these. The contents of the chapter is based on
(Ackermann, 2005), (Martander, 2002) and (Lundberg, 2006), where several solutions for wind farm
layouts are presented.

3.1 General wind farm layout
The wind farms investigated in this thesis can be represented by the general sketch presented in Figure 10.

local wind turbine grid

- ; o wind farm C
collecting | ransmission system PCC

: grid  —@
q I ot interface
7] |

Figure 10 - General wind farm layout

Even though the offshore grid in the figure is connected in radials, there are several ways of constructing
the local wind turbine grid (see chapter 3.5 ). As indicated in the figure, a wind farm consists of the
following elements:

Wind turbines

Local wind turbine grid

Collecting point

Transmission system

Wind farm interface to the point of common coupling (PCC)

The wind turbines include generators, power electronics and a voltage adjusting unit in the form of an AC
or DC transformer, as discussed in chapter 2. The local wind turbine grid can be AC or DC and is the grid
connecting the wind turbines together and to the collecting point. The collecting point is an offshore
substation, including the transformer and power electronics used for the respective transmission
technology that is chosen. The transmission system is the connection to shore, where the power is
transmitted to the wind farm grid interface Transmission technologies are further discussed in chapter 4.
The wind farm grid interface adapts the voltage, frequency and reactive power to suit the voltage,
frequency and reactive power demand of the grid in the PCC.

3.2 AClayouts for wind farms

All present wind farms are built using AC technology for the grid and transmission system. In this thesis,
two AC concepts are presented, the small AC wind farm and the large AC wind farm.

-12 -
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3.2.1 Small AC wind farm

In the small AC wind farm, the grid is used not only to connect the wind turbines together, but also to
transfer power from the wind farm to the grid interface. This solution is the most feasible for small wind
farms quite close to shore. The topology is presented in Figure 11
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Figure 11 - Small AC wind farm layout

As shown, the local wind farm grid is used both for connecting the wind turbines together and to shore.
The voltage level of such wind farms will mainly depend on the distance to shore and the power rating of
the wind farm. At the Swedish offshore wind warm Utgrunden 1, the voltage level is 22 kV, and at
Bockstigen it is 10,5 kV.

3.2.2 Large AC wind farm

In the large AC wind farm the wind turbines are connected to an offshore substation, where the voltage is
adjusted to minimize transmission losses and reactive power compensation devices are placed. Voltage
levels are dependent on the distance to shore and the power rating of the wind farm. At Horns rev
(www.hornsrev.dk), the offshore grid voltage is 36 kV, while the transmission voltage is 150 kV. The
topology is presented in Figure 12

el wind wrbine grid

wind farm
T offshore | grid
platiomm interface

transmission system P

1
.
!
| = [ I |
W] e W] ! 0
i
et {J et <@
j
i i
|
!
.
!
1
i
!
.
|

1
1
Hom] ] o o] 1
collecting CA'S

point

Figure 12 - Large AC wind farm layout

This solution is suitable for relatively large wind farms that are placed at a considerable distance from
shore. The transfer limit of the AC transmission system is dependent on the distance from shore and is
therefore physically limited by this.

A solution to this could be to decrease the offshore frequency and use an offshore low frequency AC
network, as suggested by for instance (Schiitte, Gustavsson, & Strém, 2001) . Low frequency systems are
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used in electrified railway systems, where the frequency ranges from 16.67 Hz to 25 Hz. There are mainly
two advantages of a low frequency AC network:

Firstly, the lowered frequency would increase the transfer capability of the transmission system, as the
capacitive charging current of the cable is significantly reduced when the frequency drops. The
disadvantage of this concept is that transformer sizes would increase, and hence, transformer costs would
increase. Secondly, the low frequency network would allow a simpler design of the offshore wind
turbines. The aecrodynamic rotor of a large wind turbine operates at maximum revolutions at 15-20 rpm,
and the lower frequency would therefore allow a smaller gear ratio for turbines with a gearbox, or
decrease the number of poles for wind turbines with direct driven generators. This would lead to lighter
and probably also cheaper turbines.

3.3 AC/DC mixed layouts for wind farms

The mixed AC/DC system consists of wind turbines connected in an offshore AC grid, which is collected
at an offshore station. At this station, the AC power is rectified and transmitted to shore using an HVDC
solution. Onshore, the power is inverted to AC again and fed to the grid. This is shown in Figure 13:

local wind turbine grid
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Figure 13 - AC/DC wind farm layout

The DC connection separates the offshore grid from the onshore grid, which makes this type of connection
suitable for wind farms where the distance to the PCC is long or if the AC grid that it is connected to is
weak. The voltage and frequency of the offshore grid are fully controllable from the offshore converter
station, which can be utilized for a collective variable speed system of all the wind turbines in the farm.

An option is, as for the AC layouts, to use a low frequency AC grid on the offshore side. The turbine
advantages described in the previous chapter are still valid, but the AC transmission system is replaced by
a DC system, which removes the need for large and expensive transformers.

3.4 DClayouts for wind farms

When it comes to DC layouts for wind farms, three layouts are presented in this thesis, the small DC wind
farm, the large DC wind farm and the series DC wind farm. The main disadvantages of using DC wind
turbines are that all turbines connected to the same DC/DC transformer will operate at the same speed.
One solution to this challenge is to supply every wind turbine with a variable speed design to have optimal
aerodynamic efficiency of every wind turbine. Another solution is to connect the wind turbines in clusters
to a common converter to save the costs of supplying each wind turbine with a variable speed design.
Finding the best solution is a matter of economical optimization. The best solution is found where the
benefits of reducing the losses by increasing aecrodynamic efficiency is equal to the extra costs of
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supplying separate variable speed systems for the next turbine. This is a complicated matter, since there is
a need to predict the price of electrical power for the entire lifetime of the wind turbines to be able to find
the optimal decision. In this chapter, the large DC wind farm denotes the solution where several turbines
are collected at a common DC\DC transformer, and the series DC wind farm denotes a solution where all
wind turbines have a separate variable speed design.

3.4.1 Small DC wind farm

The small DC wind farm has the same electrical system as the small AC wind farm. Each wind turbine is
equipped with a rectifier and the power is sent as DC to the grid interface where it is inverted and fed into
the grid. Figure 14 shows the system topology:

local wind turbine grid and transmission system wind farm
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Figure 14 - Small DC wind farm layout

The only difference from the small AC wind farm is that the transformer in the grid interface is replaced
with a DC\DC transformer and an inverter. The advantage of the small DC wind farm versus the large DC
wind farm is that it does not require an offshore substation, the same advantage as the small AC wind farm
has versus the large AC wind farm.

3.4.2 Large parallel DC wind farm

Figure 15 shows the layout of the large DC wind farm. Several wind turbines are connected in clusters to
the first DC\DC transformer step. The power is then sent to the main collecting point, where the DC
voltage is boosted in the second DC\DC transformer and sent to shore. Onshore, the power is rectified and
fed into the grid.
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Figure 15 - Large DC wind farm layout

The difference from the large AC wind farm is that the transformers on and offshore are replaced by
DC/DC converters, and that the wind turbines are connected in parallel to the first offshore converter step.

3.4.3 Series DC wind farm

Figure 16 shows the layout of the series DC wind farm: In this system layout, the wind turbines are
connected in series in order to obtain a voltage suitable for transmission directly. The advantage of this
layout is that it does not require offshore DC-transformers and offshore platforms.
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Figure 16 - Series DC wind farm layout based on DC generators

H WT,,

In the topology, n wind turbines are series connected to obtain a voltage suitable for transmission, and m
series-connections are coupled in parallel to obtain the desired power level. The n series-connected
turbines are referred to as “stacks”. The power is transferred to shore where it is inverted and fed into the
grid at the PCC.

The main drawback is that the DC\DC converters in the wind turbines must have the ability to operate at
high voltage levels The nominal output voltage vyr,, of a wind turbine can be expressed by:

v 31
_ U stack
vWT,nom -
n
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1< 32
Ps y = _Z Paut X,y
n x=1 .
. . szl Pout,x,y . Ps,y 3-3
lstack, S -
vsmck vWT,nom
_ out,x,y 3-4
vWT,x,y - vWT,nom P
5.y
, Where:
X = l...n
y = l...m
ViTnom = Nominal output voltage of one wind turbine [V]
lgacky = Current in stack y [A]
Poury = Power output of wind turbine x in stack y [W]
Py, = Mean power production of stack y [A]

Thus, if one or more wind turbines are disconnected, the voltage level of the remaining turbines increases.
Due to this, the wind turbines must be overrated. An overvoltage rating of 1.35 pu is suitable (Lundberg,
20006).

3.5 Offshore grid design options

In this thesis, only an AC offshore grid is studied. The offshore grid denotes the electrical system from the
wind turbines to the (first) offshore substation of the wind farm. Only cable faults are addressed.

The offshore grid can be designed in several ways, depending on the wind farm size and the desired level
of redundancy. Up until today, providing redundancy has not been considered for existing wind farms
since the expected loss of income due to a fault has been assumed to be lower than the costs of the extra
equipment needed to provide redundancy. Nevertheless, as wind farm sizes increase, the amount of energy
(and income) lost during a fault might be high enough for redundancy to become profitable. As a part of
the EU sponsored DOWNVInD (Distant Offshore Wind farms with No Visual Impact in Deepwater)
project, a project group studied and evaluated the offshore grid of offshore wind farms. The content of this
chapter is mainly based on the findings of this project group (Quinonez-Varela, Ault, Anaya-Lara, &
McDonald, 2007). The group found that there are mainly three different conceptual designs that can be
utilized:

e Radial design, where all wind turbines are connected to a single series circuit (radial). This has
been used in several small offshore wind farms.

e Looped design, where redundancy is provided by the establishment of a looped circuit between
the wind turbines

e Star design, where the wind turbines are distributed over several feeders, allowing the use of
lower rated equipment.

The options may all be utilized for both AC and DC solutions. The following chapters present six designs

for the offshore grid in an offshore wind farm, five of which have been suggested by the DOWNVInD
group, while the last one is proposed as a part of this thesis.
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3.5.1 Radial design

Figure 17shows the layout of the radial offshore grid. m wind turbines are connected in series to one
feeder and collected at the collector hub. The maximum number of wind turbines that can connect to one
feeder is determined by the cable rating and the generator rating. In practice, this will be case specific as
the geographical constraints will influence on the choice. The main advantage of this design is that it is
inexpensive as the total cable length is smaller than for the other options. Also, it is simple to control, and
it provides the possibility to taper the cable capacity as the distance from the hub increases, since the
amount of power transmitted is smaller further out in each feeder. A stepwise tapering of the feeder might
be an option for long feeders with high total power rating but after conferring with professor Terje
Gjengedal at NTNU (Gjengedal, 2009), this option is not considered here as the extra costs during the
cable installation is considered too high for this to be feasible. The major disadvantage with this design is
the poor reliability provided. Cable or switchgear faults at the hub side of the feeder will lead to the loss of
power from all downstream turbines in the feeder.

Figure 17 - Radial offshore grid

3.5.2 Single-sided ring

Figure 18 shows the single sided ring design. This is a version of the looped design, which addresses some
of the reliability issues of the radial design by providing a redundant path for the power flow within a
feeder. In the single-sided ring design, this additional security comes at the expense of higher cable costs
as the cable length will double. A cable is installed from the outermost turbine in the feeder to the
collector hub. This cable must be able to carry the entire power flow of the feeder in the case of a fault
occurring at a point between the first turbine and the hub, and must therefore have the same power rating
as the original cable. Even though the cable costs increase compared to the radial system, an initial
feasibility study(Quinonez-Varela, Ault, Anaya-Lara, & McDonald, 2007) commissioned by the
DOWNVInD consortium recommended and utilized this design for the 1000 MW wind farm offshore grid
studied.

Figure 18 - Single sided ring offshore grid
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3.5.3 Double-sided ring

Figure 19shows the single sided ring, which is another version of the looped design. Two feeders are
connected in parallel to provide redundancy. This means that for two feeders, the cable length will only
increase by the distance between the turbines at the end of the feeders. Nevertheless, in the case that a
fault occurs at the cable between the first turbine of a feeder and the collector hub, the full output power of
the wind turbines in the faulted feeder must be diverted through the other, meaning that the cable at the
hub end of the latter needs to be dimensioned for the power output of double the number of wind turbines.
This does not mean that the entire feeder needs to have double power capacity; one can taper the cable
capacity as the distance from the hub increases. This will be an economical issue, where the extra
installation costs must be weighed against the expected value of lost load over the lifetime of the wind
farm. Again, after conferring with professor Terje Gjengedal at NTNU (Gjengedal, 2009), this option is
not considered here as the extra costs during the cable installation are considered too high for this to be
feasible.

|

8

Figure 19 - Double sided ring offshore grid

3.5.4 Star design

Figure 20shows the star design concept. The design allows reduced cable ratings and improved security,
since a cable outage will only affect one wind turbine (except in the case where the fault occurs in the
connection to the collector hub). The voltage regulation is also likely to be better in this configuration. The
drawback is the increased expenses due to the longer diagonal cable runs and the short section of the
higher rated connection to the feeder. However, these costs are not likely to be significant, especially in
the presented star shape where nine turbines are coupled together. The major cost of this arrangement is
the more complex switchgear requirement at the central turbine. To provide redundancy in the connection
to the collector hub, two stars could be connected in parallel and the cable rating of the connections to the
collector hub increased. Nevertheless, the cost of this redundancy is considered too high to be a
competitive alternative compared with the current design, as the probability of a cable failure in the short
connection to the collector hub is very low.

. Connection to collector hub
Figure 20 - Star offshore grid
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3.5.5 Shared ring design

Figure 21 shows the configuration which is given the name “ shared ring design” in this thesis. This
design was developed by the DOWNVInD project group and consists of four feeders connected in parallel
to a redundant cable. The redundant circuit is designed to potentially deliver the full power output of a
failing feeder within the four-feeder arrangement. The probability of two or more feeders failing at the
same time is considered sufficiently small to avoid having higher rated cable capacity for the redundant
cable.

m
A
|
oo
oo o
e
o o

Figure 21 - Shared ring offshore grid

3.5.6 N-sided ring design

As an alternative to the double sided ring, the n-sided ring design (Figure 22) is suggested in this thesis.
The difference from the double sided ring is that instead of simply connecting two feeders in parallel, a
higher number, » feeders, are connected in parallel. The idea is to reduce the high power rating of cables
and equipment which is necessary in the double sided feeder design.

Figure 22 - n-sided ring offshore grid

Defining the numbers of wind turbines in each feeder as m, this means that during steady state, each
feeder j must be able to carry the power S; defined as

S, = iSi 3-5
i=1

When connecting # feeders in parallel, each feeder j will be dimensioned to carry its own power
production plus the amount of power delivered to the feeder when a fault occurs closest to the collector
hub at one of the other feeders. This power will be divided between the n-1 feeders still in operation,
meaning that each feeder must be dimensioned to handle the worst case fault situation power flow S ..
This power can be found by using the basic current division formula as:
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Sj,fault = Sj(l + —thj
. Zradial + Zth
3-6

Zdial 18 the impedance of the radial closest to the fault, while Zy, is the thevenin impedance of
the rest of the cables in the n feeders and n-1 cables that connect the feeders in parallel.

When choosing the amount of feeders to be connected in parallel, one must consider the extra costs of the
parallel connection of one more turbine versus the saved cost of reduced power ratings of the equipment
due to this extra connection. The correct amount of parallel connections is the one where these costs cross
each other.
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4 Transmission technologies

This chapter will present the transmission technologies that are available for the transmission from the
offshore wind farm to the PCC. Also, overhead AC transmission is presented since, from a mathematical
point of view, an underground or subsea cable can be modeled in exactly the same way as an overhead
line. The only difference will be the parameter values. The contents of the chapter are based on the project
work performed the fall of 2008 (Haugsten Hansen, 2008), where a more detailed description of the
technologies is presented.

4.1 HVAC transmission

HVAC transmission is used to connect synchronized AC networks that oscillate at the same frequency and
in phase. Three phase systems are used since they minimize the material needed to transfer the same
amount of power compared to one or two phase systems. In addition, a three phase system applies the
rotating magnetic field needed in the stator of electrical AC-machines, without having to use extra
equipment. Both synchronous machines and induction machines have a simpler configuration than DC-
machines, and thus are cheaper to buy and easier to maintain than DC-machines.

The power losses in an AC-connection are proportional to the square of the current, while the power
transferred is proportional with the square of the voltage. Therefore, it is desirable to have as high voltage
as possible when transferring power.

4.1.1 Overhead lines

When transferring power, an overhead line’s impedance consists of the resistance in the line, the
capacitance to the ground, and the line inductance. A single phase equivalent circuit of a transmission line
with distributed parameters is shown in Figure 23:

lg
: nm-\n f\.’\’\"\ S : fvv'm f‘!‘\’v\
+ ' ' T
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p : o | .

Figure 23 - Single phase equivalent circuit of AC transmission line

The parameters describing the circuit are:

r = Series resistance per km per phase [€Q/km]
L = series inductance per phase [H/km]
x=wl = Series reactance per km per phase [€/km].
g = Shunt conductance per km per phase [S/km]
C = Shunt capacitance per phase [F/km]
B=wC= Shunt susceptance per unit length per phase [S/km]
[ = Line length [km]

The series impedance per km per phase and the shunt admittance per km per phase can be expressed
according to the following equations:
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- , 4-1
z=r+jx
. 42
y=g+jb
By multiplying the above values with the line length, one can find the line total series impedance per
phase, and the line total shunt admittance per phase.
- - 4-3
Z=z
Y =yl 4
One can also define the transmission line’s characteristic impedance and propagation constant
_ z -
Z = \F 4-5
y
- [= 4-6
Y =A2Y

As power systems consist of many lines, a simpler model of a power line is to describe each line by its n-
equivalent, as shown in Figure 24:

I _
—_— Z,
c —
+
_ Y,
U, 7L
&

Figure 24 - Equivalent n-circuit of a transmission line

An analysis of this circuit shows that the m-equivalent elements can be expressed as:

7, = Z—smh( 71) 4-7
7l

y, -y tanh(77/2) s
12

For a typical high voltage transmission line g can be neglected whilst » << x. By considering the lossless
line, i.e. neglecting r, the characteristic impedance is purely resistive, and the propagation constant is
purely imaginary:

Z. ==
7= joIC 10

With the previously mentioned assumptions, the reactive power loss in a transmission line can be
expressed according to equation 4-11:
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B Ve cos(Bl) =2V V, cos(Og ) + V5 cos(Bl) a1l

AQ

Z.sin(fl)
, Where:
Vs = Sending end voltage [V]
s = The phase constant (= the value of the imaginary part of the propagation constant)
Ve = Receiving end voltage [V].
Osr = Transmission angle, by which Vg leads Vi [°]

Assuming Vg=Vp=Vy, this equation can be rewritten as:

- 2PSIL _ _ PR sin,Bl P 4-12
AQ(PR)~Sin A (cos fl \/1 (—1D )7)

SIL

, where Pgy; is the surge impedance load, defined as the power delivered at nominal voltage(},) to a load
impedance equal to the characteristic impedance (Z¢). It is given by:

V 2
P =" 4-13
ZC

P is the receiving end active power. For a more detailed derivation of these equations, see (Machowski,
Bialek, & Bumby, pp. 47-50). In Figure 25, 4Q is plotted as a function of Pxr/Pgy;:
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Figure 25 - Examples of reactive power absorbed by a lossless line as a function of its real load for various voltage ratings

When Pg>Pg;;, Vs>V, from Figure 25, it is clear that the overhead line is consuming reactive power. This
is the case when power is transmitted from node S to node R. The larger Py is, the larger the reactive
power is, which is in accordance with equation 4-12. The longer the line, the higher the value of the line
impedance, and thus the reactive power consumption is. To cope with these losses, one must feed reactive
power into the grid. This can be done for instance by connecting series or shunt capacitors to the line,
ideally so that the inductive part of the line impedance is equal to the capacitive part of the impedance.

A DC-transmission does not meet these problems. The reactance and susceptance of a line are
proportionally connected to the frequency of the system, and disappear for a DC-transmission. Even
though the conversion equipment is quite expensive, the economical benefit due to the non-existence of
reactive losses makes HVDC the preferred choice for overhead line distances longer than 600-800 km. It
can also be mentioned that HVDC does not suffer from skin effects as AC does. Also, for a given power
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ratio, the peak value of the AC voltage is higher than the constant DC voltage. This means that for the
same conductor, more power can be transmitted through the same conductor area if it is DC instead of
AC.

4.1.2 Cables

A cable has a large capacitance per length unit. When the cable reaches a certain length, the value of the
capacitance is so large that the cable’s impedance can be considered purely capacitive. In such a case, the
cable only provides reactive power, due to the phase shift between the voltage and the current. The
possible length of the cable can be made longer with phase compensations in both ends of the line. Figure
26 shows the transmission capacity as a function of the transmission length for three different voltage
levels.
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Figure 26 - Transmission capacity as a function of the transmission length for AC cables (Barberis, Todorovic, &
Ackermann, 2005)

By using HVDC for this purpose, no reactive power is produced or consumed in the cables. This means
that all of the cable’s transfer capacity can be used to transfer active power. For subsea cables, the length
where HVDC is more feasible than AC is approximately 50 km (ABB, 2008).

4.2 HVDC transmission

In an HVDC system, the electric power is converted from AC to DC in a converter station, transmitted to
the receiving end of the transmission, converted back to AC in a second converter station and injected into
the receiving AC system. It is used to connect areas which are not synchronous, like for instance the
Scandinavian system NORDEL and the western European system UCTE1. An HVDC transmission line
costs less than an AC line for the same transmission capacity. However, the terminal stations are more
expensive in the HVDC case due to the fact that they must perform the conversion from AC to DC and
vice versa. At a certain length of the transmission, called the break even distance, the HVDC solution
becomes more feasible than the AC solution. In addition to this, other factors like controllability and
reliability must also be considered when choosing the transmission technology.

The principle of an HVDC-transmission is shown in Figure 27. The three phase AC power is converted to
DC power in a rectifying circuit before it is transferred as DC current to the receiving end of the
transmission. At the end station, the DC power is inverted back to three phase AC power.
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Figure 27 - Principle of HVDC connection

4.3 Traditional HVDC

A typical traditonal HVDC converter station is shown in Figure 28. The converter station itself consists of
two poles, i.e. the link is bipolar. Each of the poles have the configuration as shown in Figure 28. In
addition to the smoothing inductance L,, DC filters help to minimize the ripple in the DC transmission.
After passing the DC filter, the power is sent to the receiving end, shown in the figure as terminal B. The
terminal has the same configuration as terminal A, and the power is converted to AC. This AC power is
sent into power system B.
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Figure 28 - The configuration of a typical bipolar twelve pulse HVDC connection(Mohan & Undeland, 2006)

4.4 HVDC Light

HVDC Light, developed by ABB, is based on the use of Voltage Source Converters (VSC). The
technology uses semiconductors in the form of insulated gate bipolar transistors (IGBTs), and operate with
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high frequency pulse width modulation in order to achieve high speed and, as a consequence, small filters
and independent control of both active and reactive power. It was introduced in 1997 and ranges from a
few tens of megawatts to the upper range of 1200 MW at 320 kV (ABB, 2008). ABB lists many
advantages with the technology; the electromagnetic fields are neutral, the cables are oil free and the
converter stations are more compact than for traditional HVDC. What is most relevant to this study is that
the technology increases the reliability of power grids.

Unlike conventional HVDC converters which usually require a 5% minimum current, the HVDC Light
converter can operate at zero power. The active and reactive powers are controlled independently, and at
zero active power the full range of reactive power can be utilized. Actually, at zero power, the HVDC
Light will have the properties of a Static Synchronous Compensator, or STATCOM (Machowski, Bialek,
& Bumby, 1998, p. 34). The active power transfer can be reversed very quickly with HVDC Light. The
reversion does not require converter blocking, filter switching or change of control mode, like traditional
HVDC. The power is reversed by changing the direction of the DC current instead of changing the
polarity of the DC voltage as in traditional HVDC technology.

The topology of an HVDC Light connection is the same as for traditional HVDC. Figure 27 shows this
principle. The areas in which HVDC Light disengages from traditional HVDC are the cable and the
converter stations. The HVDC Light cables use extruded polymer insulation while traditional HVDC
cables have used paper-oil insulated cables. This eliminates the risk of oil spillage. The cables are laid in
pairs with DC currents in opposite directions. This configuration eliminates the magnetic fields outside the
cables.

The complete topology of a converter station for HVDC Light is shown in Figure 29. The AC power is
transformed to the right voltage level and passes through an LC filter and a converter reactor before it is
converted to DC current in the converter valves. These are based on transistor technology, assuring very
good controllability of the active and reactive power. The DC current produced in the valves is filtered in
the DC capacitors before it is transmitted to the receiving end converter station. The DC current is then
inverted to AC, filtered in the converter reactor and LC filter, transformed to the voltage level of the grid
and sent into the receiving AC grid.

Transmission
Converter cable

valves  DC capacitors

Converter i
AC bus stz £ 1'
—N—{ i E ; S :

Transformer

Control
system

Figure 29 - HVDC Light configuration (ABB, 2008)
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4.4.1 Converters

In the converter station, the AC power is rectified to DC power and vice versa. The IGBTs provide pulse
width modulation (PWM), which means that AC voltage can be produced by fast switching between
positive and negative DC voltage. Figure 31 shows this. Since the IGBTs are self commutating, the
amplitude and power angle of the AC voltage signal can be chosen freely. This means that the converter
can control the active and reactive power independent of each other. The six pulse transistor bridge is the
main part of the converter, as shown in Figure 30. On the DC side, capacitors are used to filter the
harmonics.

One of the disadvantages when it comes to this converter type is the high switching losses. For a
converter, the losses are proportional to the switching frequency according to the formula

= 4-14
})conv;loss - k : f‘sw

In an HVDC Light converter, the switching frequency is 2 kHz, i.e. in one period in the 50 Hz system, the
voltage direction is reversed 40 times. This is shown in Figure 31. Traditional HVDC technology has line
commutated converters, which means that the switching frequency is the same as the line frequency. At
the pilot HVDC Light installation in 1997, the converter losses were approximately 4% of the total
capacity. Today, the losses have been reduced with 60%, and are now down to approximately 1.6% of the
total capacity for each converter. For traditional HVDC, these losses are 0.6-0.7% per converter.

o . +Ude

. . =Udc

Figure 30 - Six pulse transistor based converter configuration (Mohan & Undeland, 2006)
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Figure 31 —- HVDC Light AC side voltage signal and the fundamental component of the harmonics (ABB, 2008)
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4.4.2 Filters

An HVDC Light converter has a high switching frequency, as described in the previous chapter, and
shown in Figure 31. Because of the high switching frequency, there will only arise high frequency
harmonics. The shunt filters in Figure 29 are therefore relatively small. There is only need for a high pass
filter, unlike for the traditional HVDC solution, where tuned filters are also needed.

4.5 HVDCPLUS

HVDC PLUS (Power Link Universal System) is Siemens’ version of VSC HVDC technology. Just like
HVDC Light, HVDC PLUS is based on VSCs in the form of IGBTs. A consequence of the switching
technology used in the HVDC Light converters is that harmonics arise, resulting in high converter losses.
Siemens’ solution to this problem is to have a modular multilevel converter (MCC) consisting of several
modules. For each module, there is a capacitor. The topology is shown in Figure 32. This topology ensures
that each module get a small voltage level, without ripple. By controlling all the modules separately, the
output voltage is very close to a pure sine wave. The technology has less harmonics than HVDC Light,
and also a low level of high frequency noise. As a consequence of this, HVDC PLUS needs only small or
even no filters. This is a big advantage due to lower costs and lower maintenance requirement. In HVDC
PLUS converters, the switching frequency is only three times as high as the line frequency of the AC grid,
which gives smaller losses than for the HVDC Light switching.

As shown in Figure 32, the converter consists of three legs. Each leg is divided in series connected sub
modules. Each sub module consists of two IGBTs, a DC storage capacitor and an electronic control
system (illustrated by the gray arrows in the sub module shown in Figure 32). The topology provides the
possibility of using individual, selective control of the individual sub modules in a phase, and thus obtains
a voltage level selectable in small steps at the AC terminal, and, at the same time, a nearly constant DC
voltage at the DC terminals.

+U2 |- ) E{ﬂ ’q PM electronics
o |
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Figure 32 - HVDC PLUS output signal (left) and converter configuration (middle and right) (Siemens PTD, 2008)
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5 Power system performance

In this master thesis, the term power system performance is used as a generic term for power system
stability, power system security and power system reliability. Even though these are related, they are not
the same. This chapter will give a presentation of each of the three terms and relate these to the operation
of an offshore wind farm. Details regarding the mathematical description of these phenomena are not
presented in this report. Instead, readers are referred to (Machowski, Bialek, & Bumby, 1998) and
(Kundur P. , 1994) for detailed descriptions of power system performance phenomena.

5.1 Power system stability

Power system stability is similar to the stability of any other dynamic system, and is based on the same
fundamental mathematics. It is simply stated an issue of remaining equilibrium between opposing forces.

The term denotes the ability of a power system to regain a state of operation equilibrium after being
subject to a physical disturbance, so that the system integrity is preserved. This means that practically the
entire power system shall remain intact, with no tripping of loads or generators, except for those
disconnected by isolation of the faulted elements or intentionally tripped to preserve the continuity of
operation of the rest of the system.

The disturbances might be of different nature, and they can be small or large. Small disturbances, such as
change in generation and load occur continuously. Large disturbances can for instance be the short circuit
of a line, or the loss of a large generating unit. A stable system will reach a new equilibrium after a
transient disturbance, while an unstable system will result in a run-away or run-down situation, for
instance a progressive decrease in system voltages or a progressive increase in rotor angle differences.

5.1.1 C(lassification of power system stability issues

The classification of power system stability issues facilitates the analysis of stability issues. By dividing

the issues into separate areas of interest, it is easier both to identify the factors that lead to instability and
to find effective methods to improve stable operation of power systems. Figure 33 shows how the IEEE

Power system dynamics committee classifies power system stability issues:
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Figure 33 - Classification of power system stability. Based on(Kundur, et al., 2003)

As the figure shows, power system stability can be divided into three main topics; angle stability (or rotor
angle stability), frequency stability and voltage stability.

5.1.2 Rotor angle stability

Rotor angle stability denotes the ability of interconnected generators to operate in synchronism during all
operating conditions of the system. It depends on the ability of the machines in the system to maintain
equilibrium between the electromagnetic torque and mechanical torque of each generator in the system, so
if this kind of instability occurs, it is due to torque imbalance. This kind of instability occurs in the form of
increasing swings in the rotor angle of certain generators, finally leading to loss of synchronism with the
other generators in the system.

Small signal rotor angle stability issues are usually associated with the oscillations of one generator
against the rest of the system, called local plant mode oscillations. The stability of these issues depends on
the strength of the transmission system as seen from the generator, the generator excitation systems and
the plant output. Global problems might be caused by interactions among a large amount of generators in
the same area. These might oscillate as a group against another group of generators at another part of the
area. These oscillations are called interarea mode oscillations. The characteristics of such oscillations are
quite different from the local plant mode oscillations, and are very much affected by load characteristics.
The time frame for small signal rotor angle stability is in the order of 10 to 20 seconds following a
disturbance.
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Transient stability issues are associated with the ability of the power system to withstand a large
disturbance, such as line tripping or the short circuit of a line. When such a fault occurs, large currents and
torques are produced, and often action must be taken quickly to remain system stability. The instability is
usually related to insufficient synchronizing torque, resulting in first swing instability. However, in large
power systems, transient instability may also be the result of nonlinear effects affecting a single mode
causing instability in a preceding swing. It could also be a result of superposition of a slow interarea swing
mode and a faster local area swing mode, resulting in rotor angle instability.

The time frame for transient stability studies is usually up to five seconds following the disturbance, but
for very large systems, the time span of interest may extend to as much as 20 seconds.

5.1.3 Frequency stability

Frequency stability denotes the ability of the system to maintain nominal frequency following a
disturbance of the system leading to an imbalance between load and generation. Frequency instability
occurs in the form of sustained frequency swings that lead to the tripping of generators and/or loads. In a
small system, frequency instability could be of concern for any large disturbance causing a significant loss
of generation or load, while in a large system, this kind of problem is only of concern if a severe
disturbance occurs, dividing the system into separate islands operating independently of each other. In
islanded operation, frequency instability may occur for any disturbance causing a relatively large loss of
load compared to the total island load.

Frequency stability problems are associated with inadequacies in equipment responses and poor
coordination of control and protection systems. During frequency mismatches, the characteristic time of
the process may vary from hundreds of milliseconds, corresponding to generator excitation systems,
protection or load shedding, up to minutes, corresponding to the response of devices like for instance load
voltage regulators or prime movers. Thus, frequency stability issues can be divided into short term or long
term 1ssues.

Short term frequency stability issues can be the formation of an undergenerated island with insufficient
underfrequency load shedding, causing a blackout of the system within seconds. The time of interest is
from hundreds of milliseconds up to seconds.

Long term frequency stability issues may be a more complex situation, where for instance the control
system of a power plant is incorrectly tuned so that there is inadequate overspeed controls. The time of
interest is from tens of seconds up to minutes.

5.1.4 Voltage stability

Voltage stability denotes the ability of the system to maintain steady voltages at all buses following a
disturbance from a given initial condition. Voltage instability is the progressive and uncontrollable rise or
fall in voltage of one or more buses due to a disturbance from the initial operating conditions. The main
factor causing voltage instability is the inability of power systems to maintain a proper balance of reactive
power and voltage control actions. The driving force for voltage instability is usually the loads. Following
a condition of reduced transmission system voltages, the power consumed by the loads tends to be
restored by the action of thermostats, tap changing transformers or voltage regulators. Voltage instability
may lead to loss of load or loss of system integrity.

Short term voltage stability involves the dynamics of fast acting power system components, such as
induction generators, power electronic devices and electrically controlled loads. The time interval for short
term voltage stability issues is in the seconds range. This type of analysis is based on sets of differential
equations, and the dynamic modeling of loads is therefore often essential to get good results.
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Long term voltage stability involves slower working elements, such as tap-changers, thermostatically
controlled loads and generator current limiters. The time interval of interest may extend to several
minutes. The long term voltage stability of a system is often determined by the outage of equipment,
rather than the severity of the initial disturbance. Instabilities occur due to long term imbalance, for
instance when loads try to restore their power beyond the capability of the transmission network feeding
the load, the post-disturbance steady state operating point being small-signal unstable, or a failure to reach
the post-disturbance steady state operating point. Also, long term load buildups can cause this kind of
instability.

5.2 Power system security

Power system security denotes the ability of a power system to survive disturbances without the
interruption of customer service. To be secure, the system must, in addition to being stable, be secure
against contingencies that are not classified as stability problems, for instance sabotage, fall of
transmission towers due to ice loading or an explosive failure of a cable. Also, security includes the issue
of the consequences of instability. Two systems might both be stable and have the same stability margins,
but unequally secure due to the fact that the consequences of instability are more severe in one system
than the other.

The security analysis of a power system is made to determine the robustness of the system when subject to
one or more of the already mentioned disturbances. There are two important components of security
analysis; Static security analysis and dynamic security analysis. Static security analysis involves steady
state analysis of post disturbance system conditions to determine whether the equipment ratings or voltage
constraints are violated. Dynamic security analysis involves examining different categories of stability
issues as described in chapter 5.1. Hence, stability analysis is an integrated part of security analysis.

A common way to perform a security assessment is to use the N-I-criterion. For an N-component power
system to fulfill the N-1-criterion, the system must withstand the loss of any of its components and still be
in a stable steady state operation mode. In practice, this means that the disconnection of the largest power
plant should not cause the disconnection of any consumer. The criterion can be checked by defining a
certain amount of contingencies that have a significant likelihood of occurring, and study how these will
affect the system by simulating it in a power system simulation tool.

5.3 Power system reliability

Power system reliability deals with the probability of satisfactory operation over the long run. It denotes
the ability to supply adequate electrical service on a nearly continuous basis, with few interruptions over
an extended time period. To be reliable, the system must be secure most of the time. While security and
stability are time-varying issues that can be judged by studying the performance of the power system
under a particular set of conditions, for instance by using simulation tools, there is a need for probability
distributions and consequence analysis when performing a reliability analysis.

Reliability can be addressed by studying two basic functions of the power system; Adequacy and Security.
Adequacy is the ability of the power system to supply the electric power demanded by the customer at all
times, accounting for possible outages of system components. Security is already described.

In order to estimate reliability indices, one must be able to predict the system behavior. The components in

the system, such as cables, transformers, generators and gearboxes, can either be functioning (100%
operability) or out of function (0% operability). The mean time to failure (MTTF) is the mean time spent
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in the on-state, i.e. the time the component is working between two faults. The mean time to repair
(MTTR) is the mean time it takes to repair a fault on the component in question or replace the faulted part,
i.e. the mean downtime when a fault occurs. The mean time between failures (MTBF) is the sum of the
mean time to failure and the mean time to repair. This is illustrated in Figure 34:

Operability
MTBF
MTTF MTTR
100%
0%

Time

Figure 34 - The failure and reparation process of a component

When it comes to offshore wind power plants, reliability is even more important than for onshore wind
power plants. The consequences of a fault offshore may be severe, with reparation times up to several
months and planned power ratings up to 1000 MW. Up until today, providing redundancy has not been
considered for existing wind farms since the likelihood for a fault and the associated costs has been
assumed to be lower than the costs of the extra equipment needed to provide redundancy. As wind farm
sizes increase, the amount of energy (and income) lost might be high enough for redundancy to become
profitable. Cost/benefit calculations regarding redundancy should be performed for all projects.

In a Garrad Hassan study (Gardner, Craig, & Smith), based on statistical data from 1950 to 1980, a cable
failure rate of 0.32 failures/100km of cable/year was found. Since these data are old, the study suggests a
cable failure rate of 0.1 failures/100km of cable/year instead. In the literature study conducted as a part of
this thesis, it was found that estimates for cable failure rates vary from 0.08 to 0.32 failures/100km/year.

Another important reliability issue is related to the capacity margin of the power system. There must be
enough capacity available in the power system to cover the peak load. Adding wind power to the power
system the installed power increases, meaning that the capacity of the producers in the grid also increases.
The capacity factor of a wind farm (CF) depends on the wind resources and the type of wind turbine. It
denotes the average power as a percentage of the nominal capacity, and can be expressed as:

w

= .100% 5-1
8760- P,

, where W is the annual energy production, and P,, is the mean power production of the wind farm, which
can be expressed as:

C[C -
B, =[x f,(x)d 52

m
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Cic = total installed capacity [MW]
X = Production level of the wind farm [MW]
hx) = probability density function of the total wind power from the wind farm over one year

The CF of most wind power plants on land lies between 20% and 40%, which can be expressed as 1800 —
3500 h/a.. Offshore wind power plants can reach up to 4000-5000 full load hours, corresponding to a CF
of 45% - 60%. In comparison, combined heat and power has full load hours in the range 4000-5000 h/a,
coal power plants has 5000-6000 h/a. and nuclear power plants have 7000-8000 h/a (Ackermann, 2005, p.
149). This shows that moving wind power plants offshore might improve the reliability of the wind power
production.

5.4 Grid codes

There are no specific grid codes regulating the operation of the internal grid of an offshore wind farm
directly. Nevertheless, all countries have specified grid codes, regulating the operation of the national
electricity grid, and the offshore wind farm will have to fulfill the operational criterions described in these
codes. The grid codes are decided by the TSO, and might vary from country to country The Norwegian
TSO, Statnett, has defined a set of grid codes (Statnett SF, 2008) that must be fulfilled by all power plants
in the Norwegian power system, and in this thesis the Norwegian grid codes are used as reference. In the
following it is described how these codes apply for the offshore wind farm, relating them to the power
system performance issues described in the previous chapters.

For an offshore wind farm, rotor angle stability is a matter of maintaining synchronism for all wind
turbines. The fault ride through demands for a power plant coupled to a point in the Norwegian power
system with voltage above 200kV state that the power plant needs to withstand a voltage drop to 0 pu
lasting up to 150 ms (Figure 35). For a fault occurring in the offshore grid, there is no such demand. The
main idea of improving transient stability of a generating unit is to decrease the available energy for
acceleration of the generating unit during a grid disturbance.

As equations 2-7 to 2-14, show, the rotor angle is highly dependent on the power output of the wind
turbine. Hence, rotor angle control can be done by rapidly changing the output power of the generators in
the system. Equation 2-11 shows that to control the electrical output power P, one can lower the output
voltage by applying voltage control, or one can control the stator currents. The predefined generic wind
model in PSS/E® contains control systems for the DFIG. These are described in Appendix 4.

When it comes to frequency stability, this is a matter of keeping the frequency in the PCC within the
descriptions given in the grid code. The permitted stationary frequency deviation in the Nordic system is
+0.2% = 0.1 Hz. The permitted frequency drop during a dimensioning fault is 1%, or 0.5 Hz, i.e. the
frequency is not allowed to drop below 49.5 Hz. In the Nordic system this control is above all situated in
the hydro generators. Grid frequency oscillations can be counteracted with controlled power injection into
the grid. For the wind farm to be able to provide this, the need for active power regulation of the wind
farm arises, either in the turbines or by controlling the active power transmission in the transmission
system. It must be possible to adjust the production to any value in the area 20-100% of nominal power,
and it must also be possible to regulate the production from nominal output power to stop in maximum 30
seconds (Statnett SF, 2008). As a general comment, it should be noted that in the Norwegian power
system, the use of wind power plants as frequency regulators would not be a good solution as long as there
is hydro power available. Since there is no storage opportunity for wind power, the alternative value for
the wind is zero. The wind power production should therefore be kept at maximum at all times. The
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frequency regulation should therefore be performed by hydro power plants as long as that is an
opportunity. Nevertheless, in islanded operation, active power control of the wind farm can be necessary.
Also, as the amount of wind power in the grid increases, the offshore wind farms must also contribute to
frequency stabilization, not just be able to stay connected to the grid.

Table 3 shows the boundaries for the operational area of power plants, regarding frequency, voltage level
and time duration. Within these boundaries, the power production plant must be able to operate
continuously for the time requirements stated in the table.

Frequency [Hz] | Voltage [pu] Time
45.0-47.5 0.90 -1.05 >20's
47.5-49.0 0.90-1.05 >30 min
49.0 - 52.0 0.90 — 1.05 | Continuously
52.0-53.0 0.90 —1.05 > 30 min
53.0-55.0 0.90-1.05 >20s
55.0-57.0 0.90-1.05 >10s

Table 3- Functional area of power production plants (Statnett SF, 2008).

Operating an induction machine at a significantly different frequency than what it is designed for can
cause a significant change in the magnetizing reactance of the machine and, because of this, an out-of-
proportion increase in magnetizing current. The net result might be overheating of the machine windings.
To prevent this, the ratio of volts per hertz in the machine should be kept constant, or expressed
mathematically:

sz — f2 Vf 5-3
f;lom .
P. = f2 5-4

, where f,,,, denotes the nominal frequency (50 Hz) and f; denotes the frequency when there is a frequency
deviation in the system.

The main voltage stability issue for an offshore wind farm is the fault ride through demand. For
connection points where the voltage is higher than 200 kV, the Norwegian TSO, Statnett, has the
following fault ride through demands to power plants connected to the grid: The power plant has to stay
connected and deliver power at a voltage at the connection point above the voltage profile described as
follows:

e Voltage reduction to 0 pu for up to 150 ms, followed by instant voltage increase to 0.25 pu.
e Linear voltage increase from 0.25 pu to 0.90 pu for 750 ms

e Constant voltage at a minimum value of 0.90 pu

The offshore wind farm will have to supply a voltage that meets these demands, which are shown
graphically in Figure 35 :
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Norwegian grid (Statnett SF, 2008)

In addition to meeting the fault ride through demands, the wind farm is required to keep the voltage level

in the range of 0.9 pu to 1.1 pu at the connection point at all other times.

Another issue when it comes to voltage stability is the control of reactive power. According to the grid

codes, the wind farm at nominal production shall have a reactive power rating at a level where the power

factor is kept between 0.95 leading and 0.95 lagging. At production below rated power, there shall be no

limitations when it comes to using the reactive capacity of the plant. Figure 36 shows the reactive power

regulation area for wind power plants:

P/Pn 06

Capacitive

Power factor
Figure 36 - Reactive power capacity for wind power plants in the Norwegian grid (Statnett SF, 2008)

Inductive

With an HVDC transmission to shore, this demand is taken care of by the onshore converter station

control. With an AC transmission system, this must be taken care of by adjusting the power factor of the

wind turbines, or by applying some kind of reactive power compensation device in the PCC.

-37 -



Thomas Haugsten Hansen B NTN U Chapter 6

. Det skapende universitet . .
Offshore wind farm layouts Simulation models

6 Simulation models

This chapter describes the setup of the simulations that are executed in this thesis. A short presentation of
the simulation tool that is used to perform the simulations is given, and the choice of parameters and
models are presented and justified.

All simulations have been executed in the program PSS/E (Power System Simulator for Engineering).The
program, which is developed by Siemens PTI (Power Technologies International), is widely used in
electrical transmission planning for static and dynamic analysis of power systems. In this thesis it is used
to perform load flow calculations and to study the dynamic behavior of the wind farm layouts that are
being compared.

6.1 Physical parameters for the wind farm site

The wind farm is placed in the North Sea and connected to the Norwegian grid. It is assumed that the wind
turbines must be placed at water depths shallow enough for existing installation technologies to be used,
i.e. floating offshore wind turbines are not considered. For the existing technologies to be utilized, the
wind farm should be placed outside the Norwegian trench. The trench is from 50 to 95 kilometers wide,
and therefore a transmission distance of 100 km is chosen in this thesis. This distance is from the onshore
PCC to the offshore substation.

The wind farm consists of 108 wind turbines rated at SMW. Most sources suggest that the distance
between the turbines should be three to four rotor diameters in the direction perpendicular to the
dominating wind direction, and five to nine rotor diameters in the dominating wind direction, to minimize
wake losses. Using data from an existing 5 MW wind turbine, the RE power 5SM wind turbine (RePower
Systems AQG), a rotor diameter of 126 m is used for the turbines. Based on this diameter, the distances
between the wind turbines are chosen to be 500 m in the direction perpendicular to the dominating wind
direction and 900 m in the dominating wind direction. The electrical connection of the wind turbines is
done by dividing the wind farm into twelve feeders consisting of nine turbines each, where all turbines in
one feeder are connected to each other either in a radial, looped or star design, as described in chapter 3.5.
It is assumed that the distance from the first wind turbine in the feeder to the offshore substation is 5 km.

6.2 Static models

The cables, transformers, generators, shunt elements and loads are modeled using the predefined models

in PSS/E . For all simulation cases, there is only one load. This is placed at the onshore swing bus, which
is representing the onshore power system. For the systems using AC transmission to shore, the SVC and

fixed reactors are designed so that zero reactive power is delivered to the PCC.

6.2.1 Wind turbines

Version 31 of PSS/E includes a wind turbine model, which is used for all wind turbines studied in this
thesis. The data for the wind turbines are the same for all simulations. All wind turbines are rated at 5
MW, with a maximum power factor of 0.95. This gives an apparent power-rating of 5.26 MVA for the
turbines. PSS/E version 31 includes three options for reactive power control of the turbines:

1) The wind machine participates in voltage control, with user defined reactive power limits. The
values of QT and QB on the data record in PSS/E specify the machine’s reactive power limits.
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2) The wind machine participates in voltage control, with a specified power factor and the machine’s
active power setting (PG on the data record in PSS/E ) used to set the machine’s reactive power
limits.

3) The wind machine operates at fixed active and reactive power. The machine’s reactive power
output and reactive power upper and lower limits all equal, and set based on the specified power
factor and the machine’s active power setting (PG on the data record in PSS/E ).

Option 2) is chosen for all simulations in this thesis.

6.2.2 Transformers

All transformers in the system models have impedance values based on the transformer’s MV A rating.
(Hubert, 2002, p. 72) determines that the efficiency of large transformers may be higher than 99%, and
based on this, all transformers are designed to have active power losses in the range of 0.5-1.0%. The
parameter values for the transformer resistance and inductance for all transformers' are:

R = 0.007 pu
X = 0.1 pu
6.2.3 Cables

To decide the cable parameters of all cables in the system models, two parameters are considered; the
cable length and the power rating of the cable.

For all models, the cable length is given by the physical parameters of the wind farm. The distances
between the wind turbines are 500 m in the direction perpendicular to the dominating wind direction and
900 m in the dominating wind direction. The distance from the first wind turbine in the feeder to the
offshore substation is 5 km. The cable to shore is 100 km.

When it comes to the power rating of the cable, this is decided by looking at the maximum power it must
be able to handle in a worst case scenario. It is assumed that no tapering of cable capacity is done, and
thus all cables in one feeder must be able to carry the worst case scenario power. The offshore cable
ratings differ from layout to layout. Table 4 shows the cable parameter values for the AC cables used in
this thesis:

Cable type Manufacturer | U,om | Liow | ¥ [Q(km] | x [Q(km] | ¢ [uF/km]
1x3x95 XLPE-M-AL-LRT Ericsson 11 265 0,32 0,11 0,34
TSLE 3x1x800 Al/- Nexans 33 780 0,037 0,16 0,36
TSLE 3x1x2000 Al/- Nexans 33 | 1050 0,015 0,14 0,53
TSLE 3x1x150AQ Nexans 48 | 1025 | 0,0186 0,09 0,13
XLPE 3x1x 1000 CU-LRT Ericsson 400 | 1220 | 0,0151 0,12 0,17

Table 4 - Cable parameters of the AC cables used in the different wind farm layouts

' The transformers that are included in the ABB HVDC Light-model have parameter values as stated in the classified
information from ABB. These values are not recited in this thesis.
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6.2.4 HVDC Light

The user model of HVDC Light is developed and provided by ABB. The standard elements from PSS/E
are used in order to establish the load flow. Table 5 shows the available modules for HVDC Light
technology: All parameters are taken from the ABB document “It’s time to connect” (ABB, 2008).

: Currents
EOID Laght™ minclules 580A (2 sub) | 1140A (4 sub) | 1740A (6 sub)
+ 80KV M1 M2 M3
Voltages + 150 kV M4 M5 M6
+ 320 KV M7 M8 M9

Table 5 - HVDC Light modules(ABB, 2008)

For all load flows, the module M6 is used to represent the HVDC Light transmission. This has a rated
power, Spuse , 0f 570 MVA.

The rectifier is modeled as a PU bus connected to a generator and shunt. Because the power is going from
the AC to the DC side, the specified power to the generator has to be negative. The generator impedance
Zource IN PSS/E specifies the converter reactance in Figure 29. The shunt AC filter in the same figure is
represented by the reactive power generation of the fixed shunt capacitor at the rectifier bus in PSS/E .
Additionally, a converter transformer has to be added. One side is connected to the rectifier bus, and the
other side is connected to the offshore substation bus. The AC voltage at the converter bus is 195 kV for
the HVDC Light converter in module M6. The inverter is modeled using the same units as the rectifier,
but the power from the generator has to be positive, because the power is going from the DC side to the
AC side.

The reactive power limits to be specified in the power flow for the generator equivalents depend on the
active power. The HVDC Light converter has a capability curve according to Figure 37:.
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Figure 37 — Capability curve for HVDC converter

It is up to the user to select the right reactive power limits for the converter, based on this curve.
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The DC cable is not modeled in the load flow. The power loss in the HVDC Light system must be
calculated, and the received power at the onshore converter bus generator must be specified based on this
calculation in order to represent the HVDC losses correctly in the load flow simulation. Equation 6-1
describes the power loss in the HVDC Light system.

P =P -P 6-1

loss ,DC rectifier inverter

The power loss in the DC system can be split into converter losses and line losses. Table 6 shows the full
power ratings of HVDC Light modules M4 to M6:

Converter wﬁgge wbC | Dccable 9:33;‘? Receiving power (MW)
typas W A Cu nrm2 NIV Back-to-back S50km | 100 <m | 200k | <00 <m | 800 km
M4 150 27 300 181.2 18E.C 182.0 178.0 174.0
M5 150 1233 1200 376.0 2627 361.0 | 3580 | &530 | 3420
& 150 12E1 2800 57320 558 552.0 5405 £44.0 5320

Table 6 — Sending and receiving power in the 150kV HVDC Light modules

From Table 6, the converter losses at full power can be calculated by comparing the sending power with
the receiving power when the system is has a back-to-back configuration.

The dynamic converter losses are calculated as a constant part, no load losses, and a load loss which is
estimated to be linear with the load

e The no load losses are estimated as 0.3 pu of the nominal losses
e The load losses are estimated as 0.7 pu at nominal load (Sbase)
e The nominal losses are estimated to 0.0165 pu of Sbase, according to (ABB, 2008)

This can be expressed mathematically by equations 6-2 to 6-4:

P, =00165-S, 6-2

Pnoload = 030 : Pnom 63
P

Pload = 07 ’ Pnom P 6-4

sent ,max

Total converter losses for one converter can be expressed as:
P =P, +P 6-5

loss ,conv load noload

For a bipolar transmission, the DC cable loss for can be calculated by finding the DC current, given a
certain cable dimension and length. The DC current in each cable can be expressed as:

P'*nt _P()SS conv
I, =1000 . S _—fo.conr. 6-6

base

In (ABB, 2008), an overview of the resistance for different cables for different conductor areas is
presented. From Table 6, it can be found that the copper conductor area of the DC cable needs to be 2800
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mm®. Looking at the resistance overview, the resistance is found to be 0.0079 Q/km. With a 100 km
distance to shore, the total resistance of the cable is 0.79€Q This can be used to calculate the cable losses
as:

P

loss ,cables

=2RI}, 67
Finally, the received power at the inverter bus can be expressed as:

eceived = Fent = 2Pioss cony = Ploss caples 68
6.2.5 Onshore generator and SVC
The onshore power system is modeled as one bus with one generator and one load. The generator
representing the power system is modeled by the predefined generator model in PSS/E . In addition to the
generator at the PCC, a load of 540 MW is connected at the same bus. This way, the active power
production at the generator in the PCC equals the total active power losses of the wind farm.

For the AC/AC-models, an SVC is placed at the onshore transmission bus. The SVC is modeled using the
standard generator model, defining the active power output as zero.

6.2.6 Fixed shunts

For the AC/AC-models, two fixed shunt reactors are placed at the onshore transmission bus to provide
reactive power compensation to the AC cables. The shunts are modeled using the predefined “fixed
shunt”-model in PSS/E .

6.3 Dynamic models

All generators and power electronic devices in a power system consist not only of the device itself. To
make sure that the system fulfills the system requirements, all devices are equipped with control systems
such as automatic voltage regulators (AVRs), power factor correctors (PFCs) and power system stabilizers
(PSSes). Thus, for PSS/E to run dynamic simulation, the program demands that dynamic models are
defined for all generators, SVCs and VSC HVDC lines. In the following, the models used in this thesis are
presented.

6.3.1 Wind turbine model
In this thesis, the DFIG is chosen to represent the wind turbine generators. PSS/E contains a predefined
model of this turbine type, the WT3 generic wind model, which comprises the following modules:

* WT3G: generator/converter module

» WT3E: electrical control module

* WT3T: mechanical control (wind turbine) module
* WT3P: pitch control module.

The model was developed to simulate performance of a wind turbine employing a doubly fed induction
generator (DFIG) with the active control by a power converter connected to the rotor terminals. The model
is described in detail in the application guide of PSS/E (Siemens PTI, 2007), and the model is described
and all block diagrams reproduced in Appendix 4. The chosen parameter values for the wind turbine
model are also given in the appendix. When conducting the DC simulations, the control parameter
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VLTFLG (see the block diagram of the WT3E1 module in appendix 4) had to be changed as compared to
the AC simulations. VLTFLG had to be equal to 1 for the AC/DC simulations, and 0 for the AC/AC
simulations, in order to get the initial conditions check to be OK.

6.3.2 Onshore generator model

The onshore generator model is modeled as a salient pole hydro generator, since the Norwegian power
system is based on almost only hydro power generation. To represent the dynamic behavior of the
generator, the model GENSAL is used. The exciter and governor systems are represented by the models
SCRX and HYGOV, respectively. All parameters can be found in appendix 4.

6.3.3 SVC model
The SVC used in the simulations is modeled as a generator, producing zero active power during the load
flow simulations. In the dynamic simulations, the PSS/E model CSVGNS is used. All parameters can be
found in appendix 4.

6.3.4 HVDC Light model

In order to represent the dynamic behavior of the HVDC Light system, ABB has developed

two user models called CABBL2 and CEMPTY. Each module presented in Table 5 has its own dynamic
file, which is given in the user manual provided by ABB(ABB Power technologies AB, 2009). The
dynamic file corresponding to the module M6 is applied for the dynamic simulations in this thesis.

Figure 38 shows the structure of the load flow and dynamic model of HVDC Light.

| CABBL2 |

Dynamic model
Load flow model

PCC Filter bus \

system system

| Generator modef Generator modef I

v Filter bus PCC

to represert the to represent the
converter converter
First converter Second converler

Figure 38 - The HVDC Light model used in PSS/E

In the load flow, the PSS/E generic generator model represents the converters. The user model CABBL?2
is used to calculate the current injection to be applied by this generic generator. This user model includes a
representation of the cable, including the cable resistance. The user model CABBL2 is applied as the
“primary” dynamic model for the generator used as the first converter in PSS/E. Still CABBL2 controls
both the first and the second converter. An additional dummy user model CEMPTY is applied as the
“primary” dynamic model for the generator used as the second converter. Without this dummy user
model, PSS/E will disconnect the second converter in the dynamic simulation.
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7 Load flow simulations
This chapter describes the load flow simulations executed as a part of the work with this thesis. For each
wind farm layout, two cases are studied:

In the first case, the simulation is setup so that the active power delivered to the PCC is maximized. This
is done by varying the voltage level at the offshore transmission bus and choosing the voltage level that
gives the highest amount of active power delivered to the PCC, given that all elements of the system is
rated below 100%, and that the voltage level at all buses does not exceed its upper and lower limit. For
each simulation, PU-curves, showing the optimum voltage/power-level have been created. The PU-curves
are given in appendix 2. This load flow situation is from now on referred to as “normal operating
conditions”.

In the second case, it is assumed that a fault has occurred at the most critical cable in one of the feeders.
This fault has led to the cable being disconnected. The voltage at the offshore transmission bus is the same
as before the fault occurred. This load flow condition is from now on referred to as “worst case operating
conditions”.

In chapter 3.5, six options for the design of the offshore grid were presented, and these are all studied by
running load flow simulations on them. In addition, the impact of the choice of transmission system to
shore is studied. Two options are studied. The first option is to use AC transmission, using two AC cables
to provide redundancy. The second option is to use HVDC Light transmission, using two HVCD links to
provide redundancy. Having six offshore grid designs, two transmission system options and two load flow
cases, this means that a total of 24 load flow simulations are executed in this thesis.

7.1 Large AC wind farm layouts

The large AC wind farm layout was presented in chapter 3.2.2 . It consists of an offshore AC network
with an AC transmission to shore. Figure 39 shows the transmission system to shore. A 33/400 kV
transformer provides the right voltage level. The cables are 400 kV XLPE cables, rated at 845.2 MVA.
The cable data are gathered from an Ericsson datasheet, available at their web page (Ericsson nkt).
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Figure 39 - Single line diagram showing the connection to shore, using two AC cables to provide redundancy

At the onshore side, there is a considerable need of reactive compensation. This is taken care of by having
a constellation consisting of two fixed shunt reactors and one SVC at the onshore transmission bus. The
constellation is designed so that the SVC provides zero reactive power at unity power factor at the PCC.
The SVC assures that the reactive capacity requirement of being able to provide cos ¢ = 0.95 at nominal
power output is fulfilled. At normal operating conditions, the offshore wind farm delivers 515 — 530 MW
to the PCC, depending on the wind farm layout. With a power factor limit of 0.95, the SVC must be rated
at a minimum of 170 — 175 MV Ar. The total reactive power delivered to the onshore transmission bus
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from the two AC cables is in the range of 1611 to 1613 MV Ar for the simulation cases. The reason why
this is so high is the high capacitive rating of the cable (0.20 uF/km, giving 17 pF in total per cable),
combined with the fact that there is no reactive compensation offshore.

The fixed shunts are rated at the same reactive power level as what is delivered to the onshore
transmission bus by the AC cables. If one of the transmission lines is lost, one of the fixed shunts are
disconnected, so that the SVC still does not have to provide reactive power compensation at unity power
factor. This running condition is indicated in Figure 40 :
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Figure 40 - Single line diagram showing the connection to shore with one AC cable disconnected

For all simulations, the disconnected shunt varies between 845MV Ar and 846 MV Ar, while the shunt still
in connection varies between 765 and 766 MV Ar. This situation is not studied as a load flow case, only
during the dynamic simulations.

7.2 AC/DC wind farm layouts

The AC/DC wind farm layout was presented in chapter 3.3. In the simulations, the AC/DC configuration
consists of an offshore AC network with a double HVDC Light transmission to shore. Traditional HVDC-
technology is not studied. Figure 41 shows the transmission system to shore.
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Figure 41 - Single line diagram showing the connection to shore, using two HVDC Light connections

A 33/132 kV transformer offshore boosts the voltage before the power is converted from AC to DC in the
HVDC Light converter station. Onshore, the power is transformed from 195 kV DC voltage to 300 kV AC
voltage before it is transmitted to the PCC. The DC cables are 195 kV XLPE cables, rated at 570 MVA.

7.3 Radial design

In the radial design, nine wind turbines are connected in a radial, as described previously. The wind
turbines are rated at SMW, with a power factor limit of 0.95. The wind turbines are operating at 0.69kV.
Each wind turbine is equipped with a 0.69/33kV transformer, rated at 5.26 MV A. The cable ratings are
48.6 MV A throughout the loop, operating at 33 kV. The maximum rated voltage of the cable is 36 kV, or
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1.091 pu. Thus, all voltage levels lower than 1.091 pu are considered acceptable in the offshore grid. A
value of 0.9 pu is used as the minimum acceptable voltage level.

7.3.1 AC/AC

Figure 42 shows the load flow result during normal operating conditions for one feeder of the radial
design while using AC transmission to shore. All elements of the feeder operate at below their maximum
rating. The most heavily loaded cable is the one connecting the first wind turbine to the offshore
substation. This is loaded at 92%. The most heavily loaded devices in the feeder are the wind turbines,
which operate at 95% of their maximum rating. All voltage levels are within their boundaries.

Figure 42 - Radial design with AC transmission — normal operating conditions

The active power delivered to the grid is 524.6 MW, giving total losses of 2.85%. The most heavily
loaded elements of the system are the transmission cables, rated at 100%.

Figure 43 shows the load flow result during worst case operating conditions for one feeder of the radial
design while using AC transmission to shore. All elements of the feeder operate at ratings below their
maximum rating. The most heavily loaded devices in the feeder are the wind turbines and wind turbine
transformers, which operate at 95% of their maximum rating.

Figure 43 - Radial design with AC transmission - worst case operating conditions

During worst case operating conditions, that is, during operating conditions where one radial is out of
service, the active power delivered to the grid is 480.9 MW. This means that the total losses are 10.94%
when compared to the total installed power of the wind farm, 540 MW. The SVC must consume 6.2
MVAr in order to provide unity power factor in the PCC.

7.3.2 AC/DC

Figure 44 shows the load flow result during normal operating conditions for one feeder of the radial
design while using AC transmission to shore. All elements of the feeder operate at below their maximum
rating, but slightly higher than in the AC/AC-system. The most heavily loaded cable is the one connecting
the first wind turbine to the offshore substation. This is loaded at 94%. The most heavily loaded devices in
the feeder are the wind turbines, which operate at 98% of their maximum rating. All voltage levels are
within their boundaries.
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Flgure 44 - Radlal desngn w1th DC transmission — normal operatlng condltlons
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The active power delivered to the grid is 502.7 MW, giving total losses of 6.91%. The most heavily
loaded elements of the system are the wind turbines, at 98%. The generators representing the HVDC Light
connection are running at 48% and 46% at the offshore and onshore stations respectively (shown in
appendix 2).

Figure 45 shows the load flow result during worst case operating conditions for one feeder of the radial
design while using AC transmission to shore. All elements of the feeder operate at ratings below their
maximum rating. The cable ratings are as in the normal operating conditions. The most heavily loaded
devices in the feeder are the wind turbines and the wind turbine transformers, which operate at 97% of
their maximum rating. All voltage levels are within their boundaries.
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Flgure 45 - Radlal deSIgn w1th DC transmlsswn worst case operatmg condltlons

During worst case operating conditions, which is during operating conditions where one feeder is out of
service, the active power delivered to the grid is 460.2 MW, corresponding to 14.78% losses when
comparing to the nominal power output. The most heavily loaded elements of the system are the wind
turbines and the wind turbine transformers. The generators representing the HVDC Light connection are
running at 45% and 43% at the offshore and onshore stations respectively (shown in appendix 2).

7.4 Single sided ring

In the single sided design, nine wind turbines are connected in series, with a safety cable from the last
wind turbine to the offshore substation. The wind turbines are rated at SMW, with a power factor limit of
0.95. The wind turbines are operating at 0.69kV. Each wind turbine is equipped with a 0.69/33kV
transformer, rated at 5.26 MV A. The cable ratings are 48.6 MV A throughout the loop, operating at 33 kV.
The maximum rated voltage of the cable is 36 kV, or 1.091 pu. Thus, all voltage levels lower than 1.091
pu are considered acceptable in the offshore grid. A value of 0.9 pu is used as the minimum acceptable
voltage level.

7.4.1 AC/AC

Figure 46 shows the single sided ring design during normal operating conditions. Due to the extra cable
connection from the last wind turbine in the feeder to the offshore substation, none of the cables are rated
higher than 55%. The most heavily loaded devices are the wind turbine transformers, which are rated at
96%. All voltage levels are within their boundaries.

e yyrrrl:

Figure 46 - Single sided ring, normal operating conditions

The active power delivered to the grid is 526.6 MW, giving total losses of 2.48%. The most heavily
loaded elements of the system are the transmission cables, rated at 100%.
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Figure 47 shows the worst case load flow situation for the single sided ring design. The line between the
first wind turbine and the offshore substation is lost, meaning that the direction of the power flow is
reversed through the feeder. The most heavily loaded cable is now running at 91% of its current rating.
The most heavily loaded devices of the feeders are still the wind turbine transformers, at 96%. All voltage
levels are within their boundaries.
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Figure 47 - Single snded ring, worst case operatmg condltlons

The active power delivered to the grid is 526.2 MW, corresponding to 2.56% losses when comparing to
the nominal power output. The most heavily loaded elements of the system are the transmission cables,
rated at 100%. The SVC must consume 0.1 MV Ar in order to provide unity power factor in the PCC.

7.4.2 AC/DC

Figure 48 shows the single sided ring design during normal operating conditions. Due to the extra cable
connection from the last wind turbine in the feeder to the offshore substation, none of the cables are rated
higher than 55%. The most heavily loaded devices are the wind turbine transformers, which are rated at
96%. All voltage levels are within their boundaries.
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Figure 48 - Single sided ring, normal operatlng conditions

The active power delivered to the grid is 504.6 MW, giving total losses of 6.56%. The most heavily
loaded elements of the system are the wind turbines. The generators representing the HVDC Light
connection are running at 48% and 47% at the offshore and onshore stations respectively (shown in
appendix 2).

Figure 49 shows the worst case load flow situation for the single sided ring design. The line between the
first wind turbine and the offshore substation is lost, meaning that the direction of the power flow is
reversed through the feeder. The most heavily loaded devices of the feeders are the wind turbines and the
wind turbine transformers, at 96%. All voltage levels are within their boundaries.
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The active power delivered to the grid is 504.2 MW, corresponding to 6.63% losses when comparing to
the nominal power output. The most heavily loaded elements of the system are the wind turbines and the
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Flgure 49 - Single sided ring, worst case operating condltlons
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wind turbine transformers. The generators representing the HVDC Light connection are running at 48%
and 46% at the offshore and onshore stations respectively (shown in appendix 2).

7.5 Double sided ring

In each feeder of the double sided design, nine wind turbines are connected in series, and two feeders are
connected in parallel to provide redundancy. The wind turbines are rated at SMW, with a power factor
limit of 0.95. The wind turbines are operating at 0.69kV. Each wind turbine is equipped with a 0.69/48kV
transformer, rated at 5.26 MV A. The cable ratings are 92.3 MV A throughout the loop, operating at 48 kV
due to the high power rating of the cable. The maximum rated voltage of the cable is 52 kV, or 1.083 pu.
Thus, all voltage levels lower than 1.083 pu are considered acceptable in the offshore grid. A value of 0.9
pu is used as the minimum acceptable voltage level.

7.5.1 AC/AC

Figure 50 shows the load flow situation of the double sided ring during normal operating conditions. The
most heavily loaded cables are running at 48%, since they are rated to provide redundancy. The most
heavily loaded elements of the feeders are the wind turbine transformers, which are rated at 96%. All
voltage levels are within their boundaries.
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Figure 50 - Double sided ring, normal operating conditions

The active power delivered to the grid is 526.9 MW, giving total losses of 2.43%. The most heavily
loaded elements of the system are the transmission cables, rated at 100%.

Figure 51 shows the worst case load flow situation of the double sided ring-system. In this situation, one
of the lines connecting the first turbine of a feeder to the offshore substation is lost. The direction of the
power flow in this feeder is reversed, and all the turbines can continue to operate at full production. The
most heavily loaded cable now operates at 95%, and is the most heavily loaded device of the feeders,
together with the wind turbines which are also loaded at 95%. All voltage levels are within their
boundaries.
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Figure 51 - Double sided ring, worst case operating conditions
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The active power delivered to the grid is 526.3 MW, giving total losses of 2.54%. The most heavily
loaded elements of the system are the transmission cables, rated at 100%. The SVC must consume 0.1
MVAr in order to provide unity power factor in the PCC.

7.5.2 AC/DC

Figure 50 shows the load flow situation of the double sided ring during normal operating conditions.
None of the cables are rated above 48%, since they are rated to provide redundancy. The most heavily
loaded elements of the feeders are the wind turbine transformers, which are rated at 97%. All voltage
levels are within their boundaries.

The active power delivered to the grid is 505.0 MW, corresponding to 6.48% losses when comparing to
the nominal power output. The most heavily loaded elements of the system are the wind turbines and the
wind turbine transformers. The generators representing the HVDC Light connection are running at 48%
and 46% at the offshore and onshore stations respectively (shown in appendix 2).

Figure 53 shows the worst case load flow situation of the double sided ring-system. In this situation, one
of the lines connecting the first turbine of a feeder to the offshore substation is lost. The direction of the
power flow in this feeder is reversed, and no turbines need to be out of production. The most heavily
loaded cable is now running at 95% capacity. The most heavily loaded devices of the feeders are still the
wind turbines, at 97%. All voltage levels are within their boundaries.
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Figure 53 - Double sided ring, worst case operating conditions

The active power delivered to the grid is 504.4 MW, corresponding to 6.59% losses when comparing to
the nominal power output. The most heavily loaded elements of the system are the wind turbines. The
generators representing the HVDC Light connection are running at 48% and 46% at the offshore and
onshore stations respectively (shown in appendix 2).
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7.6 Shared ring

In each feeder in the shared ring design, nine wind turbines are connected in series, and four feeders share
a safety cable that provides redundancy. The wind turbines are rated at SMW, with a power factor limit of
0.95. The wind turbines are operating at 0.69kV. Each wind turbine is equipped with a 0.69/33kV
transformer, rated at 5.26 MV A. The cable ratings are 48.6 MV A throughout the loop, operating at 33 kV.
The maximum rated voltage of the cable is 36 kV, or 1.091 pu. Thus, all voltage levels lower than 1.091
pu are considered acceptable in the offshore grid. The cables from the last wind turbine to the extra buses
at the feeder ends (see Figure 54) are modeled as lossless lines, representing the breaker system that is
used to rearrange the power flow if a cable is disconnected. A value of 0.9 pu is used as the minimum
acceptable voltage level.

7.6.1 AC/AC

Figure 54 shows the load flow situation for the shared ring design during normal operating conditions.
Due to the redundancy provided by the extra cable, no cables are rated higher than 76%. In the feeders, the
highest rated elements are the wind turbines, rated at 95%. All voltage levels are within their boundaries.

Figure 54 - Shared ring, normal operating conditions

The active power delivered to the grid is 525.5 MW, giving total losses of 2.69%. The most heavily
loaded elements of the system are the transmission cables, rated at 100%.

Figure 55 shows the worst case load flow situation for the shared ring design. The line between the first
wind turbine and the offshore substation of the feeder the furthest away from the redundant cable is lost,
meaning that the direction of the power flow is reversed through that feeder. To avoid overloading of the
cables at the other feeders, the connections from these to the redundant cable are disconnected, as
indicated by the dashed lines in Figure 55. The most heavily loaded cables are the ones connecting the
first wind turbine of each feeder to the offshore substation, and the redundant cable, all loaded at 92%.
The most heavily loaded devices of the power system are the wind turbines, which are running at 95%. All
voltage levels are within their boundaries.
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Figure 55 - Shared ring, worst case "operatiné conditions

The active power delivered to the grid is 524.9 MW, giving total losses of 2.80%. The most heavily
loaded elements of the system are the transmission cables, rated at 100%. The SVC must consume 0.1
MVAr in order to provide unity power factor in the PCC.

7.6.2 AC/DC

Figure 56 shows the load flow situation for the shared ring design during normal operating conditions.
Due to the redundancy provided by the extra cable, no cables are rated higher than 77%. In the feeders, the
highest rated elements are the wind turbines, rated at 97%. All voltage levels are within their boundaries.

” Figure 56 - Shar;zd ring, ﬁormal o”perating"conditio;ls

The active power delivered to the grid is 502.4 MW, corresponding to 6.78% losses when comparing to
the nominal power output. The most heavily loaded elements of the system are the wind turbines and the
wind turbine transformers. The generators representing the HVDC Light connection are running at 48%
and 46% at the offshore and onshore stations respectively (shown in appendix 2).

Figure 57 shows the worst case load flow situation for the shared ring design. The line between the first
wind turbine and the offshore substation of the feeder the furthest away from the redundant cable is lost,
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meaning that the direction of the power flow is reversed through that feeder. To avoid overloading of the
cables at the other feeders, the connections from these to the redundant cable are disconnected, as
indicated by the dashed lines in Figure 57. The most heavily loaded devices of the power system are the
wind turbines and the wind turbine transformers, running at 97% capacity. All voltage levels are within
their boundaries.
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Figure 57 - Shared ring, worst case operating conditions

The active power delivered to the grid is 502.8 MW, corresponding to 6.89% losses when comparing to
the nominal power output. The most heavily loaded elements of the system are the wind turbines and the
wind turbine transformers. The generators representing the HVDC Light connection are running at 48%
and 46% at the offshore and onshore stations respectively (shown in appendix 2).

7.7 N-sided ring (n=4)

In each feeder the n-sided ring design, where #=4 in the simulations in this thesis, nine wind turbines are
connected in series, and four feeders are connected in parallel to provide redundancy. The wind turbines
are rated at SMW, with a power factor limit of 0.95. The wind turbines are operating at 0.69kV. Each
wind turbine is equipped with a 0.69/33kV transformer, rated at 5.26 MV A. The cable ratings are 65.5
MVA throughout the loop, operating at 33 kV. The maximum rated voltage of the cable is 36 kV, or 1.091
pu. Thus, all voltage levels lower than 1.091 pu are considered acceptable in the offshore grid. A value of
0.9 pu is used as the minimum acceptable voltage level.

7.7.1 AC/AC

Figure 58 shows the n-sided ring design during normal operating conditions. Due to the redundancy
provided by the high cable rating (see equation 3-6), no cables are rated higher than 67%.The most heavily
loaded devices are the wind turbines and the wind turbine transformers, which are rated at 96%. All
voltage levels are within their boundaries.
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Figure 58 - N-sided ring, normal operating conditions

The active power delivered to the grid is 527.4 MW, giving total losses of 2.33%. The most heavily
loaded elements of the system are the transmission cables, rated at 100%.

Figure 59 shows the n-sided ring during worst case operating conditions. In this situation, a fault occurs at
one of the outermost feeders. This means that the direction of the power flow is reversed through the
feeder. The most heavily loaded cable is the one closest to the outermost feeder. The most heavily loaded
devices of the feeders are still the wind turbines and the wind turbine transformers, at 95%. All voltage
levels are within their boundaries.
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Figure 59 - N-sided ring, worst case operating conditions

The active power delivered to the grid is 527.1 MW, giving total losses of 2.39%. The most heavily
loaded elements of the system are the transmission cables, rated at 100%. The SVC must consume 0.1
MVAr in order to provide unity power factor in the PCC.

7.7.2 AC/DC
Figure 60 shows the n-sided ring design during normal operating conditions. Due to the redundancy
provided by the high cable rating (see equation 3-6), no cables are rated higher than 68%.The most heavily
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loaded devices are the wind turbines and the wind turbine transformers, which are rated at 96%. All
voltage levels are within their boundaries.
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Flgure 60 - N-sided ring, normal operating conditions

The active power delivered to the grid is 505.4 MW, corresponding to 6.41% losses when comparing to
the nominal power output. The most heavily loaded elements of the system are the wind turbines and the
wind turbine transformers. The generators representing the HVDC Light connection are running at 48%
and 46% at the offshore and onshore stations respectively (shown in appendix 2).

Figure 61 shows the n-sided ring during worst case operating conditions. In this situation, a fault occurs at
one of the outer feeders of the n feeders that are connected in parallel. This means that the direction of the
power flow is reversed through the feeder. The most heavily loaded cable is the one connecting the first
wind turbine of the feeder closest to the fault to the offshore substation. This is running at 93% of its full
capacity.The most heavily loaded devices of the feeders are still the wind turbines and the wind turbine
transformers, at 96%. All voltage levels are within their boundaries.

s
H
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The active power delivered to the grid is 504.7 MW, corresponding to 6.54% losses when comparing to
the nominal power output. The most heavily loaded elements of the system are the wind turbines and the
wind turbine transformers. The generators representing the HVDC Light connection are running at 48%
and 46% at the offshore and onshore stations respectively (shown in appendix 2).

7.8 Star design

In the star design, nine wind turbines are connected in a star to the same connection point. From this point,
the power is transmitted in a common cable to the offshore substation. The wind turbines are rated at
SMW, with a power factor limit of 0.95. The wind turbines are operating at 0.69kV. Each wind turbine is
equipped with a 0.69/11kV transformer, rated at 5.26 MV A. The cable ratings are 5.5 MVA, operating at
11 kV. The maximum rated voltage of the cable is 12 kV, or 1.091 pu. Thus, all voltage levels lower than
1.091 pu are considered acceptable in the star. From the centre bus, the voltage is transformed from 11kV
to 33kV. The cable rating of the cable between the centre bus of the star and the offshore substation is
48.6 MV A, rated at 33 kV. The maximum rated voltage of the cable is 36 kV, or 1.091 pu. Thus, for the
transmission from the star to the offshore substation, a voltage level lower than 1.091 pu are considered
acceptable in the offshore grid. A value of 0.9 pu is used as the minimum acceptable voltage level.

7.8.1 AC/AC

Figure 62 shows the star design during normal operating conditions. The 11 kV cables are loaded at 90%
and the 33 kV cable is loaded at 95%. The most heavily loaded devices in the system are the wind turbines
and the33 kV cable connecting the star and the substation, being loaded at 95%. All voltage levels are
within their boundaries.

Figure 62 - Star design, normal operating conditions

The active power delivered to the grid is 517.5 MW, giving total losses of 4.17%. The most heavily
loaded elements of the system are the transmission cables, rated at 100%.

Figure 63 shows the load flow result during worst case operating conditions, that is, when one star is out
of service. The only difference in the running conditions is that the star draws slightly more reactive
power. Except from that, the devices are running at the same load levels as earlier. All voltage levels are
within their boundaries.
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Figure 63 - Star design, worst case operating conditions

The active power delivered to the grid is 474.4 MW, giving total losses of 12.15% when comparing to the
nominal power output. The most heavily loaded elements of the system are the transmission cables, rated
at 100%. The SVC must consume 6.1 MV Ar in order to provide unity power factor in the PCC.

7.8.2 AC/DC

Figure 64 shows the star design during normal operating conditions. The 11 kV cables are loaded at 93%
and the 33kV connection to the offshore substation is running at 95%. The most heavily loaded devices in
the system are the wind turbines and the wind turbine transformers, running at 99%. All voltage levels are
within their boundaries.
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Figure 64 - Star design, normal operating conditions

The active power delivered to the grid is 495.8 MW, corresponding to 8.79% losses when comparing to

the nominal power output. The most heavily loaded elements of the system are the wind turbines and the
wind turbine transformers. The generators representing the HVDC Light connection are running at 48%

and 46% at the offshore and onshore stations respectively (shown in appendix 2).

Figure 65 shows the load flow result during worst case operating conditions, that is, when one star is out
of service. The 11kV cables now run at 92%, and the wind turbine transformers are running at 98%. The

-57 -



Thomas Haugsten Hansen @ NTN U Chapter 7

Det skapende universitet

Offshore wind farm layouts Load flow simulations

most heavily loaded elements of the star are still the wind turbines, running at 99%. All voltage levels are
within their boundaries.

Figure 65 - Star design, DC transmission, worst case operating conditions

The active power delivered to the grid is 453.8 MW, corresponding to 15.96% losses when comparing to
the nominal power output. The most heavily loaded elements of the system are the wind turbines. The
generators representing the HVDC Light connection are running at 44% and 42% at the offshore and
onshore stations respectively (shown in appendix 2).
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8 Dynamic simulations

This chapter describes the dynamic simulations that have been executed as a part of the work with this
thesis. In chapter 3.5, six options for the design of the offshore grid were presented. In this chapter, their
dynamic behavior is studied and compared. In addition, the impact of the choice of transmission
technology from the wind farm to the PCC is studied. Three fault scenarios are presented. This means that
a total of 36 dynamic simulations are executed. For all wind farm layouts, the active power P, the reactive
power O, the generator speed w and the voltage U are plotted at selected generator buses. It has been
chosen to study the rotor speed instead of the rotor angle, since the DFIG can control the rotor angle in the
partial scale frequency controller. (see Figure 5) Only the most relevant plots are reproduced in this
chapter, but all plots can be found in appendix 5.

All dynamic simulations are based on the “normal operating conditions”-load flow situation, as described
in chapter 7. For all three fault scenarios, the fault applied to the system is a three phase short circuit to
ground, lasting 150 ms before the circuit breakers on the faulted cable open, and the cable is
disconnected.

When comparing the wind farm layouts, two main factors are studied; how the grid design influences the
dynamic behavior, and how the transmission choice influences the dynamic behavior. This is done by
studying the rotor speed stability and voltage stability in the system. The maximum oscillation and time it
takes for the rotor speed to stabilize is studied, as is the voltage response in terms of maximum voltage dip
and the maximum overvoltage preceding a fault. As the initial rotor speed of all the wind turbines of all
the systems are similar, at 0.2 pu, the oscillations are studied by looking at the per unit values of the
deviation from the initial value.

The voltage level is case specific and also varies from turbine to turbine. In order to compare the voltage
dips, the value has been calculated as percentage of the original voltage level at the bus in question. The
original voltage level values are gathered from the” normal operating conditions”-load flow cases.

8.1 Fault scenario one

In fault scenario one, a fault is applied to one of the two transmission lines between the offshore wind
farm and the PCC, as illustrated in Figure 66:

Offshore wind
farm

Onshore power
f system

Figure 66 - Fault scenario one

This scenario is studied to investigate two issues:

1) How does the offshore wind farm layout influence the dynamic behavior following a transmission
fault?

2) How does the transmission choice influence the dynamic behavior of the wind turbines following
a transmission fault?
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A fault in the transmission system will have the largest impact on the generators closest to the fault, i.e.
the wind turbine generators situated at the buses that lie the closest to the offshore substation. Therefore,
only the dynamic behavior of the generator at one of these buses is studied. Figure 67 shows this plot for
the radial design. For the five other designs, the dynamic behavior is similar. Thus, their dynamic response
is not shown here, but can be seen in appendix 5.

£.0000

Figure 67 — ult scenario ne. Radial desin.P (green), Q (blue), ® (ligt bue) and - (purple) of the wind turbine
generator closest to the substation. Top: AC/AC Bottom: AC/DC.

The dynamic response is clearly stable, with the oscillations being fully damped at approximately seven
seconds for the AC/AC system and eight seconds for the AC/DC system. The minimum and maximum
deviations of the twelve designs are compared below:
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For fault scenario one, Figure 68 shows the maximum and minimum deviation of the generator speed @
and voltage level U at the bus closest to the offshore substation for all 12 designs.

Speed deviation

0,0800

0,0609 0,06

0,0690 0,0682  0,0691

11 0,0611 0,0609 0,0616 0,0606

0,0686

0,0688

0,0724

0,0600

0,0400

0,0200 -+

0,0000 -

DAC AC

AC AC AC AC RAD DC DC DC

DC

DC

DC

-0,0200

-0,0400

-0,0600 0,0568 -0,0569

20,0571 -0,0569 -0,0569 -0,0550

-0,0646 -0,0637 -0,0645

-0,0642

-0,0644

-0,0658

-0,0800

U drop/rise (% of original value)

20,0%

7,5%

7,4% 1,5% 7,19

10,0% 7,49 7,6%

0,0%

4

DAC AC

AC

P — T —

AC AC AC RAD DC DC DC

28%

bC

31%

bc

16%

bC

-10,0%

-20,0% -

'

-30,0%

-40,0 %

-50,0% -

'

-60,0 %

-70,0%

-63,3%

800% B0 7a8%

-74.8%

=73,7% -74,0%

-69,8%

T715% 78,4%  -78,7%

77.8%

77,7%

-90,0 %

Figure 68 - Fault scenario one. Maximum speed deviation [pu on system base] and voltage deviation [% of initial value] )
of the wind turbine generator closest to the substation.

w:

The choice of offshore grid does not have a large impact on the maximum and minimum speed deviation.
Only small differences are observable.
The impact of the choice of transmission system is clearly of importance. For all designs, the speed
deviation is clearly and consequently higher for the AC/DC systems than for the AC/AC systems.
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U:

The star design separates clearly from the other designs. The voltage drop is lower than for the rest of the
designs, and the maximum voltage is also smaller. The other designs show small variations in the voltage
deviation.

The impact of the choice of transmission system is clearly of importance. For all designs, the voltage drop
is larger for DC transmission than for AC transmission. Nevertheless, the maximum values of the voltages
are clearly and consequently smaller for the AC/DC systems than the AC/AC systems.

8.2 Fault scenario two

In fault scenario two, a fault is applied to the cable connecting the innermost turbine of one of the feeders
to the offshore substation. For the radial and star design, this means that the entire feeder is lost as a
consequence of this fault, since no redundancy is provided. This is illustrated in Figure 69:

| S |

. Connection to collector hub

Figure 69 - Fault scenario two

For fault scenario two, the dynamic response at two buses is plotted. The scope is to investigate how a
fault of type two affects:

1) The buses in the same feeder as the one subject to the fault
2) The buses in the rest of the offshore wind farm.

The first bus to be studied is the bus the closest to the fault, i.e. the innermost bus of the feeder, when seen
from the offshore substation. For the radial and star design, when the feeder is disconnected it is isolated
from the rest of the network, and the dynamic behavior in the isolated feeder is unstable. For the
redundant designs, this problem is avoided. This is illustrated in Figure 70 and Figure 71:
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Figure 70 — Fault scenario two. Radial design. P reen), Q (blue), o (light blue) and U (purple) of the wind turbine
generator closest to the substation in the same feeder as the fault occurs. Top: AC/AC Bottom: AC/DC.

The rotor speed does not return to its original value and there is a drop in the active and reactive power.
The instability occurs faster for the AC/DC system than for the AC/AC system. The voltage increases
throughout the first ten seconds after the fault. For the redundant designs, these post-fault problems are
avoided. Figure 71 shows the dynamic behavior of the wind turbine generator closest to the substation in
the feeder that is isolated when the shared ring concept is applied to the offshore grid:
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q & a0 8.

Figure 71 — Fault scenario two. Shared ing design. (reen), Q (ble)(o (light blu) and U (purple) of the wind turbine
generator closest to the substation when the fault occurs in the same feeder. Top: AC/AC Bottom: AC/DC.

The figure shows that all values return to their original values after approximately seven seconds. The
dynamic behavior of the different wind farm layout options are compared in Figure 72:
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Figure 72 —Fault scenario two. Maximum speed deviation [pu on system base] and voltage deviation [% of initial value] )
of the wind turbine generator closest to the substation when the fault occurs in the same feeder as the generator is placed.

w:

The choice of offshore electrical collector does not affect the maximum and minimum speed deviation
considerably. The speed deviation at the radial and star design is not considered, as the speed is clearly
unstable at these buses.

The impact of the choice of transmission system is of importance even though the differences are quite
small, the AC/DC system consequently gives higher speed deviations than the AC/AC system.

U:

There is no big difference in the voltage drop at the layouts that does not lead to unstable post-fault
operation. The maximum voltage is clearly highest at the two buses where unstable operation is obtained
after the fault. The star design gives the lowest voltage drop, but clearly the highest voltage rise for the
AC/AC system. For the AC/DC system, the radial design gives the highest voltage rise, while the star
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design still gives the smallest drop. For all cases, the AC/DC system gives larger drops and smaller
maximum values than for the AC/AC systems.

The second bus to be studied is the first bus of one of the feeders in the wind farm that was not subject to
the fault. The response of the bus that is directly connected to the offshore substation is shown in Figure
73:

m z

esign. P (green), Q (b

lue, (0] light blue) ad U (purple) of the wind turbine
generator closest to the substation when the fault occurs in one of the other feeders. Top: AC/AC Bottom: AC/DC.

Figure 73 — Fault ario two. Rl d
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All dynamic responses are clearly stable. It takes approximately five seconds for the oscillations to be
fully damped. The voltage drop and reactive power rise are relatively small.

The minimum and maximum deviations of the twelve designs at the relevant buses are compared below:
For fault scenario two, Figure 74 shows the maximum and minimum deviation of the generator speed w

and voltage level U at the bus closest to the offshore substation in one of the other feeders for all 12
designs:
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Figure 74 -Maximum speed deviation [pu on system base] and voltage deviation [% of initial value] ) of the wind turbine
generator closest to the substation following fault 2 when the fault occurs in a different feeder than where the generator is
placed.

w:
The choice of offshore electrical collector clearly influences the maximum and minimum speed deviation.
The radial design gives the smallest deviations, with the star design as number two, giving slightly higher
oscillations. The rest of the order is as follows: Single sided, shared, n-sided, double sided.
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The impact of the choice of transmission system is also clearly of importance. For the star and radial
design, the oscillations are smaller for the AC/DC system than for the AC/AC system. For the rest of the
systems, the AC/DC system gives larger oscillations than for the AC/AC system

U:

The star and radial designs clearly stand out as the ones giving the smallest voltage drops. Using AC
transmission, the star design gives the smallest voltage deviations, while the radial design gives the
smallest deviations when using DC transmission. The double sided design clearly gives the largest drop in
the voltage.

The impact of the choice of transmission system varies when it comes to the voltage drops, but all AC/DC
layouts consequently give smaller maximum values of the voltage.

8.3 Fault scenario three

In fault scenario three, a fault is applied in the outermost cable of the feeder. For the radial and looped
designs, this means that the fault occurs between the eighth and ninth turbine. For the star design, the fault
occurs between the centre bus and one of buses at the end of one of the “arms” of the star. This is
illustrated in Figure 75:

é . Connection to collector hub

Figure 75 - Fault scenario three

For fault scenario three, the dynamic response at three buses is plotted. The scope is to investigate how a
fault of type two affects the following buses:

1) The bus next to the fault that is further away from the offshore substation than the fault (the bus
right of the fault in the left drawing, and the lower right bus of the right drawing, of Figure 75).

2) The bus next to the fault that is closer to the substation than the fault (the bus left of the fault in
the left drawing, and the central bus of the right drawing, of Figure 75)

3) The bus the closest to the offshore substation in the same feeder as the fault occurs.

As the right drawing of Figure 75 illustrates, for the star design, the buses described in point 2) and 3) is
the same, i.e. the central bus of the star.

The dynamic response for the bus described in point 1) is shown for the radial design in Figure 76:
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Figure 76 - Fault s n), Q (blue), ® (light blue) and U (purple) of the wind turbine
generator further away from the offshore substation than the fault point. Top: AC/AC Bottom: AC/DC.

The figures show that the response is clearly unstable. The instability occurs faster for the AC/DC system
than for the AC/AC system. This instability is the case for the radial and star design. For the redundant
designs, this problem is avoided. The dynamic response of the same bus is shown for the shared design
below:
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Figure 77 - Fault scenario three. Shared ring designP reen), Q (le) o (light blu) and U (purple) of the wind turbine
generator further away from the offshore substation than the fault point. Top: AC/AC Bottom: AC/DC.

The looped design of the shared ring provides stability after the fault. The oscillations are fully damped
after approximately seven seconds. The impact of the wind farm layout on the dynamic response is shown
in Figure 78:
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Figure 78 - Fault scenario three. Maximum speed deviation [pu on system base] and voltage deviation [% of initial value] )
of the wind turbine generator furthest away from the substation when the fault occurs in the same feeder as the generator

w:

The choice of offshore electrical collector affects the maximum and minimum speed deviation

is placed.

considerably. The smallest deviation is for the shared design, and the largest for the doubly sided design,
both for the AC/AC systems and the AC/DC systems. The speed deviation at the radial and star design is
not considered, as the speed is clearly unstable at these buses.
The impact of the choice of transmission system is of importance. The AC/DC systems consequently give
higher speed deviations than the AC/AC system.
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U:

There is a noticeable difference in the voltage drop at the layouts that does not lead to unstable post-fault
operation. The smallest deviation is for the shared design, and the largest for the doubly sided design, both
for the AC/AC systems and the AC/DC systems. The maximum voltage is clearly highest at the two buses
where unstable operation is obtained after the fault. The star design gives the lowest voltage drop, but
clearly the highest voltage rise for the AC/AC system. For the AC/DC system, the radial design gives the
highest voltage rise, while the star design still gives the smallest drop. For all cases, the AC/DC system
gives larger drops and smaller maximum values than for the AC/AC systems.

The dynamic response for the bus next to the fault, that is closer to the substation than the fault, is shown
for the radial design in Figure 79:

LHITOSh  YMO4] #Sh =TWHD

©.0000 5.0000

=
-
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generator closer to the offshore substation than the fault point. Top: AC/AC Bottom: AC/DC.
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The oscillations in Figure 79 are fully damped after approximately seven seconds, and the post fault
response is clearly stable. For the AC/AC system, the reactive power is negatively increasing until it
stabilizes at eight seconds. For the AC/DC design, it oscillates and stabilizes at the pre-fault value.

The dynamic response for the bus closest to the offshore substation, in the same feeder as the fault occurs,
is shown for the radial design in Figure 80:

n), Q (blu , ® (light blue) and U (purple) of the wind turbine
generator closest to the offshore substation. Top: AC/AC Bottom: AC/DC.

Figure 80 - Fault s
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As expected, the oscillations are smaller, and the time it takes for the oscillations to be fully damped is
smaller, approximately six seconds. The reactive power also reaches a stable operating point faster than
for the wind turbine further out in the radial.

Finally, the dynamic response of the centre bus of the star design is shown in Figure 81:

#THH]

0481 HE

LHIT09S  dHid]

LHI1095

q B

Figure 81 - Fault cenario three. Star design. P (ren), Q (blue), ® (light blue) and U (purple) of the wind turbine
generator at the central bus of the star. Top: AC/AC Bottom: AC/DC.
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The oscillations are fully damped after approximately seven seconds, and the post fault response is clearly
stable. For the AC/AC system, the reactive power is negatively increasing all the way up to ten seconds.
For the AC/DC design, it oscillates and stabilizes at the pre-fault value.

The minimum and maximum deviations of the twelve designs at the relevant buses are compared below:

For fault scenario three, Figure 82 shows the maximum and minimum deviation of the generator speed
o and voltage level U at the bus next to the fault that is closer to the substation than the fault (the bus left
of the fault in the left drawing, and the central bus of the right drawing, of Figure 75)

Speed deviation
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Figure 82 - Fault scenario three. Maximum speed deviation [pu on system base] and voltage deviation [% of initial value] )
of the wind turbine generator bus next to the fault, that is closer to the substation than the fault.

w:

The choice of offshore grid has a small impact on the speed deviations.

The impact of the choice of transmission system is of larger importance. For all designs, the speed
deviation is higher for the AC/DC systems than for the AC/AC systems.
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U:

The choice of offshore grid has a small impact on the voltage drops, but impacts the voltage rise. The
double sided design has the highest rise in the voltage following the fault.

The impact of the choice of transmission system is of larger importance. For all designs, the voltage drop
is larger for the AC/DC systems than for the AC/AC systems, while the maximum values of the voltage
are clearly smaller.

For fault scenario three, Figure 83 shows the maximum and minimum deviation of the generator speed
o and voltage level U at the bus closest to the offshore substation in the same feeder as the one where the
fault occurs for all 12 designs:
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Figure 83 - Fault scenario three. Maximum speed deviation [pu on system base] and voltage deviation [% of initial value] )
of the wind turbine generator bus closest to the offshore substation in the same feeder as the fault occurs.
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w:
The choice of offshore electrical collector clearly influences the maximum and minimum speed deviation.
The radial design gives the smallest deviations, while the star gives the largest deviations.

The impact of the choice of transmission system is also of importance. The AC/DC systems consequently
give larger deviations than the AC/DC systems.

U:

The choice of offshore electrical collector clearly influences the maximum and minimum voltage
deviation as well. The radial design gives the smallest deviations, while the star gives the largest
deviations, just as for the speed.

The impact of the choice of transmission system is also of importance. The AC/DC systems consequently
give larger voltage drops than the AC/DC systems, while the maximum values of the voltage are clearly
smaller.
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9 Discussion

In this chapter, the most important results from the load flow simulations and dynamic simulations are
presented and discussed. For the load flow situation, this is done mainly by comparing the system losses at
the two operating situations. For the dynamic simulations, this is done by comparing the behavior of the

9.1 Load flow simulations

Figure 84 shows that the losses are considerably lower in the AC/AC layouts than in the AC/DC layouts.
For the AC/AC systems, the losses vary from 2,33% to 4,17% of the total power production, while for the
AC/DC layouts, this percentage is higher, varying between 6,41% and 8,19%.

Shared

Shared

During normal operation During worst case operation

9,00% 8,19% 18,00% 15.96%
8,00% 6.91% 16,00% 14,789

7,00% 14,00 % 12,15%
6,00% 12,00% 10,942
500% 10,00%
4,00% 8,00% -
3,00% - 6,00% -
2,00% - 4,00% -
1,00% - 2,00% -
0,00% - 0,00% -

6,56 % 6,48 % 6,78% 6,41 Y%

RAD SS DS Shared NS Star

Shared

RAD

During normal operation During worst case operation

Figure 84 - Active power losses for the different wind farm layouts. The top two diagrams show MW losses, the bottom
two show losses as percentage of the total produced power in the wind farm.

During normal operating conditions, the difference between the AC/DC system losses and the AC/AC
system losses varies from 22.1 MW for the shared ring design to 21.7 MW for the star design.

The layout giving the smallest losses, both for AC and DC transmission to shore, is the n-sided ring
design, giving total losses of 12.6MW (2.33%) for the AC/AC system, and 34.6MW (6.41%) for the
AC/DC system. The layout giving the highest losses is the star system, giving 46-79% higher losses than
the other designs for the AC/AC layout, and 19-28% higher losses than the other designs for the AC/DC
layout.

By comparing the top right and top left diagram of Figure 84, it is clear that the radial and star designs are
the ones giving the highest increase in the active power losses when the operating conditions change from
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normal to worst case. This is because the worst case running conditions for these two systems imply the
loss of production from nine wind turbines, since no redundancy is provided. The difference for the radial
design is 43.7MW for the AC/AC system and 42.5MW for the AC/DC system. For the star design, the
difference is 43.1MW for the AC/AC system and 42.0MW for the AC/DC system.

For the rest of the wind farm layouts, the differences in power losses are small when comparing the
normal operating conditions to the worst case operating conditions, ranging from 0.3MW to 0.7MW.,

It should be noted that the AC transmission cables are running at 100% of their power ratings. This is due
to the high capacitive charging currents produced in the cables. Also, in the AC/AC layouts, there was a
need for fixed reactors at a total size of approximately 1600 MV Ar (!) for all cases, larger than any
produced shunt reactor in the world today. In addition, an SVC of minimum 175 MVArs had to be
installed in order to fulfill the grid codes regarding power factor control of the wind farm output power.
This confirms what was written in the introduction, where it was stated that long AC cable connections to
shore can lead to the need of very large and expensive reactive power compensators.

If the distance were to increase further, the cable rating would be violated, and yet another AC cable
would have to be added to the transmission to be able to transport the power to shore. This would lead to
the need for yet another shunt reactor in the several hundreds of megawatts range. The SVC would not
have to be increased, as it is based on the active power transmitted, and a maximum power factor of 0.95.
No economical calculations have been conducted in this thesis, but based on the amount of extra
equipment needed for an AC connection with three cables it is likely that the HVDC Light link would give
considerably better profitability. With no calculations to back this assertion, this is only speculations. The
issue should be further looked into by conducting a feasibility study prior to the construction of the wind
farm.

The load flow results describe the consequences of a fault, but says nothing about the probability of a fault
occurring. This comparison does not take into consideration that the probability for faults may decrease as
the cable ratings increase. Instead, the best case and worst case cable failure rate numbers from chapter 5.3
are used as a basis for the calculations. Based on those failure rates, the number of failures for each design
is calculated as,:

! ]
N juss = CFR -~ .| T 1
100

Saults

, where Ny, denotes the number of faults per year and:

LT, = Life time of the wind farm [years]
Leabie = length of cable [km]
CFR = cable failure rate [failures/100km/year]

Based on a wind farm lifetime of 30 years, the expected numbers of faults for each design are shown in
Table 7 and Table 8:
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Cable \design: Radial | Single sided | Double sided | Shared | N-sided | Star
WTI1-Offshore substation 1,4 1,4 1,4 1,4 1,4 1,4
WTI1-WT2 0,1 0,1 0,1 0,1 0,1 0,1
WT2-WT3 0,1 0,1 0,1 0,1 0,1 0,1
WT3-WT4 0,1 0,1 0,1 0,1 0,1 0,3
WT4-WT5 0,1 0,1 0,1 0,1 0,1 0,3
WT5-WT6 0,1 0,1 0,1 0,1 0,1 0,3
WT6-WT7 0,1 0,1 0,1 0,1 0,1 0,3
WT7-WT8 0,1 0,1 0,1 0,1 0,1 0,3
WT8-WT9 0,1 0,1 0,1 0,1 0,1 0,3
WT9-Offshore substation 0 2,6 0 2,6 0 0
Feeder to feeder 0 0 0,1 0,1 0,1 0
In total 2,6 5,2 2,7 5,3 2,7 3,4

Table 7 - Expected number of failures during the lifetime of the wind farm (LT = 30 years, CFR = 0.08)

Cable \design: Radial | Single sided | Double sided | Shared | N-sided | Star
WTI-Offshore substation 3,6 3,6 3,6 3,6 3,6 3,6
WTI1-WT2 0,4 0,4 0,4 0,4 0,4 0,4
WT2-WT3 0,4 0,4 0,4 0,4 0,4 0,4
WT3-WT4 0,4 0,4 0,4 0,4 0,4 0,6
WT4-WT5 0,4 0,4 0,4 0,4 0,4 0,6
WT5-WT6 0,4 0,4 0,4 0,4 0,4 0,7
WT6-W17 0,4 0,4 0,4 0,4 0,4 0,7
WT7-WT8 0,4 0,4 0,4 0,4 0,4 0,7
WT8-WT9 0,4 0,4 0,4 0,4 0,4 0,7
WT9-Offshore substation 0 6,5 0 6,5 0 0
Feeder to feeder 0 0 0,2 0,4 0,3 0
In total 6,5 13 6,7 13,3 6,8 8,6

Table 8 - Expected number of failures during the lifetime of the wind farm (LT= 30 years, CFR = 0.20)

The lowest number of expected faults can be found at the radial design, while the shared design gives the
highest amount of expected faults. Nevertheless, the consequences of losing the lines vary. Table 9 shows
the extra power losses in the system as a consequence of a failure in one of the cables:

Pioss.extra [MW]
Cable \design: Radial | Single sided | Double sided | Shared | N-sided | Star
WTI1-Offshore substation | 43,7 0,4 0,6 0,6 0,3 43,1
WT1-WT2 38,8 0,2 0,5 0,4 0,2 4,7
WT2-WT3 33,9 0,1 0,4 0,3 0,2 4,7
WT3-WT4 29 0 0,3 0,2 0,1 4,7
WT4-WT5 24,1 0 0,2 0,2 0,1 4,7
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WT5-WT6 19,3 -0,1 0,1 0,1 0 4,7
WT6-WT7 14,4 -0,1 0,1 0,1 0 4,7
WT7-WT8 9,6 0 0 0 0 4,7
WT8-wT9 4.8 0 0 0 0 4,7
WT9-Offshore substation 0,1 0,1
Feeder to feeder 0,3 0

Table 9 — Extra power losses compared to normal operating conditions, when a cable is lost.

The table shows that the consequences of losing a line in terms of power losses is a lot bigger for the
radial design than for the others. The star design is a clear number two, while the looped designs are
clearly superior when it comes to providing redundancy. When knowing the mean time to repair of a cable
offshore, and having a good forecast for the electricity price, the expected loss of income for the wind
farm due to non-provided redundancy can be calculated. Since this will only be speculations, and are
beyond the scope of this thesis, this will not be done here.
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9.2 Dynamic simulations

For the dynamic simulations, Table 11 shows how the maximum speed deviations are dependent on
transmission technology and offshore grid design:

SPEED DEVIATIONS FAULT 1 FAULT 2 FAULT 3
First bus of Transmission DC>AC DC>AC except for
nei ghboring star and radial.
feeder Design Small differences | DS>NS>Shared>SS>
Star>Rad
for both AC and DC
First bus of Transmission DC > AC. DC > AC
same feeder
Design Rad and star AC:
unstable. Star>Shared>NS>DS>SS>Rad
Small differences DC:
Star>Shared>DS>NS>SS>Rad
Bus closest to Transmission DC > AC
the fault and Design Small differences
closer to the
substation
Bus closest to Transmission DC > AC
the fault, Design Rad and star unstable
further away AC:DS>SS>NS>SH
from the DC: DS>NS>SS>SH
substation

Table 10 - Comparison of the speed deviation for dynamic simulations. A>B means that the maximum deviation from the
steady state value is larger for A than for B, i.e. the response is worse.

For all cases except two, the AC/DC layouts give larger maximum speed deviation from the steady state
value during a fault. The two exceptions are found at the first bus of the generator at the neighboring
feeder to the fault, when using the star and radial design during fault scenario two.

The speed deviations are also consequently larger when using HVDC Light transmission compared to
using AC cable transmission, with two exceptions, as described in the beginning of this chapter. The
reason why the speed deviations are bigger for the DC systems than for the AC systems can be explained
by looking at equation 2-8. The offshore electric power is plotted in the dynamic simulations chapter.
Diagrams showing the maximum and minimum values of the electric power can be found in appendix 5.
The diagrams show that for all cases, the electric power during the fault is larger for AC transmission than
for HVDC Light transmission, Pg 4c>Pg pc. during the fault. From equation 2-8, it can be seen that when
the electrical power P increases, the rotor speed change decreases. This explains to some degree why the
maximum speed deviation is larger for the DC systems than for the AC systems. The above reasoning
only considers the rotor speed change during the three phase fault, and thus only describes the rotor speed
change during the fault. It does not take into consideration the damping capability of the system. When
conducting the DC simulations, the control parameter VLTFLG is equal to 1 for the AC/DC simulations,
and 0 for the AC/AC simulations, in order to get the initial conditions check to be OK. This change in the
wind turbine controller settings will affect the dynamic behavior, and might be the explanation to why the
rotor speed deviation is smaller for the AC/AC system than the AC/DC system.
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When looking at how the design affects the speed response, it is difficult to range the designs from best to

worse, since different faults give different results. What can be noted is that for fault scenario three, the
star design gives the highest deviation for the first bus of the same feeder, since this bus is directly
coupled to the fault. The different systems have different cables, with different cable parameters. The
dynamic response depends on the total impedance between the generator and fault, and with different
impedances comes different dynamic responses. The star and radial designs are the only ones giving
unstable operation, since the fault isolates certain generators. All other generators in all systems have a
very stable operation.

Table 11 shows how the voltage drop and rise is dependent on transmission technology and offshore grid

design:
VOLTAGE DEVIATIONS FAULT 1 FAULT 2 FAULT 3
First bus of | Transmission Drop: DC> AC Drop: DC> AC
neighboring Rise: AC>DC Rise: AC>DC
feeder Design Star clearly lowest. AC:
AC: DS>NS>Shared>SS>
DS=SS>NS>Shared>Rad>St Rad>Star
ar DC:
DC: DS>SS DS>NS>Shared>SS>
>Shared>NS>Rad>Star Star>Rad
First bus of | Transmission Drop: DC> AC Drop: DC > AC
same feeder Rise: AC>DC Rise: AC>DC
Design Designs: AC:
Small differences for | Star>Shared>NS>DS>SS>Rad
stable cases. Rad and DC:
star unstable. Star>Shared>DS>NS>SS>Rad
Bus closest | Transmission Drop: DC > AC
to the fault . Rise: AC>DC
and closer Design Small differences
to the
substation
Bus closest | Transmission Drop: DC > AC
to the fault, Desi AC lglssji)ngZES(li d
esign : are
further DC: DS>SS>Shared>NS
away from Rad and star unstable
the
substation

Table 11 - Comparison of the voltage deviation for dynamic simulations. A>B means that the maximum deviation from
the steady state value is larger for A than for B, i.e. the response is worse.

The table shows that there is a clear difference between using HVDC Light transmission and AC cable
transmission to shore. The AC/DC layouts consequently give larger voltage drops and lower voltage tops
than the AC/AC layouts.

The voltage response can be explained by looking at the short circuit power at the offshore substation.
Short circuit power, SC MVA, is a normal parameter for measuring the strength at a bus in an AC
network. The definition of short circuit power is given in equation 9-2:
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y2
SCMVA=1,,V, = e 9-2

fault” nom ° ac Z

th

The HVDC Light connection provides a limited short circuit current, upwards limited to 1pu , based on
the converter rating. The short circuit power contribution to the offshore substation is therefore limited to
the nominal pu value of the AC voltage, which is 1 pu. This gives that the maximum short circuit power
delivered by the HVDC Light converter is 1 pu, referred to the converter MV A base. This is 570 MV A for
each converter, giving that the maximum short circuit current from the HVDC Light converter at the
offshore substation is 1140 MVA. Referring this to the base power for the offshore substation, which is
the system base (100 MV A), the maximum short circuit power from the two HVDC Light converters is
11.4 pu based on the system base.

For an AC transmission, there is no such upper limit. By performing an automatic sequence short circuit
fault calculation at the offshore substation bus in PSS/E. it was found that for the different designs, the
short circuit current contribution from the transmission system was 25.64 to 25.91 pu, or 2564MVA to
2591MVA. From Ohm’s law, one can conclude that, for constant short circuit impedance, the higher the
short circuit current is, the higher the short circuit voltage is. Therefore, all systems using AC transmission
to shore give smaller voltage drops than the systems using HVDC Light transmission.
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10 Conclusion

Presently, there is a debate among the offshore wind community regarding the value of redundancy
required in the offshore grid to maximize the energy yield, and the impact it may impose on the capital
costs of the wind farm. The major concern is related to the cost of supplementary subsea cabling, either in
terms of extra length or higher ratings, versus the value of the decreased losses during normal operation
and contingency operation.

In this thesis, six different designs of the electrical grid of a 540 MW offshore wind farm, placed 100km
off the Norwegian coast, have been studied. The six different designs are the radial design, the single
sided ring, the double sided ring, the shared ring, the n-sided ring (with n equal to four in this thesis) and
the star design. In addition, two transmission options to shore have been studied. For both of the
transmission options, two parallel connections to shore were installed in order to provide redundancy. The
first option was to have two parallel AC cable connections to shore, with a rated voltage level of 400 kV.
The second option was to have two parallel HVDC Light connections to shore, rated at £150kV DC. The
main scope has been to study the performance of the different wind farm layouts. The power losses during
normal and contingency running conditions have been found and compared. In addition to this, the
reliability of the systems has been compared by looking at the expected amount of cable failures and the
consequence of any cable fault in the offshore grid. Finally, the dynamic response following a fault has
been studied in order to evaluate which layout is the most robust when it comes to withstanding a fault in
the offshore system.

All simulations have been executed in version 31 of the program PSS/E .The wind farm was modeled full
scale, consisting of 108 wind turbines rated at SMW. The wind turbines were modeled as doubly fed
induction generators, using the generic wind model that comes with version 31 of PSS/E.

The load flow simulations showed that the differences in power losses were quite large, both when
comparing the six grid designs and when looking at the transmission to shore. The choice of transmission
system had a larger impact on the system losses than the choice of offshore grid design. Nevertheless, the
design also influenced the losses considerably. A connection using two AC cable connections to shore
gave lower total system losses than using two HVDC light connections.

The lowest losses when using AC cables were found at the n-sided ring design. The losses in this design
were found to be 12.6MW, which is 2.33% of the total produced power in the wind farm. The highest
losses were found in the star design. The losses in this design were 22.5MW, which is 4.17% of the total
produced power in the wind farm. When using HVDC Light, the losses were considerably higher: The
lowest losses when using HVDC Light were found at the n-sided bus. The losses in this design were
34.6MW, which is 6.41% of the total produced power in the wind farm. The highest losses were found in
the star design. The losses in this design were 44.2MW, which is 8.19% of the total produced power in the
wind farm.

An additional load flow simulation was run, studying the offshore wind farm under worst case running
conditions. Under these conditions, it is assumed that a fault has led to the disconnection of one of the
cables connecting the innermost wind turbine of one of the feeders to the offshore substation. The radial
design and the star design provide no redundancy, so for these systems the entire feeder where the cable is
disconnected is unable to deliver any power to the offshore substation. The lowest losses were still found
for the n-sided design, using AC cable transmission to shore. These losses are now 12.9MW, which is
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2.39% of the total produced power in the wind farm. The highest losses are again found at the star design,
using HVCD Light transmission to shore. For this system design, the losses are 86.2MW, which is 15.96%
of the total produced power in the wind farm with all cables in function.

It must be noted that in the AC/AC layouts, there was a need for fixed reactors at a total size of
approximately 1600 MVAr for all cases. In addition, an SVC of minimum 175 MV Ars had to be installed
in order to fulfill the grid codes regarding power factor control of the wind farm output power. This
confirms what was written in the introduction, where it was stated that long AC cable connections to shore
can lead to the need of very large and expensive reactive power compensators.

In terms of reliability, the looped designs had the superiorly smallest consequences of losing a cable.
Also, for the n-sided and double sided designs, the expected number of faults was only slightly higher than
for the radial design, since the amount of extra cabling is small.

To decide what effect the offshore grid design and transmission system design had on the dynamic
response of the offshore wind turbines following a fault, the voltage response and rotor speed response of
selected generators in the wind farm was studied when subject to a three phase short circuit fault, lasting
150ms. Three fault points were studied. The first fault point was in the connection to shore, the second
was in the cable connecting the innermost wind turbine in a feeder to the offshore substation, and the third
was in the cable connecting the two outermost wind turbines of a feeder. The faults gave varying results
when comparing the different grid designs. It is difficult to draw any conclusions as regarding which
offshore grid design gives the best offshore dynamic response, as this seems to be more dependent on
where the fault occurs than what grid design was chosen. When comparing the transmission systems
though, it was clear that for nearly all offshore grid designs and all fault types, the speed deviations were
larger when using HVDC Light transmission compared to using AC cables. Also, for all simulations, the
HVDC Light transmission to shore gave increased voltage drops offshore. This is due to the low short
circuit power capability of the HVDC connection compared to the AC cable connection. Thus, the results
indicate that HVDC Light has a negative influence on the offshore stability when compared to AC cables.
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11 Further work

This thesis is the end of the work that started in the project work executed during the fall of 2008. After
working with the subject of offshore wind power and the connection of offshore wind power to the grid, it
has become increasingly clear that the work that has been executed in this thesis only covers a small part
of the challenges attached to the offshore wind power field.

This thesis does not focus on the control systems of the wind turbines. To compare the dynamic behavior
of different layouts without optimizing the control system for each design might lead to different results
than what could be achieved with better tuned and better designed control systems. A natural way to pick
up and continue the work with this thesis is to develop the control systems of the wind turbines and the
SVC. Also, several studies indicate that an offshore DC grid, as presented in chapter 3.4, might be
competitive to an offshore AC grid in terms of profitability. This has not been studied in this thesis, and
should be further looked into.

When using an offshore DC grid, there are several fields that should be investigated. The design of the
power electronics in this system, covering the DC generator, an offshore DC transformer and a medium or
high frequency transformer for the wind turbine are suggestions to what the

The wind farm economy should be investigated in order to better compare the different layouts. When
given the power production and power losses of the wind farm, it would be very interesting to dig into the
issues of reliability and to conduct a feasibility study, where the profitability of the different layouts is
compared.

Furthermore, in the offshore wind power community the idea of having an offshore multi terminal DC
(MTDC) grid in the North Sea, connecting the countries surrounding it to a cluster of offshore wind farms
and also to each other has been discussed. The first offshore MTDC grid is planned at Kriegers Flak,
connecting Sweden, Denmark and Germany together and to the offshore wind farm. The effects of a
similar offshore grid on the Norwegian power system should be studied. Also, the effect on the power
market should be investigated.

Also, the idea of connecting the MTDC-grid to one or more oil platforms, or to connect smaller wind
farms to the platforms in isolated power systems, should be investigated as this would provide
environmentally friendly energy to the oil platforms, the idea of connecting the MTDC-grid to one or
more oil platforms, or to connect smaller wind farms to the platforms in isolated power systems should be
investigated as this would provide environmentally friendly energy to an industry which is not exactly
known for its environmentally friendly image
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Load flow reports

SUMMARY FOR COMPLETE SYSTEM R R IR I e A b b dh Ib b 2 dh b b 2b  Sb b b db b i 2h 4

SYSTEM SWING BUS SUMMARY

X—————= SWING BUS —--——- X X-——— AREA ————— X X-—--- ZONE --——- X
BUS# X-- NAME --X BASKV # X-— NAME --X MW MVAR  MVABASE
1 PCC 400.00 1 1 15.4 0.0 1000.0
220 BUSES 110 PLANTS 110 MACHINES 2 FIXED SHUNTS 0 SWITCHED SHUNTS
1 LOADS 221 BRANCHES 109 TRANSFORMERS 0 DC LINES 0 FACTS DEVICES
X—————= ACTUAL ———-—-— X X————— NOMINAL —--——- X
MW MVAR MW MVAR
FROM GENERATION 555.4 -11.4 555.4 -11.4
TO CONSTANT POWER LOAD 540.0 0.0 540.0 0.0
TO CONSTANT CURRENT 0.0 0.0 0.0 0.0
TO CONSTANT ADMITTANCE 0.0 0.0 0.0 0.0
TO BUS SHUNT 0.0 1611.8 0.0 1611.8
TO FACTS DEVICE SHUNT 0.0 0.0 0.0 0.0
TO LINE SHUNT 0.0 0.0 0.0 0.0
FROM LINE CHARGING 0.0 1769.6 0.0 1715.5
VOLTAGE X————= LOSSES ————- X X-— LINE SHUNTS --X CHARGING
LEVEL BRANCHES MW MVAR MW MVAR MVAR
400.0 5 7.06 75.41 0.0 0.0 1762.8
33.0 216 8.30 70.96 0.0 0.0 6.7
TOTAL 221 15.35 146.38 0.0 0.0 1769.6
ACAC, worst case:
Ak Ak Kk khkhkkh Kk hrkhkhkhkhkkhhkhk*k*xk*x*k SUMMARY FOR COMPLETE SYSTEM R R b b b b b b b b b b b d b b b b b b b b e 4

SYSTEM SWING

BUS SUMMARY

X—————- SWING BUS ——--——- X X---— AREA -——-—- X X---— ZONE ---—-- X
BUS# X-- NAME —X BASKV # X-- NAME —X MW MVAR MVABASE
1 PCC 400.00 1 1 59.1 0.0 1000.0
202 BUSES 101 PLANTS 101 MACHINES 2 FIXED SHUNTS 0 SWITCHED SHUNTS
1 LOADS 203 BRANCHES 100 TRANSFORMERS 0 DC LINES 0 FACTS DEVICES
X—————- ACTUAL --——-—- O NOMINAL ——---- X
MW MVAR MW MVAR
FROM GENERATION 554.1 -24.4 554.1 -24.4
TO CONSTANT POWER LOAD 540.0 0.0 540.0 0.0
TO CONSTANT CURRENT 0.0 0.0 0.0 0.0
TO CONSTANT ADMITTANCE 0.0 0.0 0.0 0.0
TO BUS SHUNT 0.0 1611.8 0.0 1611.8
TO FACTS DEVICE SHUNT 0.0 0.0 0.0 0.0
TO LINE SHUNT 0.0 0.0 0.0 0.0
FROM LINE CHARGING 0.0 1769.0 0.0 1714.9
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VOLTAGE X————- LOSSES ————- X X—- LINE SHUNTS —XCHARGING
LEVEL BRANCHES MW MVAR MW MVAR MVAR
400.0 5 6.42 67.35 0.0 0.0 1762.8
33.0 198 7.65 65.42 0.0 0.0 6.2
TOTAL 203 14.07 132.76 0.0 0.0 1769.0

II
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ACDC, normal running conditions:

KAk KAAKAAKAA AKX XA AR AKX XA KA, Xk % SUMMARY FOR COMPLETE SYSTEM R I R S b S b I S b I S 2 I Sb b I S b 4

SYSTEM SWING BUS SUMMARY

Load flow reports

X—————= SWING BUS —————- X X-——— AREA ————— X X——-— ZONE ————- X
BUS# X-- NAME —X BASKV #  X—— NAME —XMW MVAR MVABASE
1 PCC 300.00 1 1 37.4 -32.3 1000.0
112 OFFSH HVDC 195.00 1 1 -264.2 -78.6 570.0
212 OFFSH HVDC 2195.00 11 -264.2 -78.6 570.0
224 BUSES 113 PLANTS 113 MACHINES 4 FIXED SHUNTS 0 SWITCHED
SHUNTS
1 LOADS 222 BRANCHES 113 TRANSFORMERS 0 DC LINES 0 FACTS

DEVICES

X—————= ACTUAL —————— X X————— NOMINAL —————- X

MW MVAR MW MVAR

FROM GENERATION 551.6 -223.1 551.6 -223.1
TO CONSTANT POWER LOAD 540.0 -44.9 540.0 -44.9
TO CONSTANT CURRENT 0.0 0.0 0.0 0.0
TO CONSTANT ADMITTANCE 0.0 0.0 0.0 0.0
TO BUS SHUNT 0.0 -342.0 0.0 -342.0
TO FACTS DEVICE SHUNT 0.0 0.0 0.0 0.0
TO LINE SHUNT 0.0 0.0 0.0 0.0
FROM LINE CHARGING 0.0 6.7 0.0 6.4
VOLTAGE X————= LOSSES ————~- X X-— LINE SHUNTS X  CHARGING
LEVEL BRANCHES MW MVAR MW MVAR MVAR
300. O 3 0.00 25.11 0.0 0.0 0.0
195.0 2 0.00 27.76 0.0 0.0 0.0
132.0 1 3.24 46.26 0.0 0.0 0.0
33.0 216 8.35 71.37 0.0 0.0 6.7
TOTAL 222 11.59 170.50 0.0 0.0 6.7
ACDC, worst case:

Axkhk kKX Kk kA XXk hk kA Xk **5%*% SUMMARY FOR COMPLETE SYSTEM ***k k% xkkkk&xkkk&xkk**%
SYSTEM SWING BUS SUMMARY

X—————— SWING BUS ——-——- X X-—-— AREA —-—-- X X-—-— ZONE —---- X
BUS# X-— NAME —-X BASKV # X-- NAME —-X # X-- NAME —-X MW MVAR  MVABASE
1 PCC 300.00 1 1 79.8 10.5 1000.0
112 OFFSH HVDC 195.00 1 1 -242.3 -79.7 570.0
212 OFFSH HVDC 2195.00 1 1 -242.3 -79.7 570.0
206 BUSES 104 PLANTS 104 MACHINES 4 FIXED SHUNTS 0 SWITCHED SHUNTS
1 LOADS 204 BRANCHES 104 TRANSFORMERS 0 DC LINES 0 FACTS DEVICES
X—————- ACTUAL --——-—- X X——-—- NOMINAL ——---- X
MW MVAR MW MVAR
FROM GENERATION 550.4 -199.3 550.4 -199.3
TO CONSTANT POWER LOAD 540.0 0.0 540.0 0.0
TO CONSTANT CURRENT 0.0 0.0 0.0 0.0
TO CONSTANT ADMITTANCE 0.0 0.0 0.0 0.0
TO BUS SHUNT 0.0 -342.0 0.0 -342.0
TO FACTS DEVICE SHUNT 0.0 0.0 0.0 0.0
TO LINE SHUNT 0.0 0.0 0.0 0.0
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FROM LINE CHARGING 0.0 6.1 0.0 5.9
VOLTAGE X===—= LOSSES ————-— X X-—— LINE SHUNTS —-X CHARGING
LEVEL BRANCHES MW MVAR MW MVAR MVAR
300.0 3 0.00 21.05 0.0 0.0 0.0
195.0 2 0.00 23.34 0.0 0.0 0.0
132.0 1 2.72 38.91 0.0 0.0 0.0

33.0 198 7.66 65.50 0.0 0.0 6.1
TOTAL 204 10.38 148.80 0.0 0.0 6.1

v
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ACAC, normal running conditions:

KA ARAAIA A XA A XA XA KA XA KA XK AKX

SWING BUS
X-— NAME --X BASKV
1 PCC 400.00

BUS#

220 BUSES
1 LOADS

110 PLANTS
233 BRANCHES

FROM GENERATION

TO CONSTANT POWER LOAD
TO CONSTANT CURRENT

TO CONSTANT ADMITTANCE
TO BUS SHUNT

TO FACTS DEVICE SHUNT
TO LINE SHUNT

FROM LINE CHARGING

VOLTAGE

LEVEL BRANCHES
400.0 5
33.0 228

TOTAL 233

ACAC, worst case:

LO
MW

7.09

6.25
13.34

AKAKKAIAKRAXAKAAXAKAAXAKAA XA A XK XX K%

X=—==—- SWING BUS —————-— X X-——— AREA ————- X X-——— ZONE ———-
BUS# X-- NAME --X BASKV # X-- NAME --X # X-- NAME --X
1 PCC 400.00 1 1
220 BUSES 110 PLANTS 110 MACHINES
1 LOADS 232 BRANCHES 109 TRANSFORMERS 0 DC LINES
X====—= ACTUAL —————- X X==——- NOMINAL
MW MVAR MW
FROM GENERATION 553.8 -32.2 553.8
TO CONSTANT POWER LOAD 540.0 0.0 540.0
TO CONSTANT CURRENT 0.0 0.0 0.0
TO CONSTANT ADMITTANCE 0.0 0.0 0.0
TO BUS SHUNT 0.0 1611.5 0.0
TO FACTS DEVICE SHUNT 0.0 0.0 0.0
TO LINE SHUNT 0.0 0.0 0.0
FROM LINE CHARGING 0.0 1782.9 0.0
VOLTAGE X=—==—= LOSSES ————-— X X—— LINE SHUNTS —--X
LEVEL BRANCHES MW MVAR MW MVAR
400.0 5 7.08 75.72 0.0 0.0
33.0 227 6.68 63.55 0.0 0.0
TOTAL 232 13.76 139.27 0.0 0.0

X X———— AREA

SUMMARY FOR COMPLETE SYSTEM

SYSTEM SWING BUS SUMMARY
————— X X-——— ZONE
# X-— NAME —--X # X-— NAME —--X
1 1

110 MACHINES

109 TRANSFORMERS 0 DC LINES
—————— ACTUAL ——————-X X—-———— NOMINAL
MW MVAR MW
553.3 -34.4 553.3
540.0 0.0 540.0
0.0 0.0 0.0
0.0 0.0 0.0
0.0 1611.5 0.0
0.0 0.0 0.0
0.0 0.0 0.0
0.0 1783.5 0.0
SSES ————-— X X-— LINE SHUNTS --X
MVAR MW MVAR
75.80 0.0 0.0
61.76 0.0 0.0
137.56 0.0 0.0

SUMMARY FOR COMPLETE SYSTEM

SYSTEM SWING BUS SUMMARY

v

MW
13.3

2 FIXED SHUNTS

0

0

0.0
1611.5
0.0
0.0
1728.8

CHARGING
MVAR
1762.8
20.6
1783.5

MW
13.8

2 FIXED SHUNTS

0

0

0.0
1611.5
0.0
0.0
1728.3

CHARGING
MVAR
1762.8
20.1
1782.9

Appendix 1

Load flow reports

KAhkAhAk A I A A I A A XA A I A A I A A XA K

MVAR
0.0

MVABASE
1000.0

0 SWITCHED SHUNTS
0 FACTS DEVICES

AKAKKAKKAIAKAKIAAKAIAKAA XA AR AKX KKK

MVAR
0.0

MVABASE
1000.0

0 SWITCHED SHUNTS
0 FACTS DEVICES
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ACDC, normal running conditions:
khkkhkhkkhkkhkAkhkkhkkAkrkkhkhAhkkhkkhkrkhkkxkxk* SUMI\/IARY FOR COMPLETE SYSTEM kAhkAkhkkhkkhkhAkhkkhkhAkrkkhkkhkrAhkkhkhrkhk kxkxk*k

SYSTEM SWING BUS SUMMARY

Load flow reports

X—————= SWING BUS —————- X X-—--— AREA ————- X X-—-— ZONE ————- X
BUS# X-— NAME --X BASKV # X-- NAME --X # X-- NAME --X MW MVAR  MVABASE
1 PCC 300.00 1 1 35.4 12.7 1000.0
112 OFFSH HVDC 195.00 1 1 -265.2 -68.4  570.0
212 OFFSH HVDC 2195.00 1 1 -265.2 -68.4  570.0
224 BUSES 113 PLANTS 113 MACHINES 4 FIXED SHUNTS 0 SWITCHED SHUNTS
1 LOADS 234 BRANCHES 113 TRANSFORMERS 0 DC LINES 0 FACTS DEVICES
X—————= ACTUAL —————— X X————— NOMINAL —————- X
MW MVAR MW MVAR
FROM GENERATION 549.5 -200.2 549.5 -200.2
TO CONSTANT POWER LOAD 540.0 0.0 540.0 0.0
TO CONSTANT CURRENT 0.0 0.0 0.0 0.0
TO CONSTANT ADMITTANCE 0.0 0.0 0.0 0.0
TO BUS SHUNT 0.0 -342.0 0.0 -342.0
TO FACTS DEVICE SHUNT 0.0 0.0 0.0 0.0
TO LINE SHUNT 0.0 0.0 0.0 0.0
FROM LINE CHARGING 0.0 20.1 0.0 19.7
VOLTAGE X————= LOSSES ————- X  X-— LINE SHUNTS --X  CHARGING
LEVEL BRANCHES MW MVAR MW MVAR MVAR
300.0 2 0.00 12.65 0.0 0.0 0.0
195.0 3 0.00 40.72 0.0 0.0 0.0
33.0 229 9.54 108.56 0.0 0.0 20.1
TOTAL 234 9.54 161.93 0.0 0.0 20.1
ACDC, worst case:
R I I e b b b b b b b b b 2 b b b b b Ib b b 4 SUMMARY FOR COMPLETE SYSTEM R I I e b I b b b b b b I 2 b b b b b b b 4
SYSTEM SWING BUS SUMMARY
X—————= SWING BUS —————- X X---- AREA ————- X X-—--- ZONE —-———- X
BUS# X-—- NAME --X BASKV # X-- NAME --X # X-- NAME --X MW MVAR  MVABASE
1 PCC 300.00 1 1 35.8 12.6 1000.0
112 OFFSH HVDC 195.00 1 1 -265.0 -68.4 570.0
212 OFFSH HVDC 2195.00 1 1 -265.0 -68.4 570.0
224 BUSES 113 PLANTS 113 MACHINES 4 FIXED SHUNTS 0 SWITCHED SHUNTS
1 LOADS 233 BRANCHES 113 TRANSFORMERS 0 DC LINES 0 FACTS DEVICES
X—————= ACTUAL —————— X X————— NOMINAL —————- X
MW MVAR MW MVAR
FROM GENERATION 550.0 -198.1 550.0 -198.1
TO CONSTANT POWER LOAD 540.0 0.0 540.0 0.0
TO CONSTANT CURRENT 0.0 0.0 0.0 0.0
TO CONSTANT ADMITTANCE 0.0 0.0 0.0 0.0
TO BUS SHUNT 0.0 -342.0 0.0 -342.0
TO FACTS DEVICE SHUNT 0.0 0.0 0.0 0.0
TO LINE SHUNT 0.0 0.0 0.0 0.0
FROM LINE CHARGING 0.0 19.7 0.0 19.2
VOLTAGE X————= LOSSES ————— X  X-- LINE SHUNTS --X  CHARGING
LEVEL BRANCHES MW MVAR MW MVAR MVAR

VI
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300.0 2 0.00 12.63 0.0 0.0 0.0
195.0 3 0.00 40.66 0.0 0.0 0.0
33.0 228 9.96 110.27 0.0 0.0 19.7
TOTAL 233 9.96 163.56 0.0 0.0 19.7

VII
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ACAC, normal running conditions:

KA ARAAIA A XA A XA XA KA XA KA XK AKX

SUMMARY FOR COMPLETE SYSTEM

Appendix 1

Load flow reports

KAk AhAk A I A A I A A XA A I A A I A A XA K

SYSTEM SWING BUS SUMMARY

X—————= SWING BUS —-—-——- X X---- AREA —--——- X X---- ZONE --——- X
BUS# X-— NAME --X BASKV # X-- NAME --X # X-— NAME --X MW MVAR  MVABASE
1 GRID  400.00 1 1 13.0 0.0 1000.0
220 BUSES 110 PLANTS 110 MACHINES 2 FIXED SHUNTS 0 SWITCHED SHUNTS
1 LOADS 227 BRANCHES 109 TRANSFORMERS 0 DC LINES 0 FACTS DEVICES
X—————= ACTUAL —————— X X————— NOMINAL —————- X
MW MVAR MW MVAR
FROM GENERATION 553.0 -19.9 553.0 -19.9
TO CONSTANT POWER LOAD 540.0 0.0 540.0 0.0
TO CONSTANT CURRENT 0.0 0.0 0.0 0.0
TO CONSTANT ADMITTANCE 0.0 0.0 0.0 0.0
TO BUS SHUNT 0.0 1611.5 0.0 1611.5
TO FACTS DEVICE SHUNT 0.0 0.0 0.0 0.0
TO LINE SHUNT 0.0 0.0 0.0 0.0
FROM LINE CHARGING 0.0 1768.1 0.0 1714.1
VOLTAGE X————= LOSSES ————- X  X-- LINE SHUNTS --X  CHARGING
LEVEL BRANCHES MW MVAR MW MVAR MVAR
400.0 5 7.09 75.87 0.0 0.0 1762.8
33.0 222 5.90 60.84 0.0 0.0 5.3
TOTAL 227 12.99 136.71 0.0 0.0 1768.1
ACAC, worst case:

kA krhkhk Ak kA rh kA hkhkkxKhk*x*xk*

SUMMARY FOR COMPLETE SYSTEM

kA hkhkhkrhkhkhkrkhkhkrhkhkhrxkhk*x*xk*x

SYSTEM SWING BUS SUMMARY

X=—==—- SWING BUS —————-— X X-——— AREA ————- X X-——— ZONE ————- X
BUS# X-—- NAME --X BASKV # X-- NAME --X # X-- NAME --X MW MVAR MVABASE
1 GRID 400.00 1 1 13.6 0.0 1000.0
220 BUSES 110 PLANTS 110 MACHINES 2 FIXED SHUNTS 0 SWITCHED SHUNTS
1 LOADS 226 BRANCHES 109 TRANSFORMERS 0 DC LINES 0 FACTS DEVICES
X====—= ACTUAL —————- X X==——- NOMINAL —————- X
MW MVAR MW MVAR
FROM GENERATION 553.6 -16.9 553.6 -16.9
TO CONSTANT POWER LOAD 540.0 0.0 540.0 0.0
TO CONSTANT CURRENT 0.0 0.0 0.0 0.0
TO CONSTANT ADMITTANCE 0.0 0.0 0.0 0.0
TO BUS SHUNT 0.0 1611.5 0.0 1611.5
TO FACTS DEVICE SHUNT 0.0 0.0 0.0 0.0
TO LINE SHUNT 0.0 0.0 0.0 0.0
FROM LINE CHARGING 0.0 1767.9 0.0 1713.9
VOLTAGE X=—=——= LOSSES ————-— X X—— LINE SHUNTS —--X CHARGING
LEVEL BRANCHES MW MVAR MW MVAR MVAR
400.0 5 7.08 75.75 0.0 0.0 1762.8
33.0 221 6.51 63.71 0.0 0.0 5.0
TOTAL 226 13.59 139.47 0.0 0.0 1767.9

VIII
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ACDC, normal running conditions:

KAk KAAKAAKAA AKX XA AR AKX XA KA, Xk %

SUMMARY FOR COMPLETE SYSTEM

SYSTEM SWING BUS SUMMARY

X—————= SWING BUS —————- X X-—--— AREA ————- X X-—-— ZONE ————-
BUS# X-— NAME --X BASKV # X-- NAME --X # X-- NAME --X
1 GRID 300.00 1 1
112 OFFSH HVDC 195.00 1 1
212 OFFSH HVDC 2195.00 1 1
224 BUSES 113 PLANTS 113 MACHINES 4 FIXED
1 LOADS 228 BRANCHES 113 TRANSFORMERS 0 DC LINES
X—————= ACTUAL —————— X X————— NOMINAL
MW MVAR MW
FROM GENERATION 549.3 -185.4 549.3
TO CONSTANT POWER LOAD 540.0 0.0 540.0
TO CONSTANT CURRENT 0.0 0.0 0.0
TO CONSTANT ADMITTANCE 0.0 0.0 0.0
TO BUS SHUNT 0.0 -342.0 0.0
TO FACTS DEVICE SHUNT 0.0 0.0 0.0
TO LINE SHUNT 0.0 0.0 0.0
FROM LINE CHARGING 0.0 5.2 0.0
VOLTAGE X————= LOSSES ————- X  X-- LINE SHUNTS --X
LEVEL BRANCHES MW MVAR MW MVAR
300.0 1 0.00 0.00 0.0 0.0
195.0 3 0.00 39.40 0.0 0.0
132.0 2 3.28 60.88 0.0 0.0
33.0 222 5.97 61.52 0.0 0.0
TOTAL 228 9.25 161.80 0.0 0.0
ACDC, worst case:

KKK AKRAXAKAAXAKAAXAKAA XA A XA XXk %

MW
35.0
-265.4
-265.4

SHUNTS

CHARGING
MVAR

[ NG NeoNoNe]
DO OO

Appendix 1

Load flow reports

R I R S b S b I S b I S 2 I Sb b I S b 4

MVAR MVABASE

12.7 1000.0
-68.4 570.0
-68.4 570.0

0 SWITCHED SHUNTS
0 FACTS DEVICES

SUMMARY FOR COMPLETE SYSTEM % %% %k %k ko %k %k &k ok ok %K % K

SYSTEM SWING BUS SUMMARY

X=—==——= SWING BUS —————- X X-——— AREA ————- X X-——— ZONE ————-
BUS# X-- NAME --X BASKV # X-— NAME --X # X-— NAME --X
1 GRID 300.00 1 1
112 OFFSH HVDC 195.00 1 1
212 OFFSH HVDC 2195.00 1 1
224 BUSES 113 PLANTS 113 MACHINES 4 FIXED
1 LOADS 227 BRANCHES 113 TRANSFORMERS 0 DC LINES
X=—==——= ACTUAL —————- X X==——- NOMINAL
MW MVAR MW
FROM GENERATION 549.9 -182.5 549.9
TO CONSTANT POWER LOAD 540.0 0.0 540.0
TO CONSTANT CURRENT 0.0 0.0 0.0
TO CONSTANT ADMITTANCE 0.0 0.0 0.0
TO BUS SHUNT 0.0 -342.0 0.0
TO FACTS DEVICE SHUNT 0.0 0.0 0.0
TO LINE SHUNT 0.0 0.0 0.0
FROM LINE CHARGING 0.0 4.9 0.0
VOLTAGE X=—==—= LOSSES ————-— X X—— LINE SHUNTS —--X

LEVEL BRANCHES MW

MVAR MW MVAR

IX

MW
35.6
-265.
-265.1

=

SHUNTS

CHARGING
MVAR

MVAR MVABASE

12.6 1000.0
-68.4 570.0
-68.4 570.0

0 SWITCHED SHUNTS
0 FACTS DEVICES
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300.0 1 0.00 0.00 0.0 0.0 0.0
195.0 3 0.00 39.31 0.0 0.0 0.0
132.0 2 3.27 60.74 0.0 0.0 0.0
33.0 221 6.58 64.40 0.0 0.0 4.9
TOTAL 227 9.85 164.45 0.0 0.0 4.9
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Shared loop design

ACAC, normal running conditions:

KA ARAAIA A XA A XA XA KA XA KA XK AKX

SUMMARY FOR COMPLETE SYSTEM

Appendix 1

Load flow reports

KAhkAhAk A I A A I A A XA A I A A I A A XA K

SYSTEM SWING BUS SUMMARY

X—————= SWING BUS —-—-——- X X---- AREA —--——- X X---- ZONE --——- X
BUS# X-— NAME --X BASKV # X-- NAME --X # X-— NAME --X MW MVAR  MVABASE
1 PCC 400.00 1 1 14.5 0.0 1000.0
235 BUSES 110 PLANTS 110 MACHINES 2 FIXED SHUNTS 0 SWITCHED SHUNTS
1 LOADS 248 BRANCHES 109 TRANSFORMERS 0 DC LINES 0 FACTS DEVICES
X—————= ACTUAL —————— X X————— NOMINAL —————- X
MW MVAR MW MVAR
FROM GENERATION 554.5 -17.8 554.5 -17.8
TO CONSTANT POWER LOAD 540.0 0.0 540.0 0.0
TO CONSTANT CURRENT 0.0 0.0 0.0 0.0
TO CONSTANT ADMITTANCE 0.0 0.0 0.0 0.0
TO BUS SHUNT 0.0 1611.7 0.0 1611.7
TO FACTS DEVICE SHUNT 0.0 0.0 0.0 0.0
TO LINE SHUNT 0.0 0.0 0.0 0.0
FROM LINE CHARGING 0.0 1772.4 0.0 1718.1
VOLTAGE X————= LOSSES ————- X  X-- LINE SHUNTS --X  CHARGING
LEVEL BRANCHES MW MVAR MW MVAR MVAR
400.0 5 7.07 75.57 0.0 0.0 1762.8
33.0 231 7.47 67.33 0.0 0.0 9.5
0.0 12 0.00 0.00 0.0 0.0 0.0
TOTAL 248 14.54 142.90 0.0 0.0 1772.4
ACAC, worst case:

KKK IAKRAXAKAAXAKAAXAKAA XA A XK XXk %

SUMMARY FOR COMPLETE SYSTEM

AKAKKAKKAIAAK AKX XA A XA XA KX KKK

SYSTEM SWING BUS SUMMARY

X—=——- SWING BUS —————- X X-——— AREA ————- X X-——— ZONE ————- X
BUS# X-- NAME --X BASKV # X-- NAME --X # X-- NAME --X MW MVAR MVABASE
1 PCC 400.00 1 1 15.0 0.0 1000.0
235 BUSES 110 PLANTS 110 MACHINES 2 FIXED SHUNTS 0 SWITCHED SHUNTS
1 LOADS 247 BRANCHES 109 TRANSFORMERS 0 DC LINES 0 FACTS DEVICES
X=—===—= ACTUAL —————- X X==——- NOMINAL —————- X
MW MVAR MW MVAR
FROM GENERATION 555.0 -15.1 555.0 -15.1
TO CONSTANT POWER LOAD 540.0 0.0 540.0 0.0
TO CONSTANT CURRENT 0.0 0.0 0.0 0.0
TO CONSTANT ADMITTANCE 0.0 0.0 0.0 0.0
TO BUS SHUNT 0.0 1611.7 0.0 1611.7
TO FACTS DEVICE SHUNT 0.0 0.0 0.0 0.0
TO LINE SHUNT 0.0 0.0 0.0 0.0
FROM LINE CHARGING 0.0 1771.8 0.0 1717.6
VOLTAGE X——==— LOSSES ————— X X—— LINE SHUNTS —-X CHARGING
LEVEL BRANCHES MW MVAR MW MVAR MVAR
400.0 5 7.06 75.47 0.0 0.0 1762.8
33.0 230 7.98 69.60 0.0 0.0 9.0
0.0 12 0.00 0.00 0.0 0.0 0.0

XI
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TOTAL 247 15.04 145.07 0.0 0.0 1771.8

XII
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ACDC, normal running conditions:

KAk KAAKAAKAA AKX XA AR AKX XA KA, Xk %

SUMMARY FOR COMPLETE SYSTEM

SYST
X—————= SWING BUS —————- X X---—- AREA
BUS# X-— NAME --X BASKV # X-— NAME
1 GRID 300.00 1
112 OFFSH HVDC 195.00 1
212 OFFSH HVDC 2195.00 1
239 BUSES 113 PLANTS 113 MACH
1 LOADS 249 BRANCHES 113 TRANSF
X—————= ACTUAL
MW
FROM GENERATION 550.8
TO CONSTANT POWER LOAD 540.0
TO CONSTANT CURRENT 0.0
TO CONSTANT ADMITTANCE 0.0
TO BUS SHUNT 0.0
TO FACTS DEVICE SHUNT 0.0
TO LINE SHUNT 0.0
FROM LINE CHARGING 0.0
VOLTAGE X————= LOSSES ————- X
LEVEL BRANCHES MW MVAR
300.0 3 0.00 25.19
195.0 2 0.00 27.94
132.0 1 3.26 46.56
33.0 231 7.54 67.87
0.0 12 0.00 0.00
TOTAL 249 10.80 167.56
ACDC, worst case:

Nk Ak hkhk Ak kA rkh kA hkhkhkxkhk*x*xk*

SUMMARY FOR COMPLETE SYSTEM

SYST
X=—==—- SWING BUS —————-— X X-——— AREA
BUS# X-- NAME --X BASKV # X-- NAME
1 GRID 300.00 1
112 OFFSH HVDC 195.00 1
212 OFFSH HVDC 2195.00 1
239 BUSES 113 PLANTS 113 MACH
1 LOADS 246 BRANCHES 113 TRANSF
X=—==—- ACTUAL
MW
FROM GENERATION 551.3
TO CONSTANT POWER LOAD 540.0
TO CONSTANT CURRENT 0.0
TO CONSTANT ADMITTANCE 0.0
TO BUS SHUNT 0.0
TO FACTS DEVICE SHUNT 0.0
TO LINE SHUNT 0.0
FROM LINE CHARGING 0.0
VOLTAGE X=—==—= LOSSES ————-— X

Det skapende universitet

EM SWING BUS SUMMARY
————— X X---- ZONE

-—X # X-- NAME --X
1
1
1
INES 4 FIXED
ORMERS 0 DC LINES
—————— X X-———— NOMINAL
MVAR MW
-183.8 550.8
0.0 540.0
0.0 0.0
0.0 0.0
-342.0 0.0
0.0 0.0
0.0 0.0
9.3 0.0
X—— LINE SHUNTS —-X
MW MVAR
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0

EM SWING BUS SUMMARY
————— X X-——— ZONE ————-
-—X # X-— NAME --X

1
1
1
INES 4 FIXED
ORMERS 0 DC LINES
—————— X X-———— NOMINAL
MVAR MW
-181.1 551.3
0.0 540.0
0.0 0.0
0.0 0.0
-342.0 0.0
0.0 0.0
0.0 0.0
8.8 0.0
X—— LINE SHUNTS —-X

XIII

X
MW
36.6
-264
-264
SHUNTS

CHARGING
MVAR
.0

W OoOwWwWooo
P R S
wW o woo

Appendix 1

Load flow reports

R I R S b S b I S b I S 2 I Sb b I S b 4

MVAR MVABASE
12.6 1000.0
.6 -68.5 570.0
.6 -68.5 570.0

0 SWITCHED SHUNTS
0 FACTS DEVICES

R R R R R R R R R I I I I i I i e

X
MW MVAR MVABASE
37.2 12.6 1000.0
-264.3 -68.5 570.0
-264.3 -68.5 570.0
SHUNTS 0 SWITCHED SHUNTS
0 FACTS DEVICES
—————— X
MVAR
-181.1
0.0
0.0
0.0
-342.0
0.0
0.0
8.6
CHARGING
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LEVEL BRANCHES MW MVAR MW MVAR MVAR
300.0 3 0.00 25.13 0.0 0.0 0.0
195.0 2 0.00 27.88 0.0 0.0 0.0
132.0 1 3.25 46.47 0.0 0.0 0.0
33.0 229 8.07 70.26 0.0 0.0 8.8
0.0 11 0.00 0.00 0.0 0.0 0.0
TOTAL 246 11.33 169.74 0.0 0.0 8.8

X1V
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ACAC, normal running conditions:

®NTNU

Det skapende universitet

KA ARAAIA A XA A XA XA KA XA KA XK AKX

X—————= SWING BUS —-—-——- X X---- AREA —--——- X X---- ZONE --——- X
BUS# X-— NAME --X BASKV # X-- NAME --X # X-— NAME --X MW MVAR  MVABASE
1 PCC 400.00 1 1 12.6 0.0 1000.0
220 BUSES 110 PLANTS 110 MACHINES 2 FIXED SHUNTS 0 SWITCHED SHUNTS
1 LOADS 230 BRANCHES 109 TRANSFORMERS 0 DC LINES 0 FACTS DEVICES
X—————= ACTUAL —————— X X————— NOMINAL —————- X
MW MVAR MW MVAR
FROM GENERATION 552.6 -29.3 552.6 -29.3
TO CONSTANT POWER LOAD 540.0 0.0 540.0 0.0
TO CONSTANT CURRENT 0.0 0.0 0.0 0.0
TO CONSTANT ADMITTANCE 0.0 0.0 0.0 0.0
TO BUS SHUNT 0.0 1611.4 0.0 1611.4
TO FACTS DEVICE SHUNT 0.0 0.0 0.0 0.0
TO LINE SHUNT 0.0 0.0 0.0 0.0
FROM LINE CHARGING 0.0 1784.8 0.0 1730.1
VOLTAGE X————= LOSSES ————- X  X-- LINE SHUNTS --X  CHARGING
LEVEL BRANCHES MW MVAR MW MVAR MVAR
400.0 5 7.10 75.95 0.0 0.0 1762.8
33.0 225 5.46 68.09 0.0 0.0 21.9
TOTAL 230 12.56 144.04 0.0 0.0 1784.8
ACAC, worst case:
Ak Ak Kk khkhkhkhkhkdrkhkhkhkhkkhhkhkhk*xk*x*k SUMMARY FOR COMPLETE SYSTEM R R b b b b b b b b b b b db b b b b b b b b e 4
SYSTEM SWING BUS SUMMARY
X—————= SWING BUS —————- X X-—--- AREA ————- X X-—--- ZONE —-——- X
BUS# X-— NAME --X BASKV # X-- NAME --X # X-- NAME --X MW MVAR  MVABASE
1 PCC 400.00 1 1 12.9 0.0 1000.0
220 BUSES 110 PLANTS 110 MACHINES 2 FIXED SHUNTS 0 SWITCHED SHUNTS
1 LOADS 229 BRANCHES 109 TRANSFORMERS 0 DC LINES 0 FACTS DEVICES
K== ACTUAL ——-—-—-— X X————— NOMINAL —--——- X
MW MVAR MW MVAR
FROM GENERATION 552.9 -25.2 552.9 -25.2
TO CONSTANT POWER LOAD 540.0 0.0 540.0 0.0
TO CONSTANT CURRENT 0.0 0.0 0.0 0.0
TO CONSTANT ADMITTANCE 0.0 0.0 0.0 0.0
TO BUS SHUNT 0.0 1611.4 0.0 1611.4
TO FACTS DEVICE SHUNT 0.0 0.0 0.0 0.0
TO LINE SHUNT 0.0 0.0 0.0 0.0
FROM LINE CHARGING 0.0 1783.8 0.0 1729.2
VOLTAGE X————= LOSSES ————- X  X-- LINE SHUNTS --X  CHARGING
LEVEL BRANCHES MW MVAR MW MVAR MVAR
400.0 5 7.09 75.89 0.0 0.0 1762.8
33.0 224 5.81 71.31 0.0 0.0 21.0
TOTAL 229 12.91 147.20 0.0 0.0 1783.8

SUMMARY FOR COMPLETE SYSTEM

Appendix 1

Load flow reports

KAhkAhAkAI A A I A A I A A I A A XA A kA K

SYSTEM SWING BUS SUMMARY

XV
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ACDC, normal running conditions:

KAk KAAKAAKAA AKX XA AR AKX XA KA, Xk %

X—————= SWING BUS —————- X X-—--— AREA ————- X X-—-— ZONE ———-
BUS# X-— NAME --X BASKV # X-- NAME --X # X-- NAME --X
1 PCC 300.00 1 1
112 OFFSH HVDC 195.00 1 1
212 OFFSH HVDC 2195.00 1 1
224 BUSES 113 PLANTS 113 MACHINES
1 LOADS 231 BRANCHES 113 TRANSFORMERS 0 DC LINES
X—————= ACTUAL —————— X X————— NOMINAL
MW MVAR MW
FROM GENERATION 548.8 -194.9 548.8
TO CONSTANT POWER LOAD 540.0 0.0 540.0
TO CONSTANT CURRENT 0.0 0.0 0.0
TO CONSTANT ADMITTANCE 0.0 0.0 0.0
TO BUS SHUNT 0.0 -342.0 0.0
TO FACTS DEVICE SHUNT 0.0 0.0 0.0
TO LINE SHUNT 0.0 0.0 0.0
FROM LINE CHARGING 0.0 21.5 0.0
VOLTAGE X————= LOSSES ————- X  X-- LINE SHUNTS --X
LEVEL BRANCHES MW MVAR MW MVAR
300.0 2 0.00 12.69 0.0 0.0
195.0 3 0.00 40.85 0.0 0.0
132.0 1 3.28 46.92 0.0 0.0
33.0 225 5.48 68.16 0.0 0.0
TOTAL 231 8.76 168.61 0.0 0.0
ACDC, worst case:

KKK AKRAXAKAAXAKAAXAKAA XA A XA XXk %

X=—==——= SWING BUS —————-— X X-——— AREA ————- X X-——— ZONE ———-
BUS# X-- NAME --X BASKV # X-— NAME --X # X-— NAME --X
1 PCC 300.00 1 1
112 OFFSH HVDC 195.00 1 1
212 OFFSH HVDC 2195.00 1 1
224 BUSES 113 PLANTS 113 MACHINES
1 LOADS 230 BRANCHES 113 TRANSFORMERS 0 DC LINES
X=—==——= ACTUAL —————- X X==——- NOMINAL
MW MVAR MW
FROM GENERATION 549.1 -190.9 549.1
TO CONSTANT POWER LOAD 540.0 0.0 540.0
TO CONSTANT CURRENT 0.0 0.0 0.0
TO CONSTANT ADMITTANCE 0.0 0.0 0.0
TO BUS SHUNT 0.0 -342.0 0.0
TO FACTS DEVICE SHUNT 0.0 0.0 0.0
TO LINE SHUNT 0.0 0.0 0.0
FROM LINE CHARGING 0.0 20.7 0.0
VOLTAGE X=—==—= LOSSES ————-— X X—— LINE SHUNTS —--X
LEVEL BRANCHES MW MVAR MW MVAR

SUMMARY FOR COMPLETE SYSTEM

SUMMARY FOR COMPLETE SYSTEM

®NTNU

Det skapende universitet

SYSTEM SWING BUS SUMMARY

SYSTEM SWING BUS SUMMARY

XVI

Appendix 1

Load flow reports

KAk KAkAKAkAKRAAKRAKAKR AKX XXX, XK *K

MW MVAR MVABASE
34.6 12.7 1000.0

-265.6 -68.4 570.0

-265.6 -68.4 570.0

4 FIXED SHUNTS

CHARGING
MVAR

0.

0.

0.

21.

21.

[ NG NeoNoNe]

0 SWITCHED SHUNTS
0 FACTS DEVICES

AKAKKAKKAIAKAKIAAKXA XA KA XA AR XK KX KKK

MW MVAR MVABASE
35.3 12.7 1000.0

-265.4 -68.4 570.0

-265.4 -68.4 570.0

4 FIXED SHUNTS

CHARGING
MVAR

0 SWITCHED SHUNTS
0 FACTS DEVICES
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300.0 2 0.00 12.67 0.0 0.0 0.0
195.0 3 0.00 40.76 0.0 0.0 0.0
132.0 1 3.28 46.86 0.0 0.0 0.0
33.0 224 5.83 71.42 0.0 0.0 20.7
TOTAL 230 9.11 171.71 0.0 0.0 20.7

XVII
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Appendix 1

Load flow reports

ACAC, normal running conditions:

KA ARAAIA A XA A XA XA KA XA KA XK AKX

SUMMARY FOR COMPLETE SYSTEM

KAhkAhAk A I A A I A A XA A I A A I A A XA K

SYSTEM SWING BUS SUMMARY

X—————= SWING BUS —-—-——- X X---- AREA —--——- X X---- ZONE --——- X
BUS# X-— NAME --X BASKV # X-— NAME --X # X-— NAME --X MW MVAR  MVABASE
1 PCC 400.00 1 1 22.5 0.0 1000.0
232 BUSES 110 PLANTS 110 MACHINES 2 FIXED SHUNTS 0 SWITCHED SHUNTS
1 LOADS 233 BRANCHES 121 TRANSFORMERS 0 DC LINES 0 FACTS DEVICES
X—————= ACTUAL —————— X X————— NOMINAL —————- X
MW MVAR MW MVAR
FROM GENERATION 562.5 30.6 562.5 30.6
TO CONSTANT POWER LOAD 540.0 0.0 540.0 0.0
TO CONSTANT CURRENT 0.0 0.0 0.0 0.0
TO CONSTANT ADMITTANCE 0.0 0.0 0.0 0.0
TO BUS SHUNT 0.0 1612.8 0.0 1612.8
TO FACTS DEVICE SHUNT 0.0 0.0 0.0 0.0
TO LINE SHUNT 0.0 0.0 0.0 0.0
FROM LINE CHARGING 0.0 1770.2 0.0 1716.1
VOLTAGE X————= LOSSES ————- X  X-- LINE SHUNTS --X  CHARGING
LEVEL BRANCHES MW MVAR MW MVAR MVAR
400.0 5 6.95 74.05 0.0 0.0 1762.8
33.0 15 4.65 29.42 0.0 0.0 6.2
11.0 213 10.86 84.56 0.0 0.0 1.1
TOTAL 233 22.45 188.04 0.0 0.0 1770.2
ACAC, worst case:

KKK IAKRAXAKAAXAKAAXAKAA XA A XK XXk %

SUMMARY FOR COMPLETE SYSTEM

SYSTEM SWING BUS SUMMARY

KKK AKKAIAKAKIAAKXAXAKAKX AKX XK XK KK

X—=——- SWING BUS —————- X X-——— AREA ————- X X-——— ZONE ————- X
BUS# X-- NAME --X BASKV # X-- NAME --X # X-- NAME --X MW MVAR MVABASE
1 PCC 400.00 1 1 65.6 0.0 1000.0
213 BUSES 101 PLANTS 101 MACHINES 2 FIXED SHUNTS 0 SWITCHED SHUNTS
1 LOADS 214 BRANCHES 111 TRANSFORMERS 0 DC LINES 0 FACTS DEVICES
X=—===—= ACTUAL —————- X X==——- NOMINAL —————- X
MW MVAR MW MVAR
FROM GENERATION 560.6 14.5 560.6 14.5
TO CONSTANT POWER LOAD 540.0 0.0 540.0 0.0
TO CONSTANT CURRENT 0.0 0.0 0.0 0.0
TO CONSTANT ADMITTANCE 0.0 0.0 0.0 0.0
TO BUS SHUNT 0.0 1612.8 0.0 1612.8
TO FACTS DEVICE SHUNT 0.0 0.0 0.0 0.0
TO LINE SHUNT 0.0 0.0 0.0 0.0
FROM LINE CHARGING 0.0 1769.6 0.0 1715.5
VOLTAGE X=—=——= LOSSES ————— X X—— LINE SHUNTS —-X CHARGING
LEVEL BRANCHES MW MVAR MW MVAR MVAR
400.0 5 6.33 66.20 0.0 0.0 1762.8
33.0 14 4.35 28.11 0.0 0.0 5.7
11.0 195 9.94 76.95 0.0 0.0 1.0

XVIII
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TOTAL 214 20.62 171.27 0.0 0.0 1769.6
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ACDC, normal running conditions:

KKK KKK KKK XA KXk K XK *xkKx%%  SUMMARY FOR COMPLETE SYSTEM

X—————— SWING BUS —--—--—- X X-—-— AREA ————- X X---- ZONE
X—— NAME --X

BUS# X-- NAME --X BASKV
1 PCC 300.00
122 OFFSH HVDC 195.00
222 OFFSH HVDC 2195.00

236 BUSES 113 PLANTS 113 MACHINES
1 LOADS 234 BRANCHES 125 TRANSFORMERS 0 DC LINES
X—————= ACTUAL —————— X X—————
MW MVAR MW
FROM GENERATION 558.7 -138.4 558.7
TO CONSTANT POWER LOAD 540.0 0.0 540.0
TO CONSTANT CURRENT 0.0 0.0 0.0
TO CONSTANT ADMITTANCE 0.0 0.0 0.0
TO BUS SHUNT 0.0 -342.0 0.0
TO FACTS DEVICE SHUNT 0.0 0.0 0.0
TO LINE SHUNT 0.0 0.0 0.0
FROM LINE CHARGING 0.0 7.4 0.0
VOLTAGE X————= LOSSES ————- X  X-- LINE SHUNTS --X
LEVEL BRANCHES MW MVAR MW MVAR
300.0 3 0.00 24.43 0.0 0.0
195.0 2 0.00 27.01 0.0 0.0
132.0 1 3.15 45.02 0.0 0.0
33.0 15 4.68 29.61 0.0 0.0
11.0 213 10.90 84.90 0.0 0.0
TOTAL 234 18.73 210.96 0.0 0.0
ACDC, worst case:

Nk Ak hkhk Ak kA rkh kA hkhkhkxkhk*x*xk* SUMMARY FOR COMPLETE SYSTEM

X————=— SWING BUS ——--——- X X-—-— AREA —-—-—- X X-—-- ZONE

BUS# X-- NAME --X BASKV
1 PCC 300.00
122 OFFSH HVDC 195.00
222 OFFSH HVDC 2195.00

217 BUSES 104 PLANTS
1 LOADS 215 BRANCHES

FROM GENERATION

TO CONSTANT POWER LOAD
TO CONSTANT CURRENT

TO CONSTANT ADMITTANCE
TO BUS SHUNT

TO FACTS DEVICE SHUNT
TO LINE SHUNT

FROM LINE CHARGING

®NTNU

Det skapende universitet

Appendix 1

Load flow reports

R I R S b S b I S b I S 2 I Sb b I S b 4

SYSTEM SWING BUS SUMMARY

# X-— NAME —--X #
1 1
1 1
1 1

# X-— NAME --X # X-— NAME --X
1 1
1 1
1 1
104 MACHINES
115 TRANSFORMERS 0 DC LINES
-—— ACTUAL —————-— X X===—- NOMINAL
MW MVAR MW
556.9 -162.6 556.9
540.0 0.0 540.0
0.0 0.0 0.0
0.0 0.0 0.0
0.0 -342.0 0.0
0.0 0.0 0.0
0.0 0.0 0.0
0.0 6.7 0.0

4 FIXED SHUNTS

NOMINAL

CHARGING
MVAR

NP oO OO
. .

SNDDNO OO

X
MW MVAR MVABASE
44.2 12.2 1000.0
-260.6 -78.7 570.0
-260.6 -78.7 570.0

0 SWITCHED SHUNTS
0 FACTS DEVICES

R R R R R R R R R I I I I i I i e

SYSTEM SWING BUS SUMMARY

XX

X
MW MVAR MVABASE
86.2 10.2 1000.0
-239.0 -79.8 570.0
-239.0 -79.8 570.0

4 FIXED SHUNTS

0 SWITCHED SHUNTS
0 FACTS DEVICES
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VOLTAGE X=—=—= LOSSES ————-— X X-— LINE SHUNTS --X
LEVEL BRANCHES MW MVAR MW MVAR
300.0 3 0.00 20.47 0.0 0.0
195.0 2 0.00 22.71 0.0 0.0
132.0 1 2.65 37.86 0.0 0.0

33.0 14 4.36 28.16 0.0 0.0

11.0 195 9.93 76.91 0.0 0.0
TOTAL 215 16.95 186.12 0.0 0.0

XXI

CHARGING
MVAR

O 01O OO
e e e e
NP oy O OO

Appendix 1

Load flow reports
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Appendix 2: Load flow figures
PU-curves used to set up the simulations:
AC transmission 2 lines
RAD SS DS Shared NS Star
P V) P U P U P U P U P U
525,1 1,023 528,2 1,025 528,3 1,024 526,3 1,024 529,1 1,024 511,2 1,02
526,1 1,025 529,4 1,027 529,7 1,027 528,1 1,027 530,3 1,027 515,4 1,023
527,2 1,027 530,1 1,029 530,4 1,029 528,9 1,029 531 1,029 518,3 1,026
528,0 1,029 530,6 1,031 530,9 1,031 529,5 1,031 531,5 1,031 520,5 1,029
528,7 1,031 531 1,033 531,2 1,033 529,9 1,033 531,8 1,033 521,5 1,031
529,1 1,033 531,2 1,035 531,4 1,035 530,1 1,035 532 1,035 521,9 1,032
529,3 1,035 531,2 1,037 531,4 1,037 530,1 1,037 532 1,037 522,6 1,035
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DC, 2 Transmission lines
RAD SS DS Shared NS Star
P V) P U P U P V) P U P V)
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Single line diagrams
In the following, single line diagrams showing the load flow situation for all cases are shown:

AC/AC:

Transmission, both lines operating
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Radial design, entire system
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Radial design, feeder OK
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Double sided design, entire system
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Double sided design, feeder OK
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e P 2

Frew s s b @ gs w w o e s
56 a0 I A k [
B i i [k EIE

12 1
Wi g (g T W
QL e 277 e wr us
o (a  1EF al|a T ST 1Y 63
S s 51 1 Ey
@ i o ==
oo "

]
ot 31 11 1t 1301

10 10 10 10 10

a7 a7 a7 a7 a7

XXXII

Appendix 2




Appendix 2

Thomas Haugsten Hansen B NTNU

. Det skapende universitet
Offshore wind farm layouts Load flow figures
Double sided design, transmission, worst case
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Double sided design, feeder worst case

10 ) 5 7
WTHY WTHY - L. WTHV cos  sgs MWTHV
ab - @R

®NTNU

Det skapende universitet

Appendix 2

Load flow figures

@z T o

T 1E TP
a1

) Ef‘; ]

XXXIV




Thomas Haugsten Hansen @ NTN U Appendix 2

Det skapende universitet

Offshore wind farm layouts Load flow figures

Shared ring design, entire system
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Shared ring design, feeder OK
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Shared ring design, transmission, worst case
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N-sided ring, entire system
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N-sided ring, feeder OK
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N-sided ring, transmission, worst case
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N-sided ring, feeder, worst case
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Star design, entire system
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Star design, feeder OK
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Star design, transmission, worst case
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Star design, feeder, worst case
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Radial design, entire system
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Radial design, transmission, worst case
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Single sided design, entire system
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Single sided design, feeder OK
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Single sided design, transmission, worst case
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Double sided design, feeder OK
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Double sided design, feeder, worst case
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Shared ring design, entire system
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Shared ring design, transmission, worst case
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N-sided design, entire system
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N-sided design, feeder OK
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N-sided design, transmission, worst case
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N-sided design, feeder, worst case
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Star design, entire system
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Star design, transmission, worst case
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Appendix 3: Automatic sequence short circuit reports
Appplying a fault to the offshore substation bus, these are the ASCC-reports from PSS/E for the AC/AC systems, showing
the fault current contributions from wind turbines and the transmission to shore:

Radial design
PSS/E SHORT CIRCUIT OUTPUT
WED, JUL 15 2009 11:46

HOME BUS IS 1000. OFFSH SUB

Appendix 3

ASCC reports

33.000.
*** FAULTED BUS IS: 1000 [OFFSH SUB 33.000] **~* 0 LEVELS AWAY
AT BUS 1000 [OFFSH SUB 33.000] AREA 1 (PU) V+: / 0.0000/ 0.00
THEV. R, X, X/R: POSITIVE 0.00272 0.03262 11.999
T HREE PHASE FAULT
X—m——— FROM —————————— X AREA CKT 1I/Z /I+/ AN (I+) /7+/ AN (Z+) APP X/R
2 [WTHV 33.000]1 11 PU/PU 0.6274 -39.60 0.0799 77.72 4.594
11 [WTHV 33.000] 11 PU/PU 0.6274 -39.60 0.0799 77.72 4.594
20 [WTHV 33.000]1 11 PU/PU 0.6274 -39.60 0.0799 77.72 4.594
29 [WTHV 33.000] 11 PU/PU 0.6274 -39.60 0.0799 77.72 4.594
38 [WTHV 33.000]1 11 PU/PU 0.6274 -39.60 0.0799 77.72 4.594
47 [WTHV 33.000] 11 PU/PU 0.6274 -39.60 0.0799 77.72 4.594
56 [WTHV 33.000]1 11 PU/PU 0.6274 -39.60 0.0799 77.72 4.594
65 [WTHV 33.000] 11 PU/PU 0.6274 -39.60 0.0799 77.72 4.594
74 [WTHV 33.000]1 11 PU/PU 0.6274 -39.60 0.0799 77.72 4.594
83 [WTHV 33.000] 11 PU/PU 0.6274 -39.60 0.0799 77.72 4.594
92 [WTHV 33.000]1 11 PU/PU 0.6274 -39.60 0.0799 77.72 4.594
101 [WTHV 33.000] 11 PU/PU 0.6274 -39.60 0.0799 77.72 4.594
110 [TRANS OFFSH 400.00] 11 PU/PU 25.9139 -90.52 0.0158 86.00 14.286
TOTAL FAULT CURRENT (P.U.) 31.2126 -79.73
Single sided design
PSS/E SHORT CIRCUIT OUTPUT WED, JUL 15 2009 11:50 .HOME BUS IS 1000.0FFSH SUB 33.000.
. *** FAULTED BUS IS: 1000 [OFFSH SUB 33.000] *** . 0 LEVELS AWAY
AT BUS 1000 [OFFSH SUB 33.000] AREA 1 (PU) V+: / 0.0000/ 0.00
THEV. R, X, X/R: POSITIVE 0.00301 0.03283 10.899
THREE P HASE FAULT
X——————— FROM —————————— X AREA CKT 1I/Z /I+/ AN (I+) /Z+/ AN (Z+) APP X/R
2 [WTHV 33.000] 11 PU/PU 0.3760 -39.82 0.0799 77.72 4.594
10 [WTHV 33.000] 11 PU/PU 0.2507 -39.20 0.1358 76.97 4.321
11 [WTHV 33.000] 11 PU/PU 0.3760 -39.82 0.0799 77.72 4.594
19 [WTHV 33.000] 11 PU/PU 0.2507 -39.20 0.1358 76.97 4.321
20 [WTHV 33.000] 11 PU/PU 0.3760 -39.82 0.0799 77.72 4.594
28 [WTHV 33.000] 11 PU/PU 0.2507 -39.20 0.1358 76.97 4.321
29 [WTHV 33.000] 11 PU/PU 0.3760 -39.82 0.0799 77.72 4.594
37 [WTHV 33.000] 11 PU/PU 0.2507 -39.20 0.1358 76.97 4.321
38 [WTHV 33.000] 11 PU/PU 0.3760 -39.82 0.0799 77.72 4.594
46 [WTHV 33.000] 11 PU/PU 0.2507 -39.20 0.1358 76.97 4.321
47 [WTHV 33.000] 11 PU/PU 0.3760 -39.82 0.0799 77.72 4.594
55 [WTHV 33.000] 11 PU/PU 0.2507 -39.20 0.1358 76.97 4.321
56 [WTHV 33.000] 11 PU/PU 0.3760 -39.82 0.0799 77.72 4.594
64 [WTHV 33.000] 11 PU/PU 0.2507 -39.20 0.1358 76.97 4.321
65 [WTHV 33.000] 11 PU/PU 0.3760 -39.82 0.0799 77.72 4.594
73 [WTHV 33.000] 11 PU/PU 0.2507 -39.20 0.1358 76.97 4.321
74 [WTHV 33.000] 11 PU/PU 0.3762 -39.56 0.0799 77.72 4.594
82 [WTHV 33.000] 11 PU/PU 0.2508 -38.92 0.1358 76.97 4.321
83 [WTHV 33.000] 11 PU/PU 0.3760 -39.82 0.0799 77.72 4.594
91 [WTHV 33.000] 11 PU/PU 0.2507 -39.20 0.1358 76.97 4.321
92 [WTHV 33.000] 11 PU/PU 0.3760 -39.82 0.0799 77.72 4.594
100 [WTHV 33.000] 11 PU/PU 0.2507 -39.20 0.1358 76.97 4.321
101 [WTHV 33.000] 11 PU/PU 0.3760 -39.82 0.0799 77.72 4.594
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109 [WTHV 33.000] 11 PU/PU 0.2507 -39.20 0.1358
110 [TRANS OFFSH 400.00] 11 PU/PU 25.6420 -90.01 0.0158
TOTAL FAULT CURRENT (P.U.) 30.9779 -79.22
Double sided design
PSS/E SHORT CIRCUIT OUTPUT WED, JUL 15 2009
*** FAULTED BUS IS: 1000 [OFFSH SUB 48.000] **x*
AT BUS 1000 [OFFSH SUB  48.000] AREA 1 (PU) V+: / 0.0000/
THEV. R, X, X/R: POSITIVE 0.00299 0.03271 10.926
THREE PHASE
X——————— FROM —-————————— X AREA C 1/Z /I+/ AN (I+) /Z2+/
2 [WTHV 48.000] 11 PU/PU 1.2286 -38.35 0.0422
20 [WTHV 48.000] 11 PU/PU 0.6385 -40.62 0.0422
29 [WTHV 48.000] 11 PU/PU 0.6385 -40.62 0.0422
38 [WTHV 48.000] 11 PU/PU 0.6385 -40.62 0.0422
47 [WTHV 48.000] 11 PU/PU 0.6385 -40.62 0.0422
56 [WTHV 48.000] 11 PU/PU 0.6385 -40.62 0.0422
65 [WTHV 48.000] 11 PU/PU 0.6385 -40.62 0.0422
74 [WTHV 48.000] 11 PU/PU 0.6385 -40.62 0.0422
83 [WTHV 48.000] 11 PU/PU 0.6385 -40.62 0.0422
92 [WTHV 48.000] 11 PU/PU 0.6385 -40.62 0.0422
101 [WTHV 48.000] 11 PU/PU 0.6385 -40.62 0.0422
110 [TRANS OFFSH 400.00] 11 PU/PU 25.6419 -90.01 0.0158
TOTAL FAULT CURRENT (P.U.) 31.1076 -79.24
Shared ring system
PSS/E SHORT CIRCUIT OUTPUT WED, JUL 15 2009
*** FAULTED BUS IS: 1000 [OFFSH SUB 33.000] ***
AT BUS 1000 [OFFSH SUB 33.000] AREA 1 (PU) V+: / 0.0000/
THEV. R, X, X/R: POSITIVE 0.00302 0.03280 10.847
THREE PHASE
X——————— FROM —————————— X AREA C 1/% /I+/ AN (I+) /Z+/
2 [WTHV 33.000] 11 PU/PU 0.5312 -39.75 0.0799
11 [WTHV 33.000] 11 PU/PU 0.5312 -39.75 0.0799
20 [WTHV 33.000] 11 PU/PU 0.5312 -39.75 0.0799
29 [WTHV 33.000] 11 PU/PU 0.5312 -39.75 0.0799
38 [WTHV 33.000] 11 PU/PU 0.5312 -39.75 0.0799
47 [WTHV 33.000] 11 PU/PU 0.5312 -39.75 0.0799
56 [WTHV 33.000] 11 PU/PU 0.5312 -39.75 0.0799
65 [WTHV 33.000] 11 PU/PU 0.5312 -39.75 0.0799
74 [WTHV 33.000] 11 PU/PU 0.5312 -39.75 0.0799
83 [WTHV 33.000] 11 PU/PU 0.5312 -39.75 0.0799
92 [WTHV 33.000] 11 PU/PU 0.5312 -39.75 0.0799
101 [WTHV 33.000] 11 PU/PU 0.5312 -39.75 0.0799
110 [TRANS OFFSH 400.00] 11 PU/PU 25.6418 -90.00 0.0158
22301 [ _2 ] 11 PU/PU 0.3911 -39.71 0.1439
22801 [ _7 ] 11 PU/PU 0.3911 -39.71 0.1439
23301 [ _< ] 11 PU/PU 0.3911 -39.71 0.1439
TOTAL FAULT CURRENT (P.U.) 31.0150 -79.22

LXIX

0.

0.

ASCC reports
76.97 4.321
86.00 14.286
11:52 .HOME BUS IS 1000.
.OFFSH SUB 48.000.
0 LEVELS AWAY
00
FAULT
AN (Z+) APP X/R
78.32 4.838
78.32 4.838
78.32 4.838
78.32 4.838
78.32 4.838
78.32 4.838
78.32 4.838
78.32 4.838
78.32 4.838
78.32 4.838
78.32 4.838
86.00 14.286
11:52 .HOME BUS IS 1000.
.OFFSH SUB 33.000.
0 LEVELS AWAY
00
FAULT
AN (Z+) APP X/R
77.72 4.594
77.72 4.594
77.72 4.594
77.72 4.594
77.72 4.594
77.72 4.594
77.72 4.594
77.72 4.594
77.72 4.594
77.72 4.594
77.72 4.594
77.72 4.594
86.00 14.286
77.71 4.592
77.71 4.592
77.71 4.592
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N-sided design (n=4)
. PSS/E SHORT CIRCUIT OUTPUT WED, JUL 15 2009 11:54 .HOME BUS IS 1000.
.OFFSH SUB 33.000.
*** FAULTED BUS IS: 1000 [OFFSH SUB 33.000] *** : 0 LEVELS AWAY
AT BUS 1000 [OFFSH SUB 33.000] AREA 1 (PU) V+: / 0.0000/ 0.00
THEV. R, X, X/R: POSITIVE 0.00302 0.03293 10.916

THREE PHASE FAULT

Xmmmmmm——— FROM —————————— X AREA CKT 1I/% /I+/ AN (I+) /7+/ AN (Z+) APP X/R
2 [WTHV 33.000] 11 PU/PU 0.6219 -39.17 0.0647 83.88 9.331
11 [WTHV 33.000] 11 PU/PU 0.6219 -39.17 0.0647 83.88 9.331
20 [WTHV 33.000] 11 PU/PU 0.6219 -39.17 0.0647 83.88 9.331
29 [WTHV 33.000] 11 PU/PU 0.6219 -39.17 0.0647 83.88 9.331
38 [WTHV 33.000] 11 PU/PU 0.6219 -39.17 0.0647 83.88 9.331
47 [WTHV 33.000] 11 PU/PU 0.6219 -39.17 0.0647 83.88 9.331
56 [WTHV 33.000] 11 PU/PU 0.6219 -39.17  0.0647 83.88 9.331
65 [WTHV 33.000] 11 PU/PU 0.6219  -39.17 0.0647 83.88 9.331
74 [WTHV 33.000] 11 PU/PU 0.6219 -39.17  0.0647 83.88 9.331
83 [WTHV 33.000] 11 PU/PU 0.6219 -39.17 0.0647 83.88 9.331
92 [WTHV 33.000] 11 PU/PU 0.6219 -39.17 0.0647 83.88 9.331
101 [WTHV 33.000] 11 PU/PU 0.6219 -39.17 0.0647 83.88 9.331
110 [TRANS OFFSH 400.00] 11 PU/PU  25.6422 -90.02 0.0158 86.00  14.286
TOTAL FAULT CURRENT (P.U.) 30.9003 -79.23
Star design
PSS/E SHORT CIRCUIT OUTPUT WED, JUL 15 2009 12:14 .HOME BUS IS 1000.
.COLLECTOR 33.000.
***x FAULTED BUS IS: 1000 [COLLECTOR 33.000] **x* . 0 LEVELS AWAY
AT BUS 1000 [COLLECTOR 33.000] AREA 1 (PU) V+: / 0.0000/ 0.00

THEV. R, X, X/R: POSITIVE 0.00289 0.03320 11.496

THREE PHASE FAULT

X———————— FROM —————————— X AREA CKT 1I/% /I+/ AN (I+) /Z+/ AN (Z+) APP X/R
110 [TRANS OFFSH 400.00] 11 PU/PU 25.9115 -90.44 0.0158 86.00 14.286
205 [STARL 33KV_133.000] 11 PU/PU 0.5944 -36.48 0.0799 77.72 4.594
206 [STAR2 33KV_133.000] 11 PU/PU 0.5944 -36.48 0.0799 77.72 4.594
207 [STAR3 33KV_133.000] 11 PU/PU 0.5944 -36.48 0.0799 77.72 4.594
208 [STAR4 33KV_133.000] 11 PU/PU 0.5944 -36.48 0.0799 77.72 4.594
305 [STAR1 33KV_233.000] 11 PU/PU 0.5944 -36.48 0.0799 77.72 4.594
306 [STAR2 33KV_233.000] 11 PU/PU 0.5944 -36.48 0.0799 77.72 4.594
307 [STAR3 33KV_233.000] 11 PU/PU 0.5944 -36.48 0.0799 77.72 4.594
308 [STAR4 33KV_233.000] 11 PU/PU 0.5944 -36.48 0.0799 77.72 4.594
405 [STAR1 33KV 33.000] 11 PU/PU 0.5944 -36.48 0.0799 77.72 4.594
406 [STAR2 33KV 33.000] 11 PU/PU 0.5944 -36.48 0.0799 77.72 4.594
407 [STAR3 33KV 33.000] 11 PU/PU 0.5944 -36.48  0.0799 77.72 4.594
408 [STAR4 33KV 33.000] 11 PU/PU 0.5944 -36.48 0.0799 77.72 4.594

TOTAL FAULT CURRENT (P.U.) 30.6559 -79.60
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Appendix 4: Dynamic models

This appendix describes all the dynamic models used in this thesis. Block diagrams and parameters are given for all
models, except from the ABB HVDC Light user model.

Wind turbine model
The figure underneath shows the principal scheme of the WT3 generic wind model in PSS/E.

Vre
g bus

Vterm
l ¥ 1, (P)

Command
Converter E, (Q) Enarind = .
Control Command— Converter
Model Model P Q D0
& gen’ “gen
PQEH ! Fgen
3
Power | Speed Shatt .
pee
Order | Order Speed gen
\ L ] !
Blade ]
Pitch Control Pitch Wind
Model = Turbine
Model

All issues of making an equivalent of a wind farm to be modeled are up to the user. The model provides the possibility to
lump several turbines into one equivalent representation. The user should make a decision on how many original units that
can be lumped into one equivalent machine presented in the load flow case. For n lumped machines, the machine rating
Mpyse of the original machine must be multiplied by #. It is also up to the user to take care of the adequate equivalent of
the wind farm feeders, collectors, and step up transformers.
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Generator/converter model (WTRG1)

Sacma | i = :
From —=d
Converter
Controi
lpema O £
Pllmax
-
L
s
=
- v [K = T
Vierm 1 * —,,,';" i _/_ -2
_V; *Plimax
Notes: 1. _Vterm and TSOfC are complex values on network reference frame.
2. Insteady-state, V, =0, V, =V, and 5=6.
Parameters:
CONs ICONs

Xeq 0.8000 | No of lumped turbines 1
PLL gain 30.0000
PLL integrator gain | 0.0000
PLL min limit 0.1000
Turbine MW rating | 5.0000
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Electrical control model( WT3E1)

Reactive power control system:

Wind Plant Reactive Power Control Emulation
Vv
1 {1]

v 1 _l”

c o
> 1+5Tr—-{ 1F,

1+sT,

PFA ¢ i
an
Q.. varflg
1 Q
Pgen q 1 ] max
= »{ % "
1+sT oS
Power Factor *p ! g Q..
Ragulator Qnin
Qn:;f
Q
= Vierm vitflg
max *_ Vtem‘l % x'omax i
Qa + i Vet 11 E wand
Kol $ ! O— g s —a¥ s
= _'_: 0 Generator /
VITI in Vlerm XEQINII Cc‘.\::;rier
=
Torque/current control:
@
(ol T sqreadd)
Anti=wrndnn
G
FPower Limits P rax & dP et |
prTax |
o 1 e
f |:‘PE-::|1 ] -E + —5 g t o
: Gonorator /
Conerier
Mode
vhrm
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Parameters:
CONs ICONSs
Tfv - V-regulator filter 0.150 Remote bus # 110
VARFLG: =0 Const. Q ctrl, =1 reactive power ctrl,
Kpv - V-regulator proportional gain 18.00 = -1 const. pf ctrl 1
AC: 0
Kiv - V-regulator integrator gain 5.000 VLTFLG: =1 Closed loop terminal voltage control DC: 1
Xc - line drop compensation
reactance 0.050 From bus - interconnection transformer 301
Tfp - T-regulator filter 0.050 To bus - interconnection transformer 3
Kpp - T-regulator proportional gain 3.000 Id - interconnection transformer 1
Kip - T-regulator integrator gain 0.600
PMX - T-regulator max limit 1.120
PMN - T-regulator min limit 0.100
QMX - V-regulator max limit 0.350
QMN - V-regulator min limit -0.436
IPMAX - Max active current limit 1.100
TRV - V-sensor 0.050
RPMX - maximum Pordr derivative 0.450
RPMN - minimum Pordr derivative 0.450
T POWER - Power filter time
constant 5.000
KQi - MVAR/Volt gain 0.050
VMINCL 0.900
VMAXCL 1.200
Kqv - Volt/MVAR gain 40.00
XIQmin - min. limit of (Vterm -
Eq'cmd) 0.5000
XIQmax - max. limit of (Vterm -
Eq'cmd) 0.4000
Tv - Lag time constant in WindVar
controller 0.0500
Tp - Pelec filter in fast PF controller | 0.0500
Fn - A portion of on-line wind
turbines 1.0000
Shaft speed at Pmin, pu 0.6900
Shaft speed at 20% rated power, pu 0.7800
Shaft speed at 40% rated power, pu 0.9800
Shaft speed at 60% rated power, pu 1.1200
Shaft speed at 80% rated power, pu 0.7400
Shaft speed at 100% rated power, pu | 1.2000
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Wind turbine model (WT3T1)

From
Generator
M odel
PR SR S s T s s
Simplified Aerodynamic Wode!
Elade
Pitch
5 +
H]EF]
From "
FPirich Gurpoof
Mods| B
o
i
Ht 3 Htfrac “H
H i H - Ht

K=2"(27 Freq1}"2"H *H_IH

Appendix 4

Dynamic models

To
Pirch Conrrod
WModel
and
Converier
Controf
Mode!
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Parameters:
CONs ICONs

Vw - Initial wind speed, pu of rated wind speed 1.2500
H - Total inertia constant, MW*sec/MV A 4.9500
DAMP - Machine damping factor, pu P/pu speed 0.0000
Kaero - Aerodynamic gain factor 0.0070
Theta2 - Blade pitch at twice rated wind speed, deg. | 21.9800
Htfac - Turbine inertia fraction (Hturb/H) 0.8750
Freql - First shaft torsional resonant frequency, Hz | 1.8000
DSHAFT - Shaft Damping factor, pu P/pu speed 1.5000
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Pitch control model (WT3P1)

rate limit Pl
(PI_) max Blade
Ficiis = e Pitch
; . err @ cmd 1
Turbine o . EE———
Model + 1+ STH
v= i 4
= lein
i Pitch Control
From
Converter
Control
Model

=
+
Pord 2 *
¥ L=

4

]
P
= ot Non-windup
From firriit
Converter
Controf Fitch
Model Compensation

* The Pich Control and Pitch Compensation integrators are non-windup integrators as a function of the pitch,

i.e., the nputs of these infegrators are set to zero when the pitch is in fimits (Pimax or FPrmin) and the miegrator
input tends te force the pitch command further against its imif. The oulpuls of these infegrators are not fimied
except by the lower (zero) fimit on the Pitch Compensafion integralor.

Parameters:
CONs ICONSs

Tp - Time constant of the output lag (sec) 0.3000
Kpp - Proportional gain of PI regulator(pu) 150.0000
Kip - Integrator gain of PI regulator (pu) 25.0000
Kpc - Proportional gain of the compensator(pu) 3.0000
Kic - Integrator gain of the compensator (pu) 30.0000
TetaMin - Lower pitch angle limit (degrees) 0.0000
TetaMax - Upper pitch angle limit (degrees) 27.0000
RTetaMax - Upper pitch angle rate limit (deg/sec) | 10.0000
PMX - Power reference (pu) 1.0000
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Filter VEMAX
o o ) [ R e Pl
[VOLT(ICON(M))/ + < Upax st Stage 2ud Stage |
VREF() VOTHSG(T) Regaistor
Bmax
VERR
gg | ¥ VERR > DVLo: BR=B'Max *X5D (VERR~DV)
i IfDVyr < VERR < DVLo:B'R=BR 5% 1T :Tss — ng;:'SEE(I) m’
EVERR < DVHED B'R =B'mIy
Fast Override BMIN
Thyristor Delay
DV =0. DV >0,
DVp =DV
DVLo=B'max/Ksvs DV =-DV
DVar =B umEsvs
Parameters:
CONs ICONs
TS1 0.0000 | IB, remote bus number | 0
VE MAX | 0.1500
TS2 0.1000
TS3 (>0) | 5.0000
TS4 0.0000
TS5 0.0000
KSVS 400.0
KSD 0.0000
BMAX 1.0000
BMAX 1.0000
B'MIN -0.5000
B MIN -0.5000
TS6 (>0) | 0.0500
DV 0.1500
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Onshore generator model

Salient pole generator model (GENSAL):

Py EMECH SPEED J ¢ ced
E1d =D » wr Source Current
r VOLT at | GENSAL . _
v : ETERM lt:
Terminal | DALYy Terminal Voltage
Bus
.ﬁ’ :'!Lliglﬂ
Parameters:
CONs ICONs

T'do (> 0) 7.0000
T"do (> 0) 0.0400
T"qo (> 0) 0.2500
Inertia H 20.0000

Speed Damping D | 0.0000

Xd 2.3000
Xq 1.4000
X'd 0.2768
X"d = X"q 0.2000
X1 0.1200
S(1.0) 0.1000
S(1.2) 0.3000
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Generator exciter model (SCRX):

ECOMP )

VOTHSG )
VUEL )
VOEL SCRX

=

XADIFD N

ETEEM N

EFD
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CowrTcg =0
E}LA_Y.I E;—» l 410

/

CowiTcg =1

Ebi‘:idge
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X

I+Tm=

Vg =VOTHSG + VUEL + VOEL

Parameters:
CONs ICONs

TA/TB 0.1000

TB (> 0) 10.0000

K 200.0000

TE 0.0500

EMIN 0.0000

EMAX 4.0000

CSWITCH (0=bus fed, 1=solid fed) | 0.0000

rc/rfd 0.0000
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Eg;ﬁi]j HYGOV PMECH
VAR(L) + 7 1 e 1+T c 1
ﬂtei‘ J \ ;_:jl—h 1+Tss :'Tf.srS > L+ Tgs ]
B Velocity and
SSE];;E%__h'( Z“\ Position Limits SPEED
_T+
I.{ Diurt
F 3 L
X
£y - > i "::f;\'»—h 13 ="/?n—h t A & PMECH
F ¥ h 5 Tw i \T_/
1. qNL
Parameters:
CONs ICONs
R, Permanent Droop 0.0500
r, Temporary Droop 0.4000
Tr (> 0) Governor Time Constant | 8.0000
Tf (> 0) Filter Time Constant 0.0500
Tg (> 0) Servo Time Constant 0.2000
VELM, Gate Velocity Limit 0.1000
GMAX, Maximum Gate Limit 2.0000
GMIN, Minimum Gate Limit -2.0000
TW (> 0) Water Time Constant | 2.0000
At, Turbine Gain 1.1000
Dturb, Turbine Damping 1.7500
gNL, No Load Flow 0.1000
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Appendix 5: Dynamic plots

This appendix shows all plots of P,Q, @ and U at the investigated buses in this thesis. Bus 201 (6701 for the AC/DC star
design) is the first bus of the feeder where no fault occurs. Bus 3801 (5601 for the star design) is the first bus of the feeder
where the fault occurs. Bus 4501 (5601 for the star designs) is the second outermost bus in the feeder where the fault
occurs. Bus 4601 (6501 for the star designs) is the outermost bus in the feeder where the fault occurs. For all plots, the
color code is as follows:

Green: Active power [pu on system base)]
Blue: Reactive power [pu on system base)]
Light blue: Generator speed [pu on system base]
Purple: Voltage [pu on system base]
RADIAL DESIGN

AC/AC TRANSMISSION

FAULT TYPE 1: TRANSMISSION FAULT
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FAULT TYPE 2: FAULT BETWEEN INNERMOST TURBINE OF FEEDER AND SUBSTATION

2.0000 LT G.0000
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FAULT TYPE 3: FAULT IN THE OUTERMOST CABLE IN THE FEEDER
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AC/DC TRANSMISSION

FAULT TYPE 1: TRANSMISSION FAULT
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FAULT TYPE 2: FAULT BETWEEN INNERMOST TURBINE OF FEEDER AND SUBSTATION
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FAULT TYPE 3: FAULT IN THE OUTERMOST CABLE IN THE FEEDER
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FAULT TYPE 2: FAULT BETWEEN INNERMOST TURBINE OF FEEDER AND SUBSTATION
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FAULT TYPE 3: FAULT IN THE OUTERMOST CABLE IN THE FEEDER
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FAULT TYPE 1: TRANSMISSION FAULT
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FAULT TYPE 2: FAULT BETWEEN INNERMOST TURBINE OF FEEDER AND SUBSTATION
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FAULT TYPE 3: FAULT IN THE OUTERMOST CABLE IN THE FEEDER
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FAULT TYPE 2: FAULT BETWEEN INNERMOST TURBINE OF FEEDER AND SUBSTATIO
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FAULT TYPE 3: FAULT IN THE OUTERMOST CABLE IN THE FEEDER
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AC/DC TRANSMISSION

FAULT TYPE 1: TRANSMISSION FAULT

YH0dI FOE »TNHD

o
=

Cll



Thomas Haugsten Hansen @ NTN U Appendix 5

Det skapende universitet

Offshore wind farm layouts Dynamic plots

FAULT TYPE 2: FAULT BETWEEN INNERMOST TURBINE OF FEEDER AND SUBSTATION
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