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Problem Description
The European Commission proposal for 20% renewable energy by 2020 paves the way for a
massive expansion of wind energy and a new energy future for Europe. To reach the goal wind
energy is a key technology and large scale integration is required both onshore and offshore. This
represents heavy challenges to the power system requiring new ways of designing and operating
the system. 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 and grid connection represent other
main challenges for realization of large scale wind power, and especially for offshore wind farms.

The scope of the project is defined as how to find an efficient and secure design and operation of
the overall system.

The main tasks in this thesis is to study different possible configurations of a 1000 MW offshore
wind farm, located 75 km from shore, and select two configurations for further study. PSS/E will
be used to establish a load flow and a dynamical model of each system.
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Summary

This master thesis is written at the Department of Electric Power Engineering at the
Norwegian University of Science and Technology. The work has been carried out at
NTNU in Trondheim. The thesis deals with configuration of large offshore wind farms
and transmission systems, and is a continuation of the project written during the autumn
2008.

Today several plans on 1000 MW offshore wind farms exists. The size of the wind
farms has led to a challenge of how to find an efficient and secure design of the overall
system. The system has to be cost-effective in order to compete with other forms of
power generation. In this study, costs is not considered.

The purpose of this thesis was to study different transmission systems and configura-
tion of an 1000 MW wind farm located 75 km from shore. The optimal distance between
the turbines is a compromise between wake effect, wind farm are and cable lengths. To
perform a detailed study of wake effects and optimal spacing, computer programs like
WindSim would be necessary. Three common wind farm configurations is radial, star
and ring layout. The selection of layout depends on costs, wind data and the wind farm
area.

Various wind turbine systems have been developed and different wind generators have
been built. According to the survey of different wind generator system and considering
the grid connection requirements on wind turbines, the developing trends of wind turbine
generator systems shows that variable speed is very attractive and concepts with full-scale
power converters will become more attractive.

In this thesis two wind farm configurations with different transmission system were
further studied. AC/AC, AC/DC and DC/DC are possible transmission systems. In this
thesis AC/AC and AC/DC were compared. The selected layout of the wind farm was
the radial layout. Number of strings was 35, with eight turbines in each string. Each
wind turbine could produce 3.6 MW, which gives a total generation of 1008 MW.

The two configurations were modeled in PSS/E. Siemens has made a model called
WT3 that was developed to simulate performance of a wind turbine employing a doubly
fed induction generator (DFIG). The model was developed in close cooperation with the
GE Energy modeling team. This model was used in this thesis. For the dc transmission
the HVDC Light from ABB was used.

Two different disturbances were applied. One at the connection point at shore, and
one at the connection point for all the radials. The load flow results shows that the losses
are 5.8% higher in the AC/DC system. The dynamical result shows that both of the
systems were stable, and fulfill the grid code requirements. The results indicates that
the short-circuit MVA is higher in the ac system than in the dc system. After a fault
the voltage recovery was more smoother in the dc system, and the voltage recovery time
were shorter.
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1 Introduction

Wind energy is the world’s fastest growing renewable energy source. The average annual
growth rate of wind turbine installation is around 30% during the last 10 yeares. One of
the most important economic benefits of wind power is that it reduces the exposure of our
economies to fuel price volatility. The challange is that other forms of power generation
is cheaper.

Offshore wind currently accounts for a small amount of the total installed wind power
capacity in the world. The development of offshore wind has mainly been in northern
European countries. Offshore wind capacity is still around 50% expencive than onshore
wind. Although the investment cost are higher for offshore than for onshore wind farms,
the total power production are higher due to higher offshore wind speeds.

Today several plans on 1000 MW offshore wind farms exists. The size of the wind
farms has led to a challenge of how to find an efficient and secure design of the overall
system. The development of modern wind power conversion technology has been going
on since 1970s, and the rapid development has been seen from 1990s. The wind energy
conversion system is demanded to be more cost-competitive in order to compete with
other forms of power generation. Choice of design of the overall system is not only a
question of cost, but also system stability.

This thesis is a continuation of a project written during the autumn 2008, which
was an introduction to different transmission technologies for offshore wind power. The
purpose of this thesis is to study different transmission systems and configuration of
an 1000 MW wind farm located 75 km from shore. Two configurations with different
transmission system are further studied. One with AC/AC transmission and the other
with AC/DC transmission based on VSC HVDC.

PSS/E will be used for power system simulation. ABB has developed a HVDC Light
model in PSS/E that will be used in this study. Load flow and transient stability will be
investigated for the two different transmission technologies.
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2 Wind Turbine Technology

A wind turbine is a rotating machine, which converts the kinetic energy in wind into
mechanical energy. This chapter explains the main components in a wind turbine, and
is mainly based on [14].

2.1 Technical overview

Figure 1 shows an overview of technical components in a wind turbine. The coming
chapters explains the application of the different components.

Figure 1: Technical drawing of a 3.6 GE wind turbin[4]

2.2 Rotor

The rotor consists of the hub and blades of the wind turbine. Most turbines today have
upwind rotors with three blades, which means that the rotor is directed towards the wind
direction. Rotors that are being developed today, seems to be built with pitch control.

2.3 Drive train

The drive train consists of the rotating parts of the wind turbine. This usually includes a
gearbox, low-speed shaft, high-speed shaft, brake and the rotating parts of the generator.

2.4 Generator

All wind turbines use either induction or synchronous generator. Different wind generator
systems are explained in chapter 4. The generator that has been the most commonly
used so far, is induction generators. This is because induction generators are rugged,
inexpensive and easy to connect to an electrical network. Without using power converters,
a induction generator absorbs reactive effect.

The wind turbines can operate at fixed speed or variable speed.
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2.5 Nacelle and yaw system

Nacelle and yaw system includes the wind turbine housing, the machine bed plate or
main frame and the yaw orientation system. The main frame provides for the mounting
and proper alignment of the drive train components. The nacelle covers the system from
the surroundings. The yaw orientation system can turn the nacelle towards the most
optimal wind direction. Wind direction sensor mounted at the nacelle gives signals to
the yaw control system.

2.6 Pitch controlled wind turbines

Pitch-regulated wind turbines are designed for optimum power production. With pitch
control the blades can be rotated about its long axis. On a pitch controlled wind turbine
the turbine’s electronic controller checks the power output of the turbine several times
per second. When the wind power output becomes to high, it sends an order to the blade
pitch mechanism which pitches the rotor blades out of the wind. Conversely, the blades
are turned back into the wind when the wind drops again.

2.7 Stall controlled wind turbines

Stall-regulated wind turbines are used to regulate the aerodynamic torque at high wind
speeds. The geometry of the rotor blade profile, are aerodynamically designed to ensure
that the moment the wind speed becomes too high, it creates turbulence on the side of
the rotor blade which is not facing the wind. The stall prevents the lifting force of the
rotor blade from acting on the rotor.
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3 Induction Generator

This chapter explains some basic principles with an induction generator.

3.1 Synchronous speed

The speed of the rotating flux in the stator, called synchronous speed, is directly propor-
tional to the frequency of the supply voltage and inversely proportional to the number
of pairs of poles.

ns =
fs

P/2
r/s (1)

ns =
120× fs

P
r/min (2)

where fs is the frequency of the three-phase supply, ns is the synchronous speed, and
P is the number of poles formed by the stator windings.

3.2 Slip

The difference between the speed of the rotating stator flux and the speed of the rotor
is called slip speed, and the ratio of slip speed to synchronous speed is called slip.

n = ns − nr (3)

s =
ns − nr

ns
(4)

where n is the slip speed, ns is the synchronous speed, nr, ans s is the slip.

3.3 Power

Figure 2 shows the steady-state equivalent circuit of an induction generator. The per
unit power transferred from the stator to the rotor through the air gap, called the air-gap
power, is calculated from the equivalent circuit.

Pg = I2
r

Rr

s
(5)

Subtracting the rotor losses I2
rRr from the air gap power, one gets the power delivered

to the stator.

Pe = I2
r

Rr

s
(1− s) (6)
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Figure 2: Steady-state equivalent circuit of an induction generator [3]

4 Wind generator systems

A significant growth of wind power capacity installed world wide has lead to a rapid
development of various wind turbine concepts. The wind energy conversion system is
demanded to be more cost-competitive, so that comparison of different wind generator
systems are necessary. This chapter gives an overview of different wind generator systems.
This chapter is mainly based on [12].

4.1 Classification of wind turbine concepts and generator types

In proportion to rotation speed, wind turbine concepts can be classified into fixed speed,
limited variable speed and variable speed. Variable speed wind turbines is classified into
wind generator systems with partial-scale and full-scale power converters, based on the
rating of the power converter related to the generator capacity.

4.2 Fixed speed concept

Fixed-speed wind generator systems are with a multi-stage gearbox and a standard squir-
rel cage induction generator (SCIG), which is directly connected to the grid trough a
transformer. A scheme of a fixed speed concept with SCIG system is shown in figure 3.
SCIG operates in a range around the synchronous speed. The advantages of SCIG are
that it is robust, easy and relatively cheap for mass production. The disadvantage is that
the speed is not controllable and only variable over a very narrow range. A three-stage
gearbox is necessary for the drive train for this wind turbine concept, which requires
regular maintenance. And the generator always absorbs reactive effect from the grid.

Since the generator is directly connected to the grid, wind speed fluctuations are
directly translated into electromechanical torque variations and periodical torque dips
result in higher flicker effect. The excitation current is obtained from the stator terminal
which makes it impossible to support grid voltage control.
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Figure 3: Scheme of a fixed speed concept with SCIG system [12]

4.3 Limited variable speed concept

The limited variable speed concept is with a multi-stage gearbox and a wound rotor
induction generator (WRIG). The WRIG is with a variable rotor resistance, by means
of a power electronic converter and the pitch control method. A scheme of a limited
variable speed concept is shown in figure 4.

Like the fixed speed generator system, the stator is directly connected to the grid.
The rotor winding is connected in series with a controlled resistor. To achieve variable-
speed operation the energy extracted from the WRIG rotor is controlled, but this power
must be dissipated in the external resistor. The variable speed range depends on the size
of the variable rotor resistance, and is typically less than 10% above the synchronous
speed.

Figure 4: Scheme of a limited variable speed concept with WRIG system [12]

4.4 Variable speed direct-drive concept with a full-scale power con-
verter

In this concept the direct-drive generator is connected to the grid through a full-scale
power converter. Direct-drive means that the generator rotor is directly connected to the
hub of the turbine rotor, which cause a low generator rotor speed. To be able to deliver
a certain power, the lower speed makes it necessary to produce a higher torque, which
requires a larger size of the generator. This is obtained by using multi-poles. Larger
number of poles requires a larger diameter for implementation with a reasonable pitch.
The advantages of direct-drive wind turbines is high overall efficiency, and high reliability
and availability by omitting the gearbox.
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Direct-drive generators used in the market can be classified into electrically ex-
cited synchronous generator (EESG) and the permanent magnet synchronous generator
(PMGS).

4.4.1 Electrically excited synchronous generator

Electrically excited synchronous generator is usually built with a rotor carrying the field
system provided with a DC excitation, and the stator carries a three-phase winding.
Figure 5 shows a grid connection scheme of EESG for direct-drive wind turbines.

The converter at the generator side can control the amplitude and frequency of the
voltage, so that the generator speed is fully controllable over a very wide range. The
converters at the rotor side can control the excitation current, which controls the flux.
Though, this solution is heavy weighted and expensive. Another disadvantage is that it
is necessary to excite the rotor winding with dc, using slip rings and brushes, or brushless
exciter, employing a rotating rectifier, and the field losses are inevitable.

Figure 5: Scheme of a direct-drive EESG system [12]

4.4.2 Permanent magnet synchronous generator

Figure 6 shows a grid connection scheme of PMGS for direct-drive wind turbines. Perma-
nent magnet synchronous generators are widely used in variable-speed wind generators
for their high performance. The main reason relay on their optimal characteristic, which
are higher efficiency and higher generated power-weight ratio than induction generators.
Power losses are mainly related to the stator windings and the stator core because the
rotor is loss-free.

One of the disadvantages is that the cost of permanent magnet material is very high.
But in recent years, the use of PM is more attractive than before, because the performance
of permanent magnets is improving and the cost is decreasing.

4.5 Variable speed single-stage geared concept with a full-scale power
converter

This system is an extended concept of the variable speed direct-drive concept with a
full-scale power converter. The difference is that a variable speed pitch control wind
turbine is connected to a single-stage planetary gearbox, that increase the speed by a
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Figure 6: Scheme of a direct-drive PMSG system [12]

factor of roughly 10. The generator and a low-speed permanent-magnet generator. This
concept has the advantages of a higher speed than the direct-drive concept, and a lower
mechanical component than the multiple-stage gearbox concept. Figure 7 shows a grid
connection scheme of PMGS for single-stage geared wind turbines.

Figure 7: Scheme of a single-stage drive PMSG system with a full-scale converter [12]

4.6 Variable speed multiple-stage geared concept with a full-scale power
converter

In proportion to the concept explained in chapter 4.5, this concept is with a multiple-
stage geared concept instead of single-stage geared concept. Variable speed multiple-stage
geared concept is developed with PMSG and SCIG system.

4.6.1 PMSG system

A PMSG system is used in order to reduce the generator’s volume and improve the gener-
ator efficiency in variable speed wind turbine concepts with a full-scale power converter.
Compared with the DFIG system, that will be explained in chapter 4.7, the generator in
this system has a higher efficiency and it is not necessary with brushes. The grid-fault
ride-through capability is less complex. But the disadvantages is that the converter is
larger, more expensive and the losses are higher because all the power are processed by
electronic converter. Figure 8 shows a grid connection scheme of PMSG for multiple-stage
geard wind turbines.
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Figure 8: Scheme of a single-stage drive PMSG system with a full-scale converter [12]

4.6.2 SCIG system

Variable speed multiple-stage geared SCIG with full scale converter is shown in figure 9.
Compared with the fixed speed concept, the difference is the full-scale power converter.
The converter gives the possibility to variable speed operation, reactive power compen-
sation and better smooth grid connection. However, the system is more expensive and
high losses in the converter leads to a lower efficiency of the total system.

Figure 9: Scheme of a direct-drive EESG system [12]

4.7 Variable speed concept with partial-scale power converter

This configuration is known as the doubly fed induction generator system (DFIG). Fig-
ure 10 and figure 11 shows a grid connection scheme of a variable speed concept with
DFIG system. The generator is a WRIG with the stator connected directly to the grid,
and the rotor is connected trough a power electronic converter. The converter is typically
rated at around 25-30% of the generator rating for a given rotor speed range of about
30% of synchronous speed. While the rotor speed varies the DFIG can supply power at
constant voltage and constant frequency [19]. The converter is a partial-scale back-to-
back converter, which is a four-qadrant converter. Therefore the DFIG can produce or
absorb an amount of reactive power.

If the stator and the rotor losses are neglected, the power through the converters, slip
power, can be expressed as slip, s, multiplied by the stator power, Pstator [19].

Protor = sPstator (7)

Pstator =
1

(1− s)Pgr
=
ηgPm

1− s
(8)
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where ηg is the generator efficiency and Pm is the mechanical power.
Compared with fixed speed generators, DFIG offers more advantages such as speed

control, reduced flicker, and four-quadrant active and reactive power capabilities. How-
ever, this concept also use gearbox and slip rings as well, which requires regular main-
tenance. Other disadvantages are large rotor currents resulted by large stator currents
under grid fault conditions, and complicated control strategies because of grid connec-
tion requirements that requires a ride-through capability. Compared with a full-scale
converter, the full scale power converter can perform smooth grid connection over the
entire range. Since the total amount of generated power has to pass the through the
power converter, it has higher losses. A full-scale converter is also more expensive.

Figure 10: Scheme of a direct-drive EESG system [12]

Figure 11: Scheme of a direct-drive EESG system [23]

4.8 Market trends

Different companies produces various types of wind turbines with different power rating
and concept. Most manufactures are using geared-drive wind turbine concepts, and the
the market is still dominated by DFIG with multiple-stage gearbox. But PM machines
becomes more and more attractive because of the higher efficiency and energy yield,
higher reliability and the cost has decreased in recent years.
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5 Wind farm grid interface

Power system stability is defined as that property of a power system that enables it to
remain a state of operating equilibrium under normal operating conditions and to regain
an acceptable state of equilibrium after being subjected to a disturbance [15]. Norwegian
Water Resources and Energy Directorate (NVE) have given Statnett the responsibility
to protect satisfactory delivery quality, operation, and efficient utilization of the power
system. Statnett have published a rapport that describes the system requirements to
all network owners and power producers [6]. The first part of this chapter describes the
requirements that are important to producers of wind power. The rest of this chapter
explains some power system stability phenomenas, which is mainly based on [15].

5.1 System requirements

Below is a list of the most important requirements in proportion to wind farms.

• wind farms have to operate continuously within the voltage of 0,90-1,05 pu at
49,0-52,0 Hz, and at the frequency of 47,5-49,0 Hz within less than 30 min

• wind farms must have a mutual regulator to control the active power production
from shore

• the active power production in normal operation should not be limited to regulate
the frequency in case of low frequency

• the adjustment of the regulator speed must be able to operate within 10-100 % of
rated power/min

• the reactive power capacity must be cos(ϕ) = ±0, 95 at the point of grid connection
at rated production

Also during faults there are some requirements. The power plants shall contribute to
short-circuit power during faults, and maintain connected during faults. This requirement
is referred to as the fault ride trough (FTR). Power plants that are connected to a directly
grounded grid with nominal voltage greater than 200 kV should operate and deliver power
when the voltage at the connection point has the following voltage profile:

• Voltage reduction to 0% voltage up to 150 ms

• Followed by voltage increase to 25%

• Followed by a linear voltage increase from 25% to 90% within 750 ms

• Followed by constant voltage 90%

The voltage profile is shown in figure 12.
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Figure 12: Fault ride trough requirement for power plants with voltage greater than 200
kV [6]

5.2 Transient Stability

Transient stability is the ability of the power system to maintain synchronism when sub-
jected to a severe transient disturbance. Such disturbances are short-circuits of different
types like phase-to-ground, phase-to-phase-to-ground, or three-phase. The resulting sys-
tem response involves large excursion of generator rotor angles and is influenced by the
nonlinear power-angle relationship.

5.3 Voltage Stability

Voltage stability is the ability of a power system to maintain steady acceptable voltages
at all buses in the system under normal operating conditions. Voltage instability occurs
if a disturbance, increase in load demand or change in system condition causes a drop in
voltage.

If the one of the bus voltage magnitude decreases when the reactive power injection
at the same bus is increased, the system is voltage unstable. This is the same if the V-Q
sensitivity is negative for at least on bus, the system is unstable. The main reason for
instability is the high demand of reactive power and if the system is not able to meet
this demand. Voltage instability may lead to voltage collapse, which is a result of a
sequence events of voltage instability leading to a low-voltage profile in a major part of
the power system. Figure 13 shows the relationship between P and V. The active power
corresponding to the critical voltage is the maximum power before voltage instability.
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Figure 13: Power-voltage characteristics of a system, cos(φ)=0.95 lag [15]

6 AC transmission

This chapter gives an overview of characteristics of AC transmission that effect the system
stability and voltage control. The last part of this chapter explains AC system strength,
which is relevant regarding connection of offshore wind power. This chapter is mainly
based on [15].

6.1 Overhead lines

A transmission line is characterized by four parameters: series resistance R due to the
conductor resistivity, shunt conductance G due to leakage currents between the phases
and ground, series inductance L due to magnetic field surrounding the conductors, and
shunt capacitance C due to the electric field between conductors. The shunt conductance
represents losses due to leakage currents along insulator strings and corona. Usually it is
neglected because its effect is small.

6.2 Power transmission

A underground cable have the same parameters as overhead lines. Because of the differ-
ence in design and distance between the conductors, the values of the parameters and so
the characteristic of cables differs from overhead lines.

6.3 Surge impedance load

A transmission line and a cable can be described by their characteristic impedance ZC ,
which is given by

ZC =

√
R+ jωL

jωC
≈
√
L

C
(1− j

R

2ωL
) (9)

The shunt conductance is neglected. Since the resistance is usually small, high-voltage
lines are assumed to be lossless when dealing with lightning and switching surges. If the
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losses are neglected the characteristic impedance ZC is referred to as the surge impedance.
The power delivered by a transmission line when it is terminated by its surge impedance
is known as natural load or surge impedance load (SIL), which is given by

SIL =
V 2

0

ZC
W (10)

where Vo is the rated voltage of the line. At natural load, the reactive power generated
by the shunt capacitance is equal to the reactive power absorbed by the series inductance,
for each incremental length of the line. If the line is loaded below SIL, the line will
produce reactive effect. Hence, the shunt capacitance is larger than the series inductance.
Opposite, if the line is loaded above SIL, the line will absorb reactive effect. The series
inductance is then larger than the shunt capacitance. For a transmission cable, the
shunt capacitance is usually larger than the series inductance, and will therefore produce
reactive power.

6.4 Short-Circuit Ratio

The ac system can be considered as "weak" from two aspects: ac system impedance may
be high and ac system mechanical inertia may be low. Strength of the ac system has
a very significant impact in the ac/dc system interactions. The relative strengths of ac
systems is given by short-circuit ratio (SCR).

SCR =
short− circuit MV A of ac system

dc converter MW rating
(11)

The short-circuit MVA is given by

SC MV A =
E2

ac

Zth
(12)

Eac is the bus voltage at the connection point at rated dc power and Zth is the
Thevenin equivalent impedance of the ac system seen from the connection point. Short-
circuit MVA is the short-circuit power in the connection point. SCR=4,5 is very high and
SCR=1,5 is very low [8]. The problem with low short-circuit MVA, is that the current
during a fault is to low, so the over-current relay will not react on the fault. In case the
protection device does not react, the fault will not be removed.

Conventional HVDC requires a strong network to commutate [16]. VSC are self-
commutating converters, explained in chapter 7, that control both active and reactive
output power, and is therefore suitable for weak networks. Since VSC can supply reactive
effect it may contribute some short-circuit current [30].

Another measure of the interaction between ac and dc systems is the effective inertia
constant. To maintain the required voltage and frequency in a ac system, the system
should have a minimum inertia relative to the size of the dc links. The effective inertia
constant is given by
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Hdc =
totalrotational inertia of ac system [MW • s]

MW rating of dc link
(13)

Hdc is recommended to be at least 2.0 to 3.0 for satisfactory operation.
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7 HVDC Light

In 1997, ABB introduced a completely new converter and DC cable system called HVDC
Light, based on voltage source converter (VSC) technology. The HVDC Light system
provides exact control of active power transmission. The power transmission can be com-
bined with a frequency converter that varies the power to support the network frequency.
Being relatively compact and lightweight, and with its superior control properties, VSC
technology is therefore suitable for supplying electrical power from shore to offshore in-
stallation.

7.1 Converter technology

HVDC Light is based on Voltage Source Converters (VSC) that include Insulated Gate
Bipolar Transistors (IGBT‘s) and operate with high frequency Pulse Width Modulation
(PWM) in order to control both active and reactive power. The HVDC Light system is
shown in figure 14.

Figure 14: The HVDC Light system [9]

The converter consists of an IGBT valve bridge, the converter control, the converter
reactor, DC capacitor and an AC-filter. The bridge is in its basic form a two-level, three-
phase topology with six valves and series connected IGBT‘s in each valve. The number of
devices required is determined by the rated power of the bridge and the power handling
capability of the switching devices [5]. VSC are self-commutated converters [20]. This
means that the valves does not need any voltage on the load side of the converter to
commutate. The VSC does not have to be connected to a stiff network so it is possible
to supply a system without any rotating machines [25]. The VSC is shown in figure 15.

Every IGBT is provided with an anti parallel diode so the current can flow in both
directions. Turn on/off of each single IGBT is ordered via an optical link from the control
equipment on ground potential. The semiconductors are cooled with deionized water [9].
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Figure 15: The main circuit of the VSC [9]

7.2 Pulse-Width-Modulation

In inverter mode PWM is used to produce a sinusoidal output voltage waveform. With
PWM it is possible to create any phase angel or amplitude (up to a certain limit) by
changing the PWM pattern, which can be done almost instantaneous [9]. The active and
reactive power can therefore be controlled independently. The PWM pattern and the
fundamental frequency voltage is shown in figure 16.

The sinusoidal output voltage consist of the fundamental frequency AC component
plus higher-order harmonics. To filter the high-order harmonics a passive high-pass AC
filter is used. The series converter reactor is necessary to separate the AC fundamental
frequency from the raw PWM waveform [9]. The DC capacitor smooths the DC-voltage
and the DC-filter eliminates harmonics on the DC side of a converter.

Figure 16: The PWM pattern and the fundamental frequency voltage [9]

7.3 Cables

The new HVDC Light cables have insulted extrude polymer, mostly XLPE. This makes
it more strong and robust so it can be laid in deeper waters and on rough bottom. The
cables are operated in bipolar mode which eliminates the magnetic fields.
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7.4 Capability

The system apparatus capability is a common way to show under what conditions it can
operate safely. It is mainly two factors that limit the active and reactive power output
from an HVDC Light. This is the maximum current passing the IGBT-transistors and
the maximum DC-voltage. Rated MVA capacity is given by voltage times current. Since
HVDC Light is a voltage source converter it can not raise the AC voltage above a certain
level [9]. The level i restricted by the maximum DC-voltage allowed on the DC apparatus.
Figure 17 shows how the limits vary with voltage. From the figure it can be seen that
the voltage defines the maximum absorbed reactive power. The maximum rated active
power of a HVDC Light is 1200 MW [9].

Figure 17: [9]

7.5 Stability

Voltage drops is usually caused by increase in load demand. The ability of VSC HVDC
to control reactive and active power output improves the voltage stability in the network.
[13],[9] shows that VSC HVDC in different network transmission systems can enhance
to transient stability, to improve power oscillations damping, and to improve voltage
support. This is because HVDC VSC can rapidly control the transmitted power and
independently exchange reactive power with transmission systems. Next chapter explain
the definitions of stability in power systems more deeply.

7.6 Multi terminal

To connect several transmission systems require the connection of more than two termi-
nals to a common DC-bus, called multi-terminal dc (MTDC) schemes. This is relevant
for clustering of wind farms or combining offshore wind farms to oil and gas platforms and
wave and tidal energy. VSC HVDC is suitable for MTDC [29]. The converters regulates
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the amount of power fed into or absorbed from the ac system and the power-frequency
control can be maintained by the dc system.
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8 Configuration of offshore wind farms

Today it exist several plans on 1000 MW wind farms. These large wind farms are mainly
considered to be located out in the sea. The problem with such large wind farms is to
find an optimal design of the park. In this chapter different possible configuration of
wind farms are presented and evaluated.

8.1 Electrical system configuration

In this part, different electrical configurations for the wind farm are described. This part
is mainly based on [17].

8.1.1 AC/AC layout

Figure 18 and 19 shows the electrical system for a small and a large AC wind farm.
The small AC system is suitable for small wind farms and short transmission distances.
In the large AC system the wind turbine radials are connected to a transformer and a
high voltage transmission system connected to PCC (point of common coupling). Since
the transmission distance is longer, this system requires an offshore platform for for the
transformer and switch gear.

Figure 18: Electrical system for a small AC wind farm [17]

8.1.2 AC/DC layout

Figure 20 shows the electrical system for a AC/DC wind farm. Compared with the
large AC/AC system, the high voltage AC transmission is replaced with high voltage DC
transmission in this system. When transmission distances exceeds 100-150 km HVDC
transmission may be the only feasible option for connection of wind farms [16].

As discussed in chapter 7, HVDC Light can control both the voltage and frequency
which makes it more suitable to connect the wind farm to a weak network.
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Figure 19: Electrical system for a large AC wind farm [17]

Figure 20: Electrical system for a AC/DC wind farm [17]
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8.1.3 DC/DC layout

Figure 21 and 22 shows the electrical system for a small and a large DC/DC wind farm.
The electrical configuration for the small DC system is identical to the small AC wind
farm. But instead of the transformer in the wind farm grid interface it is replaced with
a DC transformer and inverter. A rectifier is of course needed in each wind turbine.

The difference between the large AC and the large DC configuration is if the DC
configuration requires one or two transformations steps. If the DC voltage from the wind
turbines is lower than 5 kV, a second transformer step is required to increase this voltage.
This configuration is presented in figure 22. If only one step is used, the wind turbines
are connected in radials directly to the second DC transformer step.

Another possible configuration is with the wind turbines connected in series. Fig-
ure 23 shows the electrical system for this configuration. By connecting the wind tur-
bines in series and transform the voltage in the local DC/DC converter in each wind
turbine, it is not necessary with a large DC-transformers and offshore platforms. The
disadvantages with a configuration like this, is that the DC/DC converters in the wind
turbines must have the capability to operate towards a very high voltage. In case on
of the wind turbines are disconnected, the other turbines must compensate for this and
increase their output voltage.

Figure 21: Electrical system for a small DC/DC wind farm [17]

Figure 22: Electrical system for a large DC/DC wind farm [17]
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Figure 23: Electrical system for a DC/DC wind farm with series connected wind turbines
[17]

8.2 Wake effects

Electric power produced by wind turbines is generated by extract the energy in the wind.
Accordingly, the wind speed must be lower behind the wind turbines which is so-called
wake effect. Blade geometry, pitch angle, rotor speed and so on will affect the wake effect.
This makes it difficult to foresee the exact output performance of the wind before it is
actually in operation. Studies shows that the general pattern is that the power output
decreases significantly from the first to the second turbine, and then decreases steadily,
but in smaller steps, towards the last wind turbine. To avoid this, the wind farm can be
made longer and more stretched out instead of quadratic, so more of the wind turbine
placed in the back rows will be moved to the front area.

8.3 Distance between the wind turbines

It is common for offshore wind turbines to be spaced between five and nine rotor diameters
[27]. If the wind turbines are located to close to each other, the wind will be more and
more turbulent after it passes each turbine. This leads to higher aerodynamical stresses
subjected to the turbines [17]. Higher distance between the wind turbines increases
the total area that the wind farm occupies and also the cable distances. The optimal
distance between the turbines is a compromise between wake effect, wind farm area and
cable lengths. To perform a detailed study of wake effects and optimal turbine spacing,
computer programs like WindSim would be necessary.

8.4 Wind farm configuration

In this section three common wind farm configurations will be presented. These three
are the radial, ring and star solution.
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8.4.1 Radial configuration

Figure 24 and 25 shows two possible configurations of the radial solution. The average
wind direction and velocity is supposed to be directed towards the long side on the
opposite side of the offshore transformer platform. This will minimize the wake losses
and

Figure 24: Example 1 of wind farm configuration with radial structure [27]

Figure 25: Example 2 of wind farm configuration with radial structure [27]

Both of these configurations are suitable if the wind direction and velocity is directed
towards the long side on the opposite side of the offshore transformer platform. This
will minimize the wake losses. Example 1 has a very symmetric form, so the wake effect
becomes less along the rows, and power will be almost equally distributed in each string.
Example 2 has shorter cable lengths that will reduce cable costs and power losses. This
configuration will not have equally distributed power in each string. Because of wake
effects, strings that connect the foremost wind turbines will have almost constantly high
power output. Another difference is that the cables laid inside the wind farm in example
2 are crossing each other, which might complicate reparations and so on.

8.4.2 Ring layout

Ring or closed loop arrangement is an extended configuration of the radial system. Two
strings are connected in a a ring arrangement. Figure 26 shows the ring arrangement. A
cable connecting each string at the end would provide redundancy in the event of failure
at some point in the string. Then a faulty cable segment could be isolated and operation
could continue without any loss of generation. Compared to the radial configurations,
ring arrangement requires greater conductor cross-section. The probability of a fault in
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a buried submarine cable is low, 0.1 faults per year per 100 km [22]. Therefore the slight
of improvement in reliability will probably not even out the added cable costs [18].

Figure 26: Two strings connected in a ring arrangement [18]

8.4.3 Star configuration

In star configuration 9 wind turbines can be placed in a 3x3 formation, and each wind
turbine is connected to a cable that transfers the power to the windmill in the center of
the star where the transformer is placed. Compared with the radial configuration, the
voltage is not transformed in each wind turbine but in the center of the star. This will
probably increase the power losses. However, there is no need for a separate transformer
connected to each windmill. Figure 27 and 28 shows two possible configurations of the
star solution.

Figure 27: Example 1 of wind farm configuration with star structure [27]

In example 2, two of the stars are removed and the offshore platform is moved into
this area. This reduces the cable lengths. But on the other hand, the risk of ships collide
with the wind turbines during repair of the platform is higher in this configuration.
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Figure 28: Example 2 of wind farm configuration with star structure [27]

9 Selection of system configuration

It is very difficult to find an optimal configuration of the overall system i an large offshore
wind farm. Because this depends on many factors that can be optimized for separately,
but an total evaluation is more complicated. This chapter presents the selected configu-
rations.

9.1 Wind generator system

Chapter 4 describes different wind generator systems. For offshore wind turbines it is
much more important to be robust and maintenance free, because the it is extremely
expensive and difficult and even impossible to do offshore maintenance and reparations
under some weather conditions.

Fault ride-trough capability is required to avoid losses of wind power production
during a grid fault, and should also be taken into consideration. Higher efficiency will
give an higher energy output. Cut-in and cut-off speed will also influence the annual
energy output because it effect the available operational time of wind turbines. [12]

In this study, the DFIG concept was selected. According to [12] is the multiple-stage
geared-drive DFIG concept still the dominant in the current market. [12] also refers to
[7] which concludes that the direct-drive system would be more expensive and heavier
than the DFIG wind turbines. Although systems with full-scale power converters are
not directly connected to the network and may be less complicated to deal with grid-
related problems, and these may be more effective. Systems without a gear needs also
less maintenance.

A GE 3.6 MW doubly-fed induction generator is used in this study, because the PSS/E
wind turbine model is based on wind turbines delivered by GE Energy. This model is
described in chapter 10.1. For GE 3.6 applications, the transformer will typically be
34.5kV/4160V. Based on Norwegian voltage levels 34.5kV is set to 33kV.

9.2 Wind farm configuration

Chapter 8 describes different wind farm layouts. To avoid wake effects, the wind farm can
be made longer and more stretched out instead of quadratic, so more of the wind turbine
placed in the back rows will be moved to the front area. Choice of wind configuration
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depends on wind data and different area has different wind data. In this study this is not
taken into concern. Therefore the selected configuration is based on the radial layout in
figure 24.

It is common for offshore wind turbines to be spaced between five and nine rotor
diameters citekonf. In this study six rotor diameters are used. Rotor diameter of the GE
3.6 WTG is 104 m [4].

Each radial connects eight wind turbines. A higher number of turbines means longer
cables and higher losses. A larger conductor cross-section is also required because a
higher amount of power is transferred. Fewer turbines gives several radials and longer
distance to the offshore platform. However, in case of a fault in one of the radials, the
loss of power production would be less if a lower number of turbines in each string. A
lower number of wind turbines in each string also avoid wake effect. Number of turbines
in each string is also a question of economy, wake effect and also the probability of grid
faults.

Since the selected wind turbine has a rated prower of 3.6 MW, the number of radials
is 35 which gives a total power generation of 1008 MW.

9.3 Transmission system

Chapter 8.1 describes different electrical configurations of a wind farm. The size of the
wind farm is 1008 MW and the transmission distance to shore is 75 km. It is therefore
necessary with an offshore transformer platform. In this thesis AC/AC and AC/DC
transmission is selected and compared. Because the development of this technology has
been going on for a long time.

ABB has developed an AC/DC converter, HVDC Light, which is explained in chap-
ter 7. ABB has also made a PSS/E model of HVDC Light. This model is used in this
thesis, and is explained in chapter 10.5.

The maximum power generated by the wind turbines is 1008 MW. In case a fault on
the cable to shore, will in worst case give a loss of 1008 MW. Several cables gives higher
reliability. In this thesis the number of AC transmission cables is two and the HVDC
Light system is a bipolar system.

9.4 Transformer

Numbers of transformers at the offshore platform varies and depends on the generated
power. Several transformers give a more reliable system. If a transformer breakdown,
the repair time is long. This will result loss in generation if not the other transformers
are over sized.

The transformers at the offshore platform were modeled as one large transformer with
a rated power of 1200 MVA. This made the model more simple and analyzing transformer
breakdown was not of interest in this thesis.

The HVDC Light system operates at 320 kV DC voltage (pole to ground), and the
voltage level of the transformer is set to 400/416 kV. The voltage level of the high voltage
AC transmission system was set to 420 kv because higher voltage gives less power losses.
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9.5 Sizing of cables

Larger conductor cross-section gives less losses and the power rating is higher, but it is
more expensive. When sizing cables it is often preferred to size the largest cable first
i.e. the one carrying the most power and work ”backwards”, sizing the intermediate and
small cables last [18].

The maximum generated power by each radial is 28.8 MW, and all the eight wind
turbines can absorb or produce maximum 13.92 MVAr. The cables also produce some
reactive power. The largest cable must at least have an power rating of 32 MVA.

Technical cable data for 33 kV XPLE submarine cables, delivered by ABB, are given
in table 1. The data are found in [18] and [10]. The rated values are based on solid
Cu conductor. Ratings are calculated for a 1.0 burial depth with 1.0 K· m/W and sea
temperature no higher than 200C. Table 2 is data given for 36 kV cables, but it is assumed
that the data are the same for 33 kV cables. The data are found in [11].

Table 1: 33 kV submarine cable data

Conductor Conductor Inductance Current Power rating
CSA resistance AC 900C rating[
mm2

]
[ohm/km] [mH/km] [A] [MVA]

120 0.20 0.41 325 18.6
150 0.16 0.40 365 20.9
185 0.13 0.38 449 25.7
240 0.10 0.37 513 29.3
300 0.08 0.36 572 32.7
400 0.06 0.35 637 36.4
500 0.05 0.33 659 39.7
630 0.04 0.32 776 44.4
800 0.03 0.31 838 47.9

Table 2: Capacitance for 36 kV cables [11]

Conductor
[
mm2

]
Capacitance [µF ]

120 0.18
150 0.20
185 0.21
240 0.23
300 0.25
400 0.28
500 0.31
630 0.34
800 0.38

Table 1 states that the maximum power of a cable of 400mm2 can support 36.4 MVA.
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This cable can safely support eight wind turbines linked together. The largest cable are
connected between the offshore platform, and links the first and the second wind turbine.
The cables in each radial was divided in three different sizes. The following three cables,
from the second wind turbine, must have a cross-section of 240 mm2. The three last
cables must support three wind turbines, which correspond to a maximum power of 12
MVA. Table 1 states that the smallest cable has a conductor cross-section of 120 mm2

and can support 18.6 MVA. The cables are a bit over sized, but smaller cables gives also
higher power losses.

Cable data for the high voltage DC transmission cables are given in chapter 10.5.
The technical cable data for the HVAC transmission cable is 0,064+j0,1031 Ohm/km
and shunt capacitance=0,13µF/km. This is data for a 300 kV AC cable with rated
power of 550 MW. The cable data was used, even though the voltage level is 420 kV.

9.6 Single line diagram

Figure 29 and 30 shows the single line diagram of the two selected configurations. It can
be seen from the figures that not all of the radials is modeled as strings with eight wind
turbines. These are modeled with one wind turbine, one transformer and connected to
the offshore transformer platform. This was done since all the strings are equal. How
the equivalent is modeled is explained in chapter 10.3.
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Figure 29: Single line diagram of the AC/AC system
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Figure 30: Single line diagram of the AC/DC system
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10 Modeling

This chapter describes how the two selected configurations are modeled. There are several
programs available to preform load flow and dynamical analysis of a power system. In
this thesis was PSS/E used. PSS/E is owned by Siemens.

10.1 GE 3.6 Wind Turbine-Generators

Siemens has made a model called WT3 that was developed to simulate performance
of a wind turbine employing a doubly fed induction generator (DFIG). The model was
developed in close cooperation with the GE Energy modeling team. [21] contains most
of the parameters of a GE 1.5 and 3.6 MW wind turbine-generator. The data is given
for a 60Hz GE 3.6 wind turbine. The frequency in this study is 50 Hz, but the same
technical data are used. At Siemens web page it is possible to download updated versions
of the wind turbine models from GE. Since this became familiar relatively late during
this study, most of the parameters is taken from [21]. Rest of the parameters is taken
from the PSS/E manual [24] that describes the WT3 model, which contains parameters
of an updated version of a GE 1.5 MW wind turbine-generator. These are parameters
are assumed to be independent on rated power.

In PSS/E you have to make a load flow model and a dynamical model. The dynamical
wind turbine model consists of four device modules, generator/converter model, electrical
control model, mechanical control model and pitch control model. These models will be
explained in the next chapters. Figure 31 shows a simple schematic of an individual wind
turbine, and figure 32 shows the interaction between the modules.

Figure 31: GE WTG major components [21]

10.1.1 Load flow model

Figure 33 shows the load flow model. The generator is connected to a PV bus at 4160 V.
The generator terminal bus is connected to the collector system bus through a suitably
rated transformer. Voltage level at the collector system is set to 33 kV, as explained in
chapter 9.1. The transformer power rating is 4MVA with a 6% leakage reactance. Each
GE 3.6 machine has a rated power output of 3.6 MW. The reactive power capability of
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Figure 32: Interaction between the dynamical WT3 modules [24]

each machine is ±0.9 pf, which corresponds to Qmax ≈1.74 MWAr and Qmin ≈-1.74, and
an MVA rating of 4.0 MVA. The minimum steady-state power output is 0.5 MW. The
load flow inputdat and the PSS/E load flow data input can be found in appendix A.1.

Figure 33: Load flow model of the GE WTG [21]

The generator can regulate the voltage at a bus by measure the voltage at a particular
bus, and regulate this voltage by sending a reactive power command to all of the wind
turbines. In load flow the wind turbine generators should be set to regulate the same
remote bus, which is often the point of interconnection (POI) with the transmission
system. The WTG was set to regulate the point of interconnection.

10.1.2 Generator/converter model

Figure 34 shows the generator/converter model. The output of the model is a controlled-
current source that computes the required injected current into the network in response
to the flux and active current commands from the excitation (converter) model. The
converter control includes a phase-locked loop to synchronize the generator rotor currents
with the stator. The function of the converter phase-locked loop is to establish a reference
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frame for the WTG voltages and currents, that is shown in the phase diagram in figure 35.
In steady-state Vx = Vterm. In case a system disturbance, the rate of change is limited by
the PLL logic. Xeq represents an equivalent reactance of the generator effective reactance.

The PSS/E dynamical input data for the generator/converter model are given in
appendix A.2.

Figure 34: Generator/Converter model of the WT3 [24]

Figure 35: Phase diagram of the voltages and currents given in the generator/converter
model of the WT3 [24]
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10.1.3 Electrical converter model

Figure 36 shows the reactive power control model, and figure 37 shows the torque control
model. In PSS/E are these two models are represented in one dynamical model, which
is the electrical converter model.

If the varflag in the reactive power control model is set to 1, the terminal voltage
at the voltage regulated bus (Vc) is compared against the reference voltage (Vrfq), to
create the voltage error. This error is used to compute the Qcmd. Another possibility is
constant reactive power regulation. The varfalg is then set to 0. Qcmd is then the given
by the reactive power from the load flow.

If the vltflg was set to 1, the terminal voltage (Vterm) is compared against the reference
voltage (Vref ), to create the voltage error (Verr). This error is then multiplied by a gain
and integrated to compute the voltage command Eqcmd. If the vltflg is set to 0, the
integral of the error between Qcmd and Qgen is used directly to compute the voltage
command Eqcmd.

In the load flow model, all the turbines was set to regulate the voltage at point of
interconnection. This is done by sending a reactive power command to all of the wind
turbines. In the AC/AC system, Varflag is therefore set to 1. In the AC/DC system,
Varflg is set to 0, because the HVDC Light can control the reactive power.

Vltflag was set to 0. This was done because the wind turbines regulate the voltage
at point of interconnection.

The torque control model computes the current command Ipcmd and controls the
mechanical torque.

The PSS/E dynamical input data for the electrical converter model are given in
appendix A.3.

10.1.4 Mechanical control model

The function of the wind turbine model is to extract as much power from the available
wind as possible without exceeding the rating of the equipment. This model computes the
turbine speed that influences the blade pitch and the generated power. Figure 38 shows
the single mass mechanical system model, and figure 39 shows the two-mass mechanical
system model. In a single mass mechanical system, the shaft is represented by a stiff
shaft, and the inertia in the turbine and the generator can be represented by one total
inertia constant. In a two-mass mechanical system, the shaft is represented by shafts,
which can be twisted independently of on another within a certain limit. The input
parameter Freq1 determine the selection of mechanical model, which defines the first
shaft torsional resonant frequency [Hz]. The two-mass mechanical system is used in the
GE 3.6 WTG.

The PSS/E dynamical input data for the mechanical control model are given in
appendix A.5.
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Figure 36: Reactive power control model of the WT3 [24]

Figure 37: Reactive power control model of the WT3 [24]

Figure 38: Single mass mechanical model of the WT3 [24]
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Figure 39: Two-mass mechanical model of the WT3 [24]

10.1.5 Pitch control model

Figure 40 shows the pitch model. The inputs to this model are the speed order (ω ref)
and power (Pset) from the converter control model, shaft speed (ω) from the turbine
model, and the generated power given by the load flow (Pord). The output is blade pitch
(θ), which is an input to the mechanical control model.

The PSS/E dynamical input data for the pitch control model is given in appendix A.5.

Figure 40: Pitch model of the WT3 [24]

10.2 Cables

The distance between each wind turbine was is six rotor diameters. With a rotor diameter
of 104, the distance between each turbine is 0.624 km. Normally, the distance from seabed
to the wind turbine is 100 m, and the cable length at seabed should include % slack of the
distance at seabed [27]. The total distance between each turbine is therfore 0.8427 km.
3% slack is added because the cable does not necessarily follow a stright line. The cable
between each wind turbine has three different conductor cross-sections. The calculated
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resistance, inductance and shunt capacitance between each wind turbine are given table 3,
based on the technical data given in chapter 9.5.

Table 3: Cable data for the cables between the wind turbines in each radial

Cross-section Power rating Resistance Inductance Shunt capacitance[
mm2

]
[MW ] [ohm] [ohm] [µF ]

120 18.6 0.16854 0.10857 0.15169
240 29.3 0.08427 0.09796 0.19383
400 36.4 0.05056 0.09266 0.23596

The cable length from the first wind turbine, counted from the offshore platform, to
the offshore platform varies from radial to radial. Cables on the opposite side of the
radial in the middle, have the same cable length to the platform. Instead of calculate the
cable data for each radial, the radials was divided in three groups with three different
cable lengths. The length from the platform to the ten radials in the middle, was set to 2
km. The length to the next six radials, was set to 7 km. the last six cables, was set to 12
km. The calculated resistance, inductance and shunt capacitance of the cable from the
offshore platform to the radials are given in table 4. Total cable length includes 100 m
from seabed to wind turbine and platform, and 3% slack is added to the cable at seabed.
String 1 is the first radial to the left in the configuration, seen from offshore to shore.

Table 4: Cable data for the cables between the offshore platform and the radials

String Total cable length Resistance Inductance Shunt capacitance
[km] [ohm] [ohm] [µF ]

1-6 and 29-34 12.56 0.7536 1.38104 3.5168
7-12 and 23-28 7.41 0.446 0.81477 2.0748
13-17 and 18-22 2.26 0.1356 0.24845 0.6328

10.3 Equivalent

As explained in chapter 9.6 some strings are modeled with one wind turbine, one trans-
former, and all the cables between the wind turbines are lumped together in one cable
to the offshore platform. This chapter explains how the equivalent is modeled.

10.3.1 Wind turbine

The eight wind turbines in one radial are modeled as one wind turbine. The rated power
output is multiplied by eighth. This corresponds to an MVA rating of 32 MVA. The
reactance was set to the same value as for one wind turbine. In the dynamical model it
is possible to choose how many wind turbines one modeled wind turbine represents. The
equivalent turbine was therefore set to represent eight wind turbines.
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The load flow inputdat and the PSS/E load flow data input can be found in ap-
pendix A.6.

10.3.2 Transformer

The transformer equivalent is modeled as the wind turbine equivalent. Each individual
transformer has a power rating of 4 MVA. The power rating of each transformer equivalent
is then 32 MVA. The reactance was set to the same value as for one transformer.

The load flow input data and the PSS/E load flow data input can be found in ap-
pendix A.6.

10.3.3 Cables

The cables between each wind turbine are modeled as one cable and summarized with
the cable to the offshore platform. In this study, the equivalent impedance was calculated
by taking the average of the three different impedances used for the cables between the
wind turbines. The calculated equivalent impedance is given in table 5. The calculated
impedance of the cable to the offshore platform, is given table 6. The cable data for
the equivalent impedance is multiplied with the total cable length between seven wind
turbines and summarized with the cable data for the cable to the offshore platform.

Table 5: Cable data for the equivalent cable between the wind turbines in each radial

Cross-section Power rating Resistance Inductance Shunt capacitance[
mm2

]
[MW ] [ohm] [ohm] [µF ]

120 18.6 0.2 0.1288 0.18
240 29.3 0.1 0.11624 0.23
400 36.4 0.06 0.10996 0.28
Xeq 0.12 0.11833 0.23

Table 6: Cable data for the cables between the offshore platform and the radials

String Resistance [ohm] Inductance [ohm] Shunt capacitance [µF ]
1-6 and 29-34 1.51859 2.13540 4.9830
7-12 and 23-28 1.20959 1.56913 3.54103

10.4 Transformers

The transformers at the offshore platform are modeled as one transformer. Voltage level
for the transformer in the AC/AC system is 33/420 kV. At shore the voltage level is
300/420 kV, because the voltage level at the swing bus are set to 300 kV.

The HVDC Light converters are connected to transformer with voltage level at
400/416 kV. This transformer is connected in series with the other transformer. The
voltage level is corrected in proportion to the HVDC Light transformer.

39



Load flow input data for the transformers was given by [28]. These are given in the
table 7. All transformers, except the HVDC Light transformers, were modeled with the
same technical data.

Table 7: Individual WTG load flow data

Ek=Z % 17%
Er=R 0.0035 pu
X 0.169964 pu

where X are given by

X =
√
Z2 −R2 (14)

The PSS/E load flow data input can be found in appendix A.9

10.5 HVDC Light

ABB has made user model of HVDC Light for simulation in PSS/E. This chapter will
explain the use of the model in PSS/E. A user manual is provided, with information for
PSS/E implementation [2]. Technical data for this model can not be listed, since this is
confidential information.

10.5.1 Load flow model

Figure 41 shows the load flow model of the HVDC Light system. The two generators
represents the converters, and regulates the voltage at the bus PCC. The ac filters are
represented by the reactive power generation of the ac filter capacitors. The buses named
PCC are the point of connection to the ac system.

The main data are given in the model, but the user must specify the active power
at each converter, but only the power level of the inverter are specified in PSS/E. This
is because the bus which the rectifier are connected to, are set to be a swing bus. The
power level of the inverter must me positive and the power level of the rectifier must
be negative. Power level of the inverter must be selected in such a way that a realistic
level of losses is attained. The user must also select a combination of active and reactive
power that is within the PQ diagram in figure 42. Calculation of losses are explained in
chapter 10.5.2.

In this thesis, the converter type M9 is used because this is the only converter type
that has a suitable power rating. Technical data for the different converter types are
given in [1]. The power rating of the converter type M9 is 1216 MWA.

10.5.2 Losses

The DC cables are not modeled in the load flow. As mentioned in the previous chap-
ter 10.5.1 the user must select the power level of the inverter in such a way that a realistic
level of losses is attained. Power losses in the DC system is given by
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Figure 41: Load flow model of the HVDC Light system

Figure 42: PQ-diagram [1]
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Ploss = −Prectifier − Pinverter (15)

where Ploss consists of converter and cable losses. The converter losses are 20.15
MW in each converter at full power. It is assumed that the converter MW losses are
independent of the power transferred, since most of the losses are caused by the switching
of the IGBT´s [26].

The cable losses are calculated by finding the DC current, which is given by

Idc = −Prectifier/sending/Vdc = 978.963 • 106/320 • 103 = 1498, 14A (16)

Pcableloss = 2×Rcable[ohm/km]× length× I2
d = 2× 0.79× 77, 65× 1498, 142 = 2, 7534MW

(17)
where the cable resistance are taken from [2], and the total cable length includes the

distance from platform to seabed and 3% slack of the cable length at seabed. The sending
power are calculated in the load flow simulation, which is explained in chapter 11.1.2.
From this the power level of the inverter can be calculated.

Pinverter = Prectifier − Ploss,converters − Ploss,cable = 979− 40.3− 2.75 = 935.95 (18)

If the load flow losses does not match the dynamic losses in the initialization,and the
difference is large, a warning message with the mismatch is written in the PSS/E output
window. The difference between the initial dynamic losses and the load flow losses
is adjusted with the parameter PlossAdjust, and is kept constant during the dynamic
simulation. In this case the mismatch was 2.72 MW. The recieving power was instead
increased to 941.267 MW.

From the PQ diagram the reactive power level of the ac filters are specified. The
power level are given in table 8.

Table 8: Reactive power level of the ac filters

Qmax [MW ] Qmin [MW ]
Filter rectifier 425 -608
Filter inverter 486 -608

10.5.3 Dynamical model

A PSS/E user model has been developed to represent the function of an HVDC Light
transmission, CABBL2, which represents the converters. The user model CABBL2 is
used to calculate the current injection to be applied by the generators modeled in the
load flow. The interacting between the dynamical model and the representation in the
load flow is shown in figure 43.
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Figure 43: Overview of the interaction between the load flow and dynamical model [2]

The control principle for a HVDC Light converter in an offshore wind farm ac system,
are different from a converter connected in a large transmission system. The passive net
operation mode for an offshore wind farm application use frequency and voltage control.
In wind farm application, the CtrlParamAlt should be 2. In the DLL user model files,
it is not possible to change this parameter. Therefore the converters act as a slack bus
balancing the load in the system during the restoration process of ac system.

During simulations there is a risk for numerical oscillations. A user parameter Uac

and Q control gain reduction, UacQGainRed. Using the gain gain reduction remove these
oscillations. The parameter is to be used at weak systems. Also this parameter is not
possible to be change.

10.6 Static Var Compensation

In PSS/E there are several dynamical models that represent an SVC. The model that
is used in this study is CSVGN5. Figure 44 shows the Static var Compensation model.
Based on the voltage at the selected voltage regulated bus, this model regulates the reac-
tive power delivered or absorbed from the network. In load flow this model is represented
with a generator. The load flow and dynamical input data are given in appendix A.8.
The power rating of the SVC is based on simulations explained in chapter 11.1.1. The
selected dynamical data gives a very conservative responds after a fault.
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Figure 44: SVC model [24]

10.7 Swing machine

In load flow the swing machine is modeled as a generator with no limitation of reactive
and active power. The dynamical model is called GENCLS. The PSS/E dynamical input
data for the GENCLS model is given in appendix A.10.
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11 Case study

Before a dynamical simulation can be done, a load flow case has to be established for the
two configurations. This chapter will first present the load flow results. To investigate
the transient stability in the two systems, two disturbances are applied to the systems.
The systems are studied at full power production.

11.1 Load flow

This chapter presents the load flow results. In order to fulfill the requirements regarding
reactive power control at the connection point, an SVC had to be added in the AC/AC
system.

11.1.1 AC/AC configuration

The system was first tested without an SVC. The first test was done with power pro-
duction of 3.6 MW. In appendix B.1 the generator VAR limit checking report can be
found. The generators that are listed are generators that exceeds the VAR limits. The
generator VAR limit checking report shows that the all the generators except the equiv-
alents exceeds the reactive power limit. The reason why the generators exceed the limit
of reactive power is because the generators are set to regulate the voltage at the high
voltage side if the transformator. To obtain the wanted voltage the generators absorbs
the reactive power produced in the transmission cables to shore. With reactive power
compensating this problem can be solved.

SVC was put on shore because the generators are set to regulate the high voltage
side of the offshore transformer. To find a suitable SVC the power production was set
to 0.5 MW, because the system has to be able to operate within given required limits
in the whole range of power production. At low power generation the reactive power
production in the cables are higher, so the worst case is minimum power output.

Test with SVC of 100 MVA gave too high voltages. The busbar voltage limit checking
report is found in appendix B.2. The voltages are too high at the high voltage side of
offshore transformer and at the connection point at shore. But the generators reactive
power production did not exceed the limits. The SVC MVA limit was increased until the
voltages became within acceptable limits, and until the power factor at the swing bus
became ± 0.95. Acceptable limit of the voltage is described in chapter 5.1.

An SVC of 570 MVA gave a solution within acceptable limits. Appendix B.3 and
B.5 shows the load flow result for power production of 0.5 MW and 3.6 MW. When the
power production is 3.6 MW the SVC absorbs only 234.1 MVA.

Appendix B.4 and B.6 shows the busbar voltage limit checking report for power
production of 0.5 MW and 3.6 MW. At power production 0.5 MW the voltage are lower
than 0.9 pu at the buses that the equivalent wind turbines are connected to. At power
production of 3.6 the voltage are lower than 0.9 at all the generator terminal buses. Since
voltage is not lower than 0.87 pu no action is needed.
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At full power production the cable from the radials to the offshore transformer, the
offshore transformer, and the transmission cables are overloaded. Table 9 shows the
selected power ratings and the required power ratings.

Table 9: Required power rating

Equipment Power rating [MVA] Required power rating [MVA]
Cable to platform 36.4 37

Offshore transformer 1200 1300
Transmission cables 550 650

11.1.2 AC/DC configuration

The AC/DC system does not need any reactive power compensating. The load flow re-
sults is found in appendixB.7, and the busbar limit checking report is found in appendixB.6.
The wind turbines are now producing some reactive power in order to regulate the volt-
age at the high voltage side of the transformer. The converters absorb reactive power
produced by the ac filter. The voltages are higher than 1.05 pu at the generator terminal
buses.

11.1.3 Losses in the two systems

The results from the load flow shows that the losses are higher in the AC/DC system.
The losses in each systems, based on the power delivered to the network, is found in
table 10. The losses in the AC/DC system are 5.8 % higher than in the AC/AC system.

Table 10: Required power rating

System Power generation [MW] Power delivered [MW] Losses [MW]
AC/AC 1008 942.5 65.5
AC/DC 1008 938.7 69.3

11.2 Event 1

In event 1, a fault at the swing bus is applied, with shunt impedance to ground larger
than zero. In PSS/E, shunt resistance and reactance are given in MW and MVA power
for the actual voltage at the busbar. In this event, a power of -2E+009 MVAr were added
to simulate the fault. The same power was added in event 2. The shunt reactance are
given by

Xshunt =
U2

ac

Q
=

(300× 103)
−2× 109+4

= −0.0045ohm (19)
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The bus fault was removed after 100 ms. This fault is suppose to represent a three-
phase fault at one of the lines connected to the connection point. The line is disconnected
after 100 ms.

11.2.1 AC/AC configuration

Figure 45 shows the plot of the voltage at the swing bus. The voltage at the swing bus
is reduced to zero during the fault. Figure 46 shows the plot of the voltage at the high
voltage side of the offshore transformer (HSP-offshore) and at a generator terminal bus,
compared with with the voltage at the swing bus. The plot shows that the voltage at the
HSP offshore bus and the generator terminal bus is also reduced during the fault, but
it is not zero. This is because the generators produce reactive power during the fault to
increase the voltages. The voltage at the swing bus are recovered after approximately 4
seconds after the fault.

Figure 45: Voltage at swing bus

Figure 47 shows the plot of the reactive power flow between the connection point at
shore and the swing bus, and between offshore and the connection point at shore. The
plot of the reactive power transfer between the connection point at shore and the swing
bus, shows how the SVC responds during and after the fault. When the fault occurs, the
reactive power absorbed by the SVC can not change immediately because of the coils
that absorbs reactive power,so the SVC absorbs the same amount of reactive power as
before the the fault. After the fault the SVC regulates the reactive power in order to
maintain the voltage at shore at approximately 1 pu.

Figure 48 shows how the reactive power from the generator are regulated by the
voltage at the HSP-offshore bus. When the voltage increase the generator increase the
absorbation of reactive power and vice versa.

Figure 49 shows that the speed of the wind turbines increase during the fault because
of the reduced electrical torque caused by the fault. The turbine is pitched to reduce
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Figure 46: Voltage comparison of the voltage at the swing bus, HSP-offshore bus, and at
a generator terminal bus

Figure 47: Reactive power flow between the connection point at shore and the swing bus,
and between offshore and shore
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Figure 48: Voltage at the HSP-offshore bus, and the reactive power from the generator

the speed. When the power output after the fault is lower than the power from the load
flow, the turbines are pitched to increase the power output. This can be seen from the
power output curve in the same figure.

Figure 49: Generator speed deviation and turbine rotor speed deviation, and generated
power by one generator

Figure 50 shows the plot of the generator speed deviation for a generator, compared
with an equivalent generator. The figure shows that the equivalent generator behaves as
the other generators.
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Figure 50: Generator speed deviation for a generator, compared with a equivalent gen-
erator

11.2.2 AC/DC configuration

Figure 51 shows the plot of the voltage at the swing bus. The figure shows that the voltage
is decreased to zero during the fault. The voltage is recovered after approximately 0.5
second after the fault. Figure 52 shows the voltage at the swing bus, and at the converter
bus at shore. The figure shows that the voltage at the converter bus is reduced during
the fault, but it is not decreased to zero. This is because of the reactive power delivered
from the converters.

Figure 51: Voltage at the swing bus

Figure 53 shows the plot of the reactive power flow between the connection point
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Figure 52: Voltage at swing bus and converter bus at shore

at shore and the swing bus. During the fault, reactive power is delivered from the
converter at shore. Right after the fault the reactive power increase rapidly and decrease
to approximately 60 MVA. Right after the fault the the reactive power decrease rapidly to
-1000 MVA. This is because of the numerical oscillations as explained in chapter 10.5.3.

Figure 53: Voltage at swing bus and converter bus at shore

Figure 54 shows how the reactive power delivered by the generator is regulated.
In this system this is done by constant reactive power regulation. Therefore are the
oscillations of the reactive power and also of the voltages more constant. The reason
why the reactive power and the voltage increase after the fault is because the converter
at shore block when the fault occurs.
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Figure 54: Reactive power delivered by generator at bus 1804 and the voltage at the
HSP offshore bus

11.2.3 Comparison of voltage at connection point at shore

Figure 55 shows the plot of the voltage at the connection point at shore in the AC/AC
and the AC/DC system. The voltage at shore in the AC/AC system is a bit higher
during fault than in the AC/DC system. This indicates that the AC/AC system has a
higher short-circuit MVA than the AC/DC system.

Figure 55: Voltage at connection point at shore in AC/AC and AC/DC system
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11.3 Event 2

In event 2, a fault is applied at the bus that all the wind radials are connected to, with
shunt reactance to ground larger than zero. The bus fault was removed after 100 ms.
This fault is suppose to represent a three-phase fault near the connection point at on of
the cable to the offshore transformer. After 100 ms the fault is cleared and the cable is
disconnected. The line that is tripped is the cable from string 21, counted from left and
seen from the offshore side.

11.3.1 AC/AC configuration

Figure 56 shows the plot of the the voltage at the low voltage side of the offshore trans-
former. The voltage is reduced to zero during the fault. Figure 57 shows the plot of the
voltage at the HSP-offshore bus and at one of the generator terminal buses. The voltages
are reduced during the fault, but because of the reactive power delivered from shore and
from the generators, the voltage are not zero. The voltage at the HSP-transformer bus
during the fault, depends on the short-circuit MVA of the AC system that the wind famr
is connected to. Figure 59 shows the plot of the reactive power flow from offshore to
shore, and from shore to the swing bus.

Figure 56: Voltage at the low voltage side of the offshore transformer

Since one of the radials are disconnected, the active and reactive power generation
are different after the fault. This can be seen from the plot in figure 58 and figure 59.
After the fault, the delivered power from the wind farm is reduced with 28.8 MW. The
reactive power that was absorbed by the generators in the disconnected string, are now
absorbed by the SVC.
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Figure 57: Voltage at the HSP-offshore bus and at one generator terminal bus

Figure 58: Active power generated by the wind farm
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Figure 59: Increase in reactive power absorption by the SVC

11.3.2 AC/DC configuration

Figure 60 shows the plot of the voltage at the low voltage side of the offshore transformer.
The fault is reduced to zero. The plot of the voltage at the high voltage side of the
offshore transformer are shown in figure 61. Compared with the voltage at the same bus
in the AC/AC system, is the voltage lower in the AC/DC system. This is because the
reactive power delivered by the HVDC Light is than the reactive power delivered by the
AC system. The plot of the reactive power flow between the point of connection of the
HVDC Light and the converter bus offshore, is shown in figure 63.

Figure 60: Voltage at the low voltage side of the offshore transformer
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Figure 61: Voltage at the high voltage side of the offshore transformer

After the fault is cleared by disconnecting the cable, the active power generated by the
wind farm changed. This does not happen in this case. The reason is because the HVDC
Light converters act as a constant load, as explained in chapter 10.5.3. In order to keep
the frequency at 50 Hz the generators have to compensate for the loss in generation. The
reason of the high generation right after the fault is because of the numerical oscillations.
This can be seen from the plot in figure 62. Figure 63 shows that the reactive power
after the fault has changed. This is because the generators are set to regulate the voltage
at the HSP-offshore bus by constant Q regulation, so the generators produce the same
amount of reactive power as before the fault.

Figure 62: Active power generated by the wind farm
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Figure 63: Reactive power flow between the point of connection of the HVDC Light and
the converter bus offshore
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12 Discussion

Certain aspects of the selection of technology are discussed consecutively in the previous
chapters. An overall discussion of the selection of technology is made in this chapter as
a summery.

According to the survey of different wind generator system and considering the grid
connection requirements on wind turbines, the developing trends of wind turbine gen-
erator systems shows that variable speed is very attractive and concepts with full-scale
power converters will become more attractive. Variable speed operation is very attrac-
tive because it reduces mechanical stress and increase power capture. Wind turbines
with full-scale power converters may be more effective and less complicated to deal with
grid related problems. Direct-drive concept with full-scale power converters has a higher
overall efficiency, and the reliability and availability are also higher because of omitting
the gearbox. Concepts with full-scale power converters are more expensive but the cost is
decreasing. However, the multiple-stage geared drive DFIG concept with a partial-scale
power converter is still the dominant concept in the current market.

The size of the wind farms has led to a problem of finding a suitable grid connection,
which is strong enough to take care of the power from the wind farms. This and that the
wind speed is more stable at the sea, leads to that in many cases the distance between
the grid connection point and the wind farm is long. Over long transmission distances
the losses in DC transmission are lower than in conventional AC transmission, and may
therefore become more favorable. VSC HVDC has the ability to control both active
and reactive power output. The converters are also self-commutating. This makes this
system suitable for weak networks.

Blade geometry, pitch angle, rotor speed and so on will affect the wake effect. To
avoid this, the wind farm can be made longer and more stretched out instead of quadratic.
Radial, star and ring layout are three possible configurations of a wind farm. The slight
of improvement in reliability with ring layout compared with the radial layout, will not
even out the added cable costs.

To compete with other forms of power generation, wind power has to be cost-effective.
The system has to be efficient in order to deliver as much power as possible. Efficient
technology is more expensive, but will probably be more cost-efficient in a long term.
At the sea the weather conditions are more demanding. This requires more robust wind
turbines. These wind turbines may not be the most efficient, but maintenance offshore
are more expensive and time consuming. Maintenance leads to loss in generation and
income. To avoid loss in generation the system can be made more reliable. This will
decrease the availability costs but increase the investments cost.

In this thesis two configurations of a 1000 MW offshore wind farm have been studied.
Distance to shore is 75 km. The configuration of the wind farm was based on the radial
layout with 35 strings, with eight wind turbines in each string. The difference between
the two configurations is the transmission system. One system with AC/AC transmission
and the other with AC/DC transmission based on the HVDC Light system. The two
configurations were modeled in PSS/E.
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The load flow results shows that the losses are 5.8% higher in the AC/DC system. If
the distance to shore were increased the losses would have been lower in the dc system.
The technical data for the ac cable to shore may also be wrong.

Two disturbances were applied to the systems. The dynamical result shows that both
of the systems were stable. The results indicates that the short-circuit MVA is higher
in the ac system than in the dc system. After a fault the voltage recovery was more
smoother in the dc system, and the voltage recovery time were shorter.

In the electrical converter model of the wind turbine model that was used, it was
possible to select the reactive power control. The reactive power in the ac system was
controlled by the voltage at the high voltage side of the offshore transformer. In the dc
system the reactive power were controlled by constant Q regulation based on the reactive
power from the load flow. This was done because the HVDC Light can produce or absorb
reactive power. The oscillations after a fault was more constant with constant Q control
and the amplitudes were smaller.

It was also possible to control the voltage at the generator terminal buses in the
electrical converter model. In case the voltages at the terminal buses are to high or to
low this control can be used.

In the HVDC Light model that was used, there were some parameters that should
have been changed. This was not possible. In the dynamical simulation this caused
numerical oscillations. The second fault that was simulated, one of the strings in the
wind farm was disconnected. This led to that the other generator produced more active
power. The reason was that the HVDC Light model acts like a constant load because
the model was in active power control mode, and not voltage and frequency mode. The
mode could have been changed with the parameters that were not possible to change.

Today several plans on 1000 MW offshore wind farms exists. The size of the wind
farms has led to a challenge of how to find an efficient and secure design of the overall
system. The system has to be cost-effective in order to compete with other forms of
power generation. An optimal configuration of an wind farm is a compromise between
cost, robust and reliable system, and a efficient system.

In this study, costs have not been taken into concern, so which configuration is most
cost effective is difficult to say. HVDC Light converters are expensive, but in the ac
system it is necessary with an SVC of 570 MVA. Based on the assumption that has been
made, the losses are higher in the dc system. The result shows that both of the selected
configurations are stable, and fulfill the grid code connection requirements.

This thesis was written in cooperation with Statkraft. Statkraft will continue to
offer students the possibility to write their master thesis in cooperation with them. An
interesting case would be to do an economic evaluation of the investigated configurations
in this thesis. Improvements based on the economic evaluation can be tested in PSS/E.

Another case could be to look at other configurations with use of other wind turbine
concepts and wind farm layouts.

A model of Siemens’s VSC HVDC Light technology HVDC PLUS is also available in
PSS/E. Simulations with HVDC Plus can be done in order to compare this technology
with HVDC Light.
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A Input data

A.1 Load flow input data - GE 3.6 Wind Turbine

Table 11: Individual WTG load flow data

Generator rating 4 MVA
Pmax 3.6 MVA
Pmin 0.5 MVA
Qmax 1.74
Qmin -1.74

Terminal voltage 4160
Unit transformer rating 4 MVA

Leakage reactance 6%

Figure 64: Copy of PSS/E load flow input data for the WTG

Figure 65: Copy of PSS/E load flow input data for the WTG equivalent transformer

Xsource in the load flow model, has to be the same as Xeq in the dynamical model.
Since Xeq was given by [24], Xsource was set to 0.8 pu.
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A.2 Generator/converter inputdata - GE 3.6 Wind Turbine

Figure 66: Copy of PSS/E generator/converter input data for the WTG

Inputdat that is marked with * are data from [24], the others are datas from [21].
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A.3 Electrical converter inputdata - GE 3.6 Wind Turbine

Figure 67: Copy of PSS/E generator/converter input data for the WTG

Inputdat that is marked with * are datas from [24], the others are datas from [21].
QMX and QMN was changed from 0.432 to 0.436, data from [21], because the per unit

value of the reactive power capability of each machine is 0.4359. IPmax was changed from
1.1 to 1.15, VMINCL was changed from 0.9 to 0.47 in AC/AC model, and VMAXCL was
changed from 1.2 to 1.39 in both models. This values was changed because at maximum
power generation the limits were exeeded. VNINCL was changed from 0.9 to 1.12 in the
AC/DC model. This was done because this gave a better regulation after a disturbance.
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A.4 Mechanical control model input data - GE 3.6 Wind Turbine

Figure 68: Copy of PSS/E mechanical control input data for the WTG

Inputdat that is marked with * are datas from [24], the others are datas from [21].
Htfrac and Ffreq1 has to be calculated based on equations given in the PSS/E user

manual [24]. These are given by

Hfraq =
Ht

H
=

4.29
5.19

≈ 0.8266 (20)

Ffreq1 =

√
K

2×Ht × (Hg/)
×2π =

√
Ktg × ωbase

2×Ht × (Hg/)
× 2
π

=

√
296.7× 1.335

2× 2.29× (0.9/5.19)
× 2
π
≈ 2.5968

(21)
Ht named H, and K is given by Ktg ×ωbase in the GE 3.6 WTG documentation [21].
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A.5 Pitch control input data - GE 3.6 Wind Turbine

Figure 69: Copy of PSS/E pitch control inputdata for the WTG

Inputdat that is marked with * are datas from [24], the others are datas from [21]
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A.6 Load flow input data - Equivalent Wind Turbine

.

Table 12: Equivalent WTG load flow data

Generator rating 32 MVA
Pmax 28.8 MVA
Pmin 4 MVA
Qmax 13.95
Qmin -13.95

Terminal voltage 4160
Unit transformer rating 32 MVA

Leakage reactance 6%

Figure 70: Copy of PSS/E load flow input data for the WTG

Figure 71: Copy of PSS/E load flow input data for the WTG equivalent transformer
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A.7 Input data - Transformators

Figure 72: Copy of PSS/E load flow input data for the high voltage transformers

The value of the reactance and the impedance are given in system per unit.
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A.8 Input data - SVC

Figure 73: Copy of PSS/E load flow input data for the SVC

Figure 74: Copy of PSS/E SVC model inputdata
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A.9 Input data - Transformers

Figure 75: Copy of PSS/E load flow input data for the transformers

The gain KSV S is set to 50. A low value of the gain reduce the amplitudes of the
ocillations after a fault.
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A.10 Input data - Swing maschine

Figure 76: Copy of PSS/E GENCLS model inputdata
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B Load flow results AC/AC

B.1 Generator VAR limit checking report, without SVC
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B.2 Voltage limit checking report for busbar voltages between 0.9 and
1.05 pu, SVC=100 MVA

74



B.3 Load flow results at with P=0.5 MW and SVC=570 MVA
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B.4 Voltage limit checking report for busbar voltages between 0.9 and
1.05 pu,P=0.5 MW SVC=570 MVA
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B.5 Load flow results with P=3.6 MW and SVC=570 MVA
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B.6 Voltage limit checking report for busbar voltages between 0.9 and
1.05 pu,P=3.6 MW SVC=570 MVA
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B.7 Load flow results for the DC system with P=3.6 MW
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B.8 Voltage limit checking report for busbar voltages between 0.9 and
1.05 pu,P=3.6 MW
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