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ABSTRACT

The large area required for an offshore wind farm along with its location results in
extensive cable systems with a large number of radial feeders and step-up
transformers. These transmission systems are very different to traditional onshore

networks.

Offshore wind farms above around 100MW capacity and over 20km from shore will
have either AC or DC transmission, at above 132 kV. The capital costs were
compared for AC and DC submarine transmission in order to find a break-even
point. Over the lifetime of the wind farm, the cost of losses, maintenance and
constrained energy was important. A loss-load factor was determined to enable a

quick estimation of the annual cost of losses.

Suitable models for the simulation of switching transients in offshore wind farms
were identified. Simulations of Nysted offshore wind farm were compared with
measurements provided by DONG Energy. A Vacuum Circuit Breaker model was
developed and validated against the measurements. It was required in order to
represent pre-strikes which caused successive waves and increased the overvoltage.
The input data for the cable model was validated by examining the cable charging
current and propagation speed of the transients. It was shown that the actual
insulation thickness and semiconductor thickness of the cable were each 1mm thicker

than that stated in the manufacturer’s data sheets.

Simulations of switching transients were carried out in EMTP-RV. Overvoltages in
offshore wind farms ranged from temporary over voltages to very fast front
transients. Transient Recovery Voltages of the offshore circuit breakers exceeded
IEC 62271 requirements in some situations. The disconnection of an array following
a single phase fault at a wind turbine produced the most severe overvoltages,
exceeding IEC 60071 requirements. The overvoltages in the array remained at a

very serious level until the wind turbines stopped generating.
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CHAPTER 1. INTRODUCTION

By the end 0f 2010 there was 3GW of offshore wind farm capacity in operation. The
offshore wind farms were located up to 45km from shore and had wind turbine
ratings of up to SMW. All of the 44 offshore wind farms were connected by AC to
shore, of which twelve had an offshore substation to allow High Voltage AC

(HVAC) transmission to shore.

Greater Gabbard is the largest offshore wind farm currently in construction. It has

140 wind turbines, a capacity of 500MW and two HVAC offshore substations [6].

BARD Offshore 1 is the first offshore wind farm to be connected by High Voltage
Direct Current (HVDC) to shore and is expected to be in full operation in 2011 [7].
BARD Offshore 1 is over 100km from shore and has a rating of 400MW.

The majority of offshore wind farms built to date are located in Northern Europe. A
number of other countries around the world are now starting to develop offshore
wind farms. In 2010 the first offshore wind farm in China (Shanghai Donghai
Bridge) started operation, with a rating of just over 100MW. The installed capacity
of offshore wind farms in China is expected to exceed 32GW by 2020 [8]. The US is
currently developing its first offshore wind farm, Cape Wind, which will be just

under SOOMW [9]. A number of other projects in the US are under development [4].

1.2.1. OFFSHORE WIND FARMS IN THE UK
By the end of 2010, just over 40% of the total installed worldwide offshore wind
capacity was located in UK waters. Offshore electricity transmission which operates

at 132kV or above is now a licensed activity and is regulated by Ofgem [10].

The total installed capacity of offshore wind farms in the UK is planned to be 32GW
by 2020 (8GW from Rounds 1 and 2 and 25GW in Round 3) [11]. The wind farms
in Round 3 are split into 9 zones. The Dogger Bank zone is the largest of these zones
with an agreed target of 9GW of installed offshore wind capacity [12]. It is located
125 to 195km from the east coast of Yorkshire.

Future scenarios for offshore wind development in the UK were developed by
National Grid to provide a basis for the analysis of how offshore transmission
networks can be developed to interconnect offshore generation with the onshore grid
and to identify areas of the onshore transmission network which need to be
reinforced in order to support the connection of offshore transmission. These future
scenarios covered an anticipated range of offshore generation capacity of nearly
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CHAPTER 1. INTRODUCTION

50% nominal capacity of the wind farm are installed. In this case there is still some

capacity available if one transformer is taken out of service.

1.3.1. MEDIUM VOLTAGE AC TRANSMISSION
Medium Voltage AC transmission is typically used for projects below 100MW in
size. The voltage level is around 33kV and is restricted by the size of transformer
which can be fitted into the wind turbine structure. A three-core 33kV cable
(630mm? Cu conductors) has a capacity of just over 40MVA [14]. This means that a
90MW offshore wind farm would require three 33kV cables to connect to the
onshore grid. The cable route lengths are generally less than 30km, so the losses are

low.

In this thesis, a string of wind turbines which are connected in a radial fashion, either
to shore or to an offshore substation is called an array. The size of the turbine in
terms of rated power and rotor diameter will determine the spacing between turbines
and also the maximum number of turbines per array. The choice of array cable
rating will also affect losses. The probability of array cable failure is small, so it is

not likely that redundancy would be required allowing the cables to be tapered.

1.3.2. HIGH VOLTAGE AC TRANSMISSION
High Voltage AC transmission is preferred when the cable route length is above
around 20km and for wind farms above around 90MW rating. Fig. 1-3 shows a

typical HVAC connection for an offshore wind farm.

An offshore substation that transforms the array voltage up to a higher voltage is
required for HVAC transmission, since the maximum voltage in the wind farm array
is currently around 33kV. The substation adds considerable capital costs; however
HVAC has the benefit of having lower transmission losses. The maximum rating of
an offshore substation is around 500MW. It is limited by the size and weight of the
platform, which is dictated by the transportation methods available, and number of

cables which can connect to the platform.

Current offshore wind farms with HVAC transmission have either a 132kV or 150kV
transmission voltage. The transmission voltage is restricted by the availability of
three-core XLPE cables. There are very limited manufacturing facilities able to
produce three-core XLPE cables of this voltage, with the highest voltage level being
275kV [15] but this is extremely heavy to install. Higher voltage XLPE cables are
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CHAPTER 1. INTRODUCTION

available, but only as single-core, so the lay-and-bury costs for these would be

greater.

Three-core XLPE HVAC cables (800mm?> Cu conductors) have capacities of
approximately 200MVA at 132kV and 330MVA at 220kV [16]. This means that a
200MW wind farm for example would require only one HVAC cable to shore
whereas a 33kV option results in at least 5 cables to shore. This reduction in cables
results in lower capital and installation costs. There may also be a limit on the

amount of cables allowed to connect wind farms due to environmental concerns.

Offshore Onshore Grid

cable cable @

W3

- L
132KV I_g
32/33kV E

Filter

Reactive
33kV Compensation

Radials I
t-i——' BtoD EtoG|i»

WT_A8 WT_A1 WT_H1 WT_H8

Fig. 1-3. Example HVAC connection of an offshore wind farm.

The first offshore substations had a single two- or three-winding transformer.
Offshore substations built after 2008 tend to have two transformers (each with
around 50% nominal capacity of the wind farm). Having multiple transformers on
the offshore substation allows the weight of individual items of equipment to be
reduced and also allows the wind farm to continue to export power when one

transformer is out of service.

High voltage cables have a much larger capacitance than overhead lines, which
results in large amounts of reactive power being generated along the cable’s length.
This reduces the ability of the cable to transmit active power, especially at longer
distances. Reactive compensation is required to increase the amount of active power

that can be transmitted and also to help reduce losses.
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CHAPTER 1. INTRODUCTION
The reactive power, Q., (in MVAr) generated in a cable due to its capacitance is

calculated using the following equation:

Q. =24ICV?

Where f'is the power frequency (Hz), V is the rated voltage (kV), / is the length of
the cable (km) and C is the capacitance of the cable per unit length (F/km).

Filters are usually required at the onshore point of connection in order to ensure that
the injection of harmonics into the grid is limited to acceptable levels and to ensure
that resonant frequencies within the wind farm network are not excited by the

onshore grid [17].

1.3.3. HVDC TRANSMISSION
For cable route lengths above 50km, HVDC transmission becomes a viable option
[18]. The particular cable length above which HVDC transmission becomes more
economic than HVAC transmission is called the AC/DC break-even point. Above
around 100km HVDC is the only option since there will be a length limit of HVAC
transmission due to the high amounts of reactive power generated. For wind farms
above around 200MW in size, the HVDC option tends to have the least amount of

cables connecting the wind farm to shore.

There are two distinct HVDC technologies, Line-Commutated Current Source
Converters (CSC) and Self-Commutated Voltage Source Converters (VSC). CSC
technology is based on line-commutated thyristors that are switched on by a pulse
and switched off when the current flowing through them reduces to zero. The
converters have a requirement to be connected to a reliable AC system, since the AC
system voltage forces the current to commutate from one phase to another. The
current must always flow in the same direction through a thyristor which means that
in order to reverse the power flow the voltage polarity of the DC link must be

reversed.

e

HVDC VSC employs semiconductor switches that can be turned on and off in a
controlled manner which means that HVDC VSC is able to operate when there is no
local generation and it can control the AC system voltage and frequency. The
majority of HVDC VSC converters in operation at present are based on either a two

or three level design which enables switching between two or three different voltage
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levels to the AC terminal of the converter. Multilevel HVDC VSC converters have
now been developed which allow lower switching frequencies, resulting in lower
converter losses compared to two or three level converters. The first multilevel
converter (the Trans Bay Cable project) was installed in 2010 and is rated at

400MW, £200kV DC [19].

Only VSC HVDC technology is being considered for offshore wind farms. Whilst
the conventional CSC HVDC technology is well developed with lower capital costs
and losses compared to the VSC technology, there would be a significantly higher
requirement for space onshore for the filters. The VSC technology offers greater
flexibility in terms of real and reactive power control. The ongoing advances in
HVDC VSC technology along with market growth and competition between

manufacturers are likely to drive down both capital and operational costs.

The largest HVDC VSC scheme currently being developed (called the BorWin2
project) will connect two offshore wind farms in Germany (Global Tech 1 and Veja
Mate, located 125km from shore), to shore with 800MW, +300kV HVDC Voltage
Source Converters. It is expected to be in operation by 2013. Both the AC
(155/33kV) and DC substations for the BorWin2 project will be self-floating, self-
installing platforms [20, 21].

1.4. RESEARCH OBJECTIVE

1.4.1. MAIN OBJECTIVES OF THE THESIS

The objectives of the thesis were to:

e Determine AC/DC break-even points for offshore wind farm capacities from
300 to 2600MW

e Develop a method for assessing the annual cost of losses in the offshore
transmission system

e Determine suitable models for the simulation of switching transients in

. offshore wind farms

e Develop a suitable Vacuum Circuit Breaker model for switching transient
studies

e Verify switching transient simulations against measurements at an offshore

wind farm
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o Identify the types and magnitude of overvoltages which may occur in
offshore wind farms
e Determine whether Transient Recovery Voltage standards for circuit breakers

in offshore wind farms will be exceeded

1.4.2. THE STRUCTURE OF THE THESIS

This thesis contains 8 chapters. A list of abbreviations is included in Appendix 1.

Chapter 2 is a study of the Costs and Losses of Offshore Transmission Systems.
The work in this Chapter was carried out for BP Alternative Energy. It starts with an
assessment of electrical losses in AC and DC offshore transmission systems. A
method for evaluating the cost of losses is described. The break-even points for AC
and DC transmission for wind farm capacities of between 300MW to 2600MW are
found. The assessment of the break-even point includes the cost of capital, losses,
maintenance and constrained energy. The Chapter ends with a review of offshore
grids and multiterminal HVDC networks and the requirement for HVDC circuit

breakers.

Chapter 3 is a Review of Switching Transients. It starts with some concepts which
have relevance to switching transients in offshore wind farms. The types of
switching transients are described. The importance of switching transient studies in
offshore wind farms is highlighted, including the difference to onshore networks and
impact of switching transients on offshore transformers. The Chapter ends with a
review of switching transient studies (carried out by ABB Corporate Research and

DONG Energy) in offshore wind farms.

The Modelling of Offshore Wind Farms for Switching Transient Studies is
described in Chapter 4. Suitable models for the simulation of switching transients in
offshore wind farms are determined, which include a review of models for circuit
breakers, cables, transformers and wind turbines. A Vacuum Circuit Breaker model
which is able to represent pre-strikes and re-strikes is developed. The methods used
to convert the cable data provided in manufacturer’s data sheets to suitable input
paraméters for the cable models in EMTP-RV are described and the effect of

changing input parameters is investigated.

Chapter 5 is a Comparison of Simulations with Switching Transient

Measurements at Nysted Offshore Wind Farm. The work described in this
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Chapter involved collaboration with DONG Energy who provided the measurement
results. Transient simulations in EMTP-RV are compared with the measurements at
Nysted offshore wind farm in order to validate the models used in switching transient
studies. The representation of the VCB model (described and developed in Chapter
4) is verified against the measurements. The difficulties in modelling cables

accurately due to the small geometries involved are highlighted.

Transient Recovery Voltages of circuit breakers in a typical offshore wind farm are
assessed in Chapter 6. Five fault locations are considered and the resulting Transient
Recovery Voltages are compared against requirements specified in IEC 62271-
100:2001 in order to determine if the requirements were exceeded. The effect of
array cable length, 132kV export cable length and the addition of reactive
compensation on the Transient Recovery Voltage are investigated. The effect of

wind turbine fault current contribution on TRVs is investigated.

Chapter 7 is a study of Energisation and Disconnection Transients in a typical
offshore wind farm. The different options for the energisation of the HVAC export
cable are investigated and simulated. The disconnection of an unloaded export cable
is simulated. Switching transients in the medium voltage arrays are studied. The
disconnection of an array following a single phase fault is simulated. A summary of
the magnitudes of overvoltages which occurred in the typical offshore wind farm is

included at the end of the Chapter.

The Conclusions and Recommendations for Further Work are given in Chapter
8. The main contributions resulting from the research in this thesis are stated.
Research questions which arose from the conclusions and further work which

complements the studies in this thesis are described.
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2. COSTS AND LOSSES OF OFFSHORE TRANSMISSION
SYSTEMS

Due to the location and radial nature of offshore windfarms, the capital costs for the
electrical transmission system form a large proportion of the total costs. The design
and choice of the transmission system have implications on the capital costs and on
the electrical losses. The most economic solution depends both on the wind farm
size and the distance that it is from shore [22]. The cost of grid connection for an
offshore wind farm is typically around 25% of the total cost and is a much higher

fraction than for connections of onshore projects [23].

The specifications of the cables and transformers used in this chapter are given in

Appendix 2A.

2.1. AC FULL-LOAD LOSSES

The main contributors to electrical losses in a wind-farm with HVAC transmission to
shore are the HVAC cables to shore, transformers, and the MVAC array cabling.
Load flow calculations were carried out in IPSA in order to calculate the losses in the

system.

2.1.1. LoAD FLOW CALCULATIONS
Load flow studies were carried out in IPSA to determine the full-load losses of a
200MW wind farm with 132kV transmission to shore. Three types of model were
simulated, the PQ model where the offshore generator was set to generate P =
200MW and Q = OMVAr, the PV model where the offshore generator was set to
200MW and 1p.u voltage, and a ‘transformer plus cable’ model where the 132/33kV
transformer was included with the 33kV offshore busbar set to 200MW and 1p.u.

voltage.

Table 2-1 gives the results of simulations for a 200MW wind farm with 132kV
transmission to shore. Three ‘transformer plus cable’ models were considered; a
single 250MVA transformer, two parallel 90MVA transformers and three parallel
90MVA transformers. The two parallel 90MVA transformers configuration is
suggested by the Great Britain Supply Quality and Security Standards (SQSS).

As shown in Table 2-1 the full load losses increased considerably with distance to

shore.
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Table 2-1. Full Load Losses for a 200MW Wind Farm with 132kV Transmission to shore via a
single 800mm? XLPE cable. Values in red (italic) show that the cable is over-loaded.

Full Load Distance to Shore (km)

Losses (%) 20 30 40 50 60 70 80 90 100

PQ - Cable
Losses only 1.060 | 1.576 | 2.086 | 2.590 [ 3.093 | 3595 | 4.102| 4616 | 5142

PV - Cable
Losses only 1.2505 | 1.8645 2.472 3.072 3.667 | 4.256 4.839 5.417 5.989

250MVA
Transformer
plus cable 1.3705 1.881 | 2.3805 | 2.876 | 3.372 | 3.8705 | 4.364 | 4.8825 | 5.3995

Three parallel
90MVA

Transformers
plus cable 1.3465 | 1.8565 | 2.3565 | 2.853 | 3.3495 | 3.849 | 4.3435 | 4.862 | 5.3795

Two parallel
90MVA
Transformers
(SQSS
suggestion)
plus cable 1488 | 1.996 | 2.493 | 2.9855| 3.478 | 3.9745 | 4.466 ] 4.9805 | 5.495

For the PV model, a large amount of reactive power was required at the offshore
busbar in order to maintain the voltage at Ip.u. For example, 104dMVAR was
absorbed at the offshore busbar for a 50km cable length, resulting in 225MV A being
transmitted (at the offshore end of the cable) which is above the rating (203MVA) of
the 132kV (800mm? Cu) cable. The higher amount of reactive power in the PV
model compared to the PQ model meant that the losses were higher in the PV model

than the PQ model, which can be seen in Table 2-1.

It is unlikely that there will be such a high amount of reactive power injected into the
offshore busbar as that in the PV case. Doubly Fed Induction Generator (DFIG) and
Fully Rated Converter (FRC) wind turbine control systems are likely to try to keep
their output at unity power factor. This means that the losses will be closer to those
obtained in the PQ model. Fixed Speed Induction Generator (FSIG) wind turbines
on the other hand will only output unity power factor when the reactive power output
of the capacitor matches the inductive power of the generator, which is at a particular
rated output power. At output powers of a lower value the FSIG will generate
reactive power (due to the capacitors), and at higher output powers the FSIG will

absorb reactive power.

The losses varied slightly depending on the number or type of transformers that were
used in the model. As shown in Table 2-1, the highest losses were for the two

parallel 90MVA transformers and the high voltage cable. This was because their
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combined rating was 180MVA, which was 90% of the wind farm rating, meaning
that they were over-loaded when the wind farm operated at full-load. This
configuration was suggested by the SQSS sub-group of the Offshore Transmission
Expert Group (OTEG) as being the most economic option overall [24]. It follows
that the configuration with 3 parallel 90MVA transformers with a combined rating of
270MVA had lower losses because the transformers were not loaded to such a high

extent.

2.1.2. TRANSMISSION VOLTAGE LEVEL
Two transmission voltages were assessed, 132kV and 220kV (at the time of this
work, 220kV was the highest voltage available for three-core XLPE cables.
Although 275kV three-core XLPE are now available, their significant weight may

limit their use for long offshore wind farm connections).

The 132kV cable losses were considerably higher than for the 220kV cable, as
shown in Table 2-2. However, the reactive power generated in the 220kV cable was
almost double that generated in the 132kV cable, so more reactive compensation is
required for the 220kV transmission than for 132kV. There will be a trade-off
between the cost of reactive compensation and the cost of losses. The results in
Tables 2-1 to 2-3 do not include the addition of reactive compensation.

Table 2-2. The effect of Transmission voltage on Full Load Losses and Reactive power
generated for a 200MW wind farm at various distances from shore.

cable with 2 | generated
90MVA in cable

Distance (km)
20 30 40 50 60 70 80 90 100
Full Load
132kV, Losses (%) 149 | 200 | 2.49 2.99 3.48 3.97 4.47 4.98 5.50
single Reactive
800mm? power

Transformers | (MVAr) 18.96 | 28.75 | 38.77 | 49.03 | 59.56 | 70.40 | 81.511 93.00| 104.82

cable with 2 | generated
90MVA in cable

Full Load
220kV, Losses (%) | 098 | 125] 154| 1.83| 213| 246| 28| 3220 367
single Reactive
500mm? power

Transformers | (MVAr) 39.62 | 59.67 | 79.89 | 100.31 | 120.93 | 141.79 | 162.90 | 184.29 | 205.98

2.1.3. EFFECT OF CABLE RATING
The choice of cable rating affects losses. For a given rated voltage, the cable rating
increases as the conductor area increases. The full-load losses and reactive power

generation for a 200MW wind farm were studied for a 132kV 800mm? three-core
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cable and a 132kV 1000mm? three-core cable. The results are shown in Table 2-3
below.
Table 2-3. The effect of conductor area (and therefore cable rating) on Full Load Losses and

Reactive power generation for a 200MW wind farm with cable route lengths of between 20 and
100km.

Distance (km)
20 301 40, 50 60 70 80 90 100

132KV, single |Full Load | 1.49] 2.00| 2.49] 2.99| 3.48] 397 447 498 5.0
800mm?, Losses (%)

203MVA cable [ 178,06 28.75|38.77|49.03| 59.56| 70.40 8151 93.00| 104.82

with 2 90MVA. | 0%

Transformers generated in

cable
(MVAr)
132kV, single |Full Load 1.40 1.87] 2.33| 2.79( 3.251 3.71] 4.18] 4.67 516
1000mm?, Losses (%)
217MVA cable [Reactive 21.21]32.13|43.27|54.87| 66.34| 78.30] 90.57| 103.23| 116.23
with 2 90MVA |power
Transformers |generated in
cable
(MVAI)

The 132kV 1000mm? cable produced lower losses than the 132kV 800mm? cable.
This was because the resistance per unit length of the 1000mm? cable was lower. The
reactive power generated in the 1000mm? cable was slightly higher than the cable
800mm? cable. There will be a trade-off between cost of losses and cost of the cable
and its installation, as the higher rated cables will cost more to buy and install.
Further details of full-load losses for wind farms ratings of between 100MW to
350MW and with a single three-core cable connection to shore with cable route

lengths of 20km to 100km can be found in tables 1 to 6 in Appendix 2B.

2.1.4. ARRAY CABLE LOSSES
The array cable losses were studied in IPSA. The effect of the wind turbine rating
was assessed. The results in Fig. 2-1 show that the losses in an array of 3MW
turbines were higher than in an array with SMW turbines for a particular amount of
MW being transmitted in an array. The difference became more apparent as the
rated. MW of the array increased. The losses were higher for the 3MW turbines
because the overall distance of the array was longer due to the ratio of the wind
turbine rotor diameter over the power rating being higher for the 3MW turbine
(B30m/MW for the 3MW turbine as opposed to 25.2m/MW for the SMW turbine).
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CHAPTER 2. COSTS AND LOSSES OF OFFSHORE TRANSMISSION SYSTEMS
2.2. LOSS-LOAD FACTORS

The average losses in an offshore wind farm system are dependent on the fluctuating
power generated by the wind. Loss-Load Factors were developed and used to
determine the average losses once full-load losses had been calculated, so that the

annual cost of electrical losses could be quickly estimated.

2.2.1. CURRENT AND VOLTAGE DEPENDENT LOSSES
Each of the three main components contributing to losses (the array cabling,
transformers and high voltage cable to shore) have two types of losses associated
with it; current-dependent losses and voltage-dependent losses. There is also a third
type of electrical loss which is energy not generated due to a constraint imposed by
electrical system unavailability, such as a fault. The third type of losses was not
included in the calculation of loss-load factors. Current-dependent losses vary with
the square of the load and include IR losses due to load currents. Voltage-dependent
losses are constant and continuous during the whole time that the equipment is
connected to the supply (as long as the voltage does not vary). This includes
hysteresis and eddy-current loss in core laminations of a transformer and dielectric

losses in a cable.

As the output of the wind farm varies, the part of the full-load losses (in MW) which
is due to voltage-dependent losses remains the same, whereas the current-dependent
losses vary with the square of the wind farm output. This means that the ratio of the
losses to the wind farm output will not remain the same. In order to calculate the
average value of losses over a year, a loss-load factor was applied to the full-load
losses. A method for determining the cost of losses for offshore transmission was
given in [53], however this only provided a loss factor which corresponded to a load
factor of 40% which meant that the annual losses for different mean wind speeds

could not be assessed.

2.2.2. THE VARIATION OF POWER OUTPUT AND LOSSES WITH WIND SPEED
The power characteristic of a 200MW wind farm along with the loss characteristics
for cable route-lengths of 25, 50 and 100km are shown in Fig. 2-3. The wind farm
with the 100km route-length had much larger no-load losses than the wind farms

with shorter cable lengths. The increase in no-load currents did not vary linearly
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CHAPTER 2. COSTS AND LOSSES OF OFFSHORE TRANSMISSION SYSTEMS

different to the price that the wind farm will obtain for the energy that it sells, and
can include a demand charge [27]. Current-dependent losses on the other hand

represent reduced output and do not have a requirement for purchased power.

2.2.4. L0SS-LOAD FACTOR DEFINITION
The losses depend upon the power output of the wind farm for any given period. The

Loss-Load Factor, u is defined as the ratio of the actual losses W(¢) over a period 7,

to the losses obtained if the maximum load is maintained [28], as shown in (2-3):

1
W ' T

p= : L | W()-dt (2-3)
This can usually be approximated by [29]:

1
I -t

u = : ;gz(t)dt (2-4)

In engineering practice, the Loss Load Factor u is approximated using the
Neher/McGrath approach [30] from the known or assumed Load Factor (LF) as:

Hr =p-LF +(1-p)-LF? (2-5)

The value of the constant p can be taken as equal to 0.3 for transmission circuits and
equal to 0.2 for distribution networks [25]. The value of p will be different for a
large offshore wind farm due to the nature of the energy source and also the fact that
power must be transmitted to shore via sub-sea cables over reasonably long
distances. Therefore, the value of p was determined for transmission systems of

offshore wind farms.

Equations (2-4) and (2-5) only take into account the current-dependent losses. In
order to use the loss-load factor ., the full-load losses were split up into two

components, as shown in equation (2-6) for the calculation of the average losses (in
MW):

W = Woaxs * Hor Wy (2-6)
where W_,, , is the current-dependent losses at full-load, W, is the voltage-dependent

losses, and W, =W, , +W,, which is the total full-load losses.

In reality, the loss-load factor is also dependent on the operating temperature because

the conductor resistance varies with temperature. In most rating calculations,
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including the calculations carried out in this report, the loss-load factor was
calculated from the load shape alone without consideration of the conductor

temperature [29].

2.2.5. CALCULATION OF LOAD FACTOR
If the wind speed resource curve and the power characteristic of the turbines are

known, a value of LF can be found.
The Load Factor is defined in equation (2-7) below.

1

LF = : j 0 P(t)dt 27

rated

The quantity of energy that can be produced annually (not taking into account turbine
availability) depends upon the wind speed distribution at the wind farm site and the
power characteristic of the wind turbine. The wind-speed distribution was

represented by the Weibull probability density function (p.d.f) [31, 32]:

k v k-1 v k
o-4(2) sl -]
c\c c
where c is the scale factor and is a characteristic speed related to the average wind
speed at the site, and & is a shape parameter. The proportion of time for which the
wind speed v will occur is given by (2-8). Fig. 2-4 illustrates the effect of the shape

parameter on the Weibull distribution. When the shape parameter £ is equal to 2, the

p.d.f. is called the Rayleigh probability density function:

70 =exp {— [3) } (2-9)
C C

There is a direct relationship between the scaling factor ¢ and the average wind speed

V.

o 2y wW| Jr
v=J.0 v-f(v)dV:,[o ?e@[—[zj }=70=0.886c (2-10)
Although equation (2-10) is derived for the Rayleigh function, it is quite accurate for

a range of shape factors & from 1.5 to 4 [32].
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CHAPTER 2. COSTS AND LOSSES OF OFFSHORE TRANSMISSION SYSTEMS

2.2.7. DETERMINATION OF A VALUE FOR P
Once the Load Factor and Loss Load Factor were found, a value of p was calculated

using equation (2-16):

4, —LF’

LF -LF?
In the following sections, values of p were calculated for wind farms with a range of

p= (2-16)

cable route lengths and with varying wind speed characteristics.

2.2.8. AGGREGATED POWER CURVE FOR THE WHOLE WIND FARM
Large wind-farms are installed over a large area. In this report it was assumed that
the wind had the same speed throughout the entire area of the wind farm. In practice
however, this is not the case. For a given mean value of wind speed the actual wind
speed in different locations within the wind farm will deviate, depending on D and /
[34]. D is the length of the side of the wind farm that is perpendicular to the

direction of the wind, and 7 is the turbulence intensity.

The deviation in wind speeds across the wind farm mean that the aggregated power
curve for the whole wind farm will not follow the same shape as the power curve for
a single wind turbine. The cut-in and cut-out wind speeds for the entire wind farm
will be different to those for a single wind turbine. This is because the actual wind
speed varies around the mean value, so in some locations the wind speed is above the
cut-in wind speed for a single turbine, even if the mean wind speed is below this

value.

The deviation of the simultaneous power outputs from the wind turbines is
distributed around an average value, with the amount of deviation depending on the
extent of the wind farm area and the turbulence of the wind [35]. For a 200MW
wind farm, the value of D is around 5 to 10km, depending on the design. From
figure 6 in [35], this means the standard deviation of the distribution of the wind
speeds at the individual wind turbines would be only about 0.2 (for a mean wind
speed of 7m/s and I equal to 10%). For a 1000MW wind farm, the value of D
increases to 50km, which increases the standard deviation to roughly 0.6 (for the
same mean wind speed and /). This results in an aggregated power curve for the
whole wind farm that is only slightly different to the curve obtained if it is assumed

that the wind speed is the same throughout the entire wind farm. The wind speed
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Fig. 2-10. The effect that the wind-distribution shape parameter, &, has on the value of p for a
200MW wind farm connected by S0km of 132kV 3 core 800sqmm cable to shore and a mean
wind speed of 7.09m/s.

For a mean wind speed of 7.09mv/s, the probability that higher wind speeds (above
13m/s) will occur reduced as the value of k increased. This can be seen in Fig. 2-4
and Table 2-4, and is the reason why the value of p was larger for smaller values of
k. The reason for this can be explained by looking at equation (2-5).

Table 2-4. The probabilities that a wind speed occurs above 18m/s and below 4m/s for a mean

wind speed of 7.09m/s, and the percent of time that the wind farm will spend operating at rated
output while the wind speeds are within the cut-in and cut-out values.

k 1.8 1.9 2.1 2.2
Percent of time that a wind
speed occurs above 18m/s (%) 1.66 1.19 0.56 0.36
Percent of time that a wind
speed occurs below 4m/s (%) - 19.65 18.35 15.90 14.76

Percent of time spent at rated
output, while operating inside
the cut-in and cut-out speeds
(%) 2.07 1.46 0.67 0.42

Since the current-dependent losses only occur when the wind speeds are above cut-in
and below cut-out values, the current-dependent loss-load factor will also be
applicable within this range. As shown in Table 2-4, there was a larger percent of

time spent at full-rated output for the smaller values of k.
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2.2.11. GUIDELINE FOR THE CALCULATION OF LOSS-LOAD FACTORS
A method for the determination of the annual losses was developed and is given in
Appendix 2C. This provides a guideline for the choice of p and the estimation of the

loss-load factor.

2.3. HVDC LOSSES

It is generally accepted that for distances up to around S0km HVAC transmission has
the lowest losses. Above 50km conventional HVDC LCC tends to have the lower
losses [36]. For two- level HVDC VSC, higher switching frequencies are favourable
because fewer harmonics are produced which results in a lower requirement for
filtering of the resultant waveform. However, as the switching frequency increases,
so do the losses. There will be a balance between the amount of losses and
harmonics that can be tolerated in the system. A description of two-level HVDC

VSC is given in Appendix 2D.

2.3.1. DEVICE LOSSES
The losses in a power semiconductor switch are composed of on-state conduction
losses, off-state blocking losses, and turn-on and turn-off switching losses, as shown
in Fig. 2-11. The on and off-state losses of a device are relatively easy to calculate.
The on-state losses are calculated by multiplying the device current by the forward
saturation voltage and the off-state loss is the product of the blocking voltage and the

leakage current.

As shown in Fig. 2-11, the losses that occur during switching are considerably higher
than the losses that occur during the on and off-state of the IGBT. The turn-on and
turn-off switching losses are determined by the voltage and current waveforms, and
although they are shown as a linear transition in Fig. 2-11, the waveforms are non-
linear in a practical device. The switching waveforms of the device is governed by
various factors such as DC bus voltage, current magnitude, gate voltage, gate

resistance, junction temperature and the parasitic impedance of the circuit.
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CHAPTER 2. COSTS AND LOSSES OF OFFSHORE TRANSMISSION SYSTEMS

SIMULATION METHODS FOR MODELLING SWITCHING LOSSES

Simulation programs such as PSPICE can model IGBT devices based on exact
semiconductor physics. However, when simulating a full Pulse Width Modulated
(PWM) converter they suffer from an extremely large amount of CPU time due to
the requirement for small time-steps to cover the switching transients [45]. Such
programs are also not suitable for the modelling of power systems as they are a
specialist semiconductor device simulation tool. Simulation programs using a fixed
time-step such as PSCAD or other EMTP type programs are more likely to be suited
to the modelling of switching losses in a large power electronic system; however

there may still be an unacceptably large CPU time.

One approach to modelling switching losses in an EMTP type program is the use of a
curve-fitting method combined with a point-by-point user defined function. This
approach does not require any semiconductor device physics modelling so the
simulation time is reduced compared to simulations carried out in programs such as
PSPICE [46]. However, this method still requires the simulation to be carried out
with very small time-steps (10ns time-steps for a 2.4kHz switching frequency) so the
simulation time is large. Another method is the simple use of lookup tables or fitted
curves as proposed in [39, 47], however such methods do not take into account the
dependency of switching losses on various factors such as stray inductances and the
reverse recovery process of the diode and so tend not to be accurate. A method that
is more accurate involves the use of simple functions derived from typical switching
waveforms to estimate the switching losses, as presented in [40, 48]. This method
can take into account various factors that influence switching losses such as
switching voltage and current and stray inductances which ensure that the predicted
waveforms conform to the semiconductor physics. A refined model using this
technique is presented in [37] and requires only a few parameters that can be

extracted either from manufacturers data sheets or from measured waveforms.

2.3.2. CONVERTER LOSSES
The converter losses will depend on the switching scheme chosen and the converter
topology used, both of which are continuously developing. The PWM method,
shown in Appendix 2D, means that each IGBT will switch for a fixed number of
times over the fundamental AC time period and so the switching losses will be high.
In order to reduce these losses a switching scheme could be adopted which switches

to the need rather than at a fixed switching frequency. This technique has been
48
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adopted by ABB for their HVDC Light technology [49], and it can also be combined
with the Selective Harmonic Elimination Method (SHEM) of switching so that
certain harmonics can be reduced. ABB have also recently presented a cascaded
two-level converter which consists of several smaller two-level converters (called
cells) [50]. This technique reduces the losses to nearly 1% per converter. The
modular multilevel HVDC VSC technology offered by Siemens (HVDC PLUS)
allows the converters to be operated at a low switching frequency which results in
lower converter losses than conventional 2 or 3-level converters. The new HVDC
VSC being offered by ALSTOM Grid is a hybrid approach which combines series-
connected IGBTs with multilevel converters based on individual and isolated half-
bridge and full-bridge cells [51]. The overall converter losses for this hybrid HVDC

VSC scheme are expected to be around 0.8%.

The operating costs could be reduced in two ways; through the reduced cost of losses
and also through reduced maintenance costs due to the reduction in the number of
components. These cost reductions will help to reduce the break-even point between
HVAC and HVDC VSC transmission and are likely to make the HVDC VSC

connection of offshore wind farms more attractive in future years.

2.3.3. CABLE LOSSES
The losses in HVDC cables are significantly lower than losses in HVAC cable
transmission due to the additional charging current losses in AC cables. In DC
cables the voltage distribution (electrical stresses) is dependent on the cable
geometry and is highly dependent on the temperature drop across the insulation as
the conductivity of the insulation increases exponentially with temperature. Usually
it is these electrical stresses that limit the transmission capacity of DC cables and not

the maximum allowable conductor temperature [52].

2.3.4. COMPARISON OF HVAC AND HVDC VSC LOSSES
The losses in a 200MW HVDC transmission system were compared to the losses in
various 200MW HVAC transmission systems for cable route lengths ranging from
20km to 100km. The results are shown in Fig. 2-12. The increase of losses with
increasing cable route length was much lower for the HVDC system than the HVAC
system. However, the HVDC system losses at shorter cable route lengths were much
higher when compared with the HVAC systems. This is due to the high HVDC

converter losses (which was assumed to be 1.6% per converter based on ABB’s

49



# A ( # +; (&, ! % % $ % # S
$ $% '( # & ' '$ #! ( #* (#" #$ A (
$$ $ % L #! 8 [- * # #'o# &$ " (" (
Lo( . tet o # & #' & # ( $ #! $

$+3$' &% % #( 3 $+%" & $$$ #!I' $ ! (%
o, #

(S #( $ $ # $$ & 311 2 #$& $$ # ' %
-Q- < 311 24
053/ 4 J11&&3
< 311 24
053/ 4
S##H "
\ 311 24
331/ . F11&&3
\\ < 311 214
331/ 4 851& &3
< 311 24
OF1/ 4
0311&&3
31 51 =1 F1 81 91 J1 G1 011
$' #( $ &
( "<$"( 9 + 8 0 * 9 * 1+ ! *3
* | " 0 $##. (
3.= * $ 0% /- * # 7 #'$

( "% # #$& $$ # $ & #+ ! &# + ' %
] ( # 'S (## (# S % #)! &
I, #( ( ($'S $ #' & C '+ * ( $'%/

( &, " # | $( & $ %' * +# ( # # |

[- * # #'. # ) # & [- * # #'4

$$ $4 & #' # #( #! (#$S' # ! #  + % #( 1! ., #1) 3
($ $'! $ " "% #1 5 @ # $4 2 $' #! #1.

3.=.0. 8 * *

(., ($'% ( #* $' # & ( # (. (
# $ $' ' #. % * 4 | % # & #1( % ( $

#$& $ & #'o'+ #  +4 (., (% " ( $
# $. $ 9 I # $( & % # & ), #$ * $
'S & (# & ( +* $ 1 #0 #( 314 3

3-05. ($' ! $! #' $' $3 %S # | & LF5M.



J11
911
811 P WO /& #$
wW=1/& #$
F11
W0 /& #$
=11 =1/& #$
511 Q .< 4 8 * [ *3
$#. 3 + -
" # .
011
8 * [/ *3
1 % # . 3 + !
51 F1 91 G1 N
$ # /&
( "<$,( 8 * - + * 1 JHH 11 3 / 0 1 (
[- * # , #' " 511 2 ""$ % #! " & % ' 01/& #$%
1 % $ C $I * 001/& mn 1] llll$ ( 1 # 1 i 2 # 1
( % 3 #( $!1' =1/&4 " [-*# , #' % $ #! 91/&.
[-*# , #'$ #! ' ( $, #' # (, " (%" " % #! " & '
511 2 ' 3=11 2 $ %# # . 3-0= #! . 3-0F " #9$ (
"0 /& #! =1/& $, (" * +.
031 7&#
001 ? << TH#H#
? 011 - << )&#
( 54 <J )##9
) o4 <J &&# 9 #+< ) "% )
<) &## 1#° # (%
T#
<< %&#
) # <
& <E %##
&# < < ,&#
% # JHH#
JHH# TH# 0011 s$&## $5## ", ##
7
( "<$%( 3 ! .< 4 8 * 1/ 01 / *3 * 1 JHH Y "0 ##
*3 + 8 0 + 8 * - + *( 3 + - * - *3 1 $#. |/ 0(



6 #

01

433

( "<$&( 3 !
*3 + 8 0

$ % #!

#0 #
$" # % $
% #!

33

[-*# |, #

#$ (

$(% 3

#( S #
. /-
$ %# #
& #' # #( #
( #!
(88 " (,

( S

( #$' # ! #

*#
3-08.

I $

4

&

'$
(

&

$
+ $'

"%

733
<< 33
<@ 33
\ [ - *, ##'
P :
<< 433
R s
~.011
1
33 33 833 2433
8 1/ 01 / *3 * 1 JHHE Y " HH
- 3 + 1 * *3 1 %#. | 0(
" # $ 14 [- * # , #' (1.
$' % # & ) & & ' # $ #
10811 2;. [- * # , # # $ ' $
"# S $ '$$ % 01/& #$ (
% #! &$ * #! 0111 2 % $ 81/&. 2
$ =1/&4 [-*#, # % $ $$ ' # 31/&.
2
($ $$ $4 & #' # #/( #1(#$' # ! #
% #! " &. $ 3 $' #
#I & ' 1§ $ ! ( (%
# o+ % $ ! # % cC ,
# LF5M. ! $ %$
$$ $4 & #' # #( #!
# 51/& #! 031/&. (%
! +' % & " ( #'3$ 9 #



"("# S < $()#
$(5# << $ (9% #
FTE* *
$(7# < ’ < + 8 *
$()# <> #8(.# FE-
s %# b0.31 FLF
$(,# < < 0.01
0.31 -
0.01- 0.11
0.11:
#(5#,1< <& 7H QR BR (((C #(5# s s1 . 30 A
13 o+ - 3 @. A i ’
(.# sor e 0311 2 % #! " &
% #1 " $(&# F 0 % #! :
Z(Z; oi/e as - $(%# F< SLE#d
$(,# < <<
$(7#
0.31 -
OF1
SG# 0.11 -
0.01 #(5# K<<
#(5# #(6# <<
#(TH# #(7# F
#(&# #()# F
1 3 + ! 3 @. A 1 3 + | 3 @. A
( "<%$)( 3 * 1 * + * 1 + + * 1/ 01 [/ *3 + |- * -
1 JH* $"#. ( 3 * 1 *3 * *o* + +- 0 *3 + 1 + 8
* + ' - 0 + * 0 (
$ '$$ % ' #(0$S # 0" $$ %4 & #' # #( 4 #! (#S$'
L& #LT( #( s * [- * # , #'.
(% $4 /- *# ""$ ( ' #' % $ #( $ ! + +
& # $# " #( $ ! [-*# , # % $ ' $ # " (#
(#3%' # 1 # + " $ "H#S % # (&, P $ "O#HS.
=11 2 % #! " &4 ' (%" " ( #3%' # 1 # + % $ 3.F ' & %
#1 , 3 #' + 010 "' Y ($'. ' 0311 2 % #! " &
(% (#$' # ! # + % $ #1 01 ' & $ A
. $#°1 0=0 " (. )&, $4 (% "8
#! 010 "' "' (%' [-*# , #' " $$ $ % $
' (. ($'s$s ! v o, L # " $3 S # (#* $' 0 #
$$ $ # (#* $'" H#H % % ' /- *# , #' " ' $
L ( ($' " & #' # #( ., $#'$ #1 00 "' ($' #!
* $ # " (# "' (" #' * [-*# , #'.
+* * *
% ! " #' (## (' # $' $ % #* $ e 0811 2 ""$
& %! $ & # ( ' "0G1l/& #! # #9% ( ' "
TS (#H(# S+ (& S8, (#x



CHAPTER 2. COSTS AND LOSSES OF OFFSHORE TRANSMISSION SYSTEMS

each rated at 400MW whilst the second connection strategy comprised a single
HVDC converter rated at 1600MW with two bipoles connecting the offshore
converter to shore. The cost of constrained energy was calculated using a method
developed by Djapic and Strbac in [53]. When the Mean Time To Repair (MTTR)
was assumed to be 1 month for a converter and 2 months for a cable, the cost of
constrained energy was 5 times more for the shared connection case. When the
MTTR of the converters was increased to 4 months, the cost of constrained energy
was 10 times more for the shared connection than for the individual connection. This
resulted in the overall total cost for the individual connections becoming cheaper
than the overall total cost of the combined connection. Further details are given in

Appendix 2E and results of the comparison are shown in Table 18 of Appendix 2E.

2.5. OFFSHORE GRIDS AND DC MULTITERMINAL NETWORKS

There have been a number of research projects carried out into the applicability and
viability of offshore grids for the connection of offshore wind farms. Offshore grids
may provide a more cost effective solution to the connection of offshore wind farms
and could involve both AC and DC transmission systems. A few of these studies

include:

e A HVDC grid study on the GB East Coast, by Econnect [54]. This study
was commissioned by the Crown Estate in order to assess the technical and
economic feasibility of using the east coast seabed for an offshore
transmission network. In this study, HVDC VSC was chosen as the
transmission medium because of its suitability for multi-terminal networks
and ability to connect weak points on AC systems. The study included a
longer term potential ‘2020 scenario’ network which was designed to
accommodate future Round 3 developments.

e A study by PB Power for grid extension on the GB West Coast [55]. The PB
Power study examined the cost of building a 2GW HVDC offshore

“transmission system down the west coast of Great Britain to connect
renewable generation in the north to the demand centres in the south.

e ISET study for German North Sea [56]. This study compared the concept of
an offshore grid with the planned connections for offshore wind in Germany.
The planned connections involve arranging the offshore wind farms into

clusters then connecting them via separate cable traces to the German
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Transmission system. It was shown that with separate connections, the
loading of the Grid Connection Points were not balanced and that at two
connection points the short circuit power ratio may not be high enough to
ensure high grid stability. The use of cross-connections between clusters
enabled the lower loaded grid connection points to take the excessive wind
energy from the highly loaded points. The offshore grid solution also
reduced the number of offshore platforms, equipment and cables.

e Airtricity (Scottish and Southern) proposed a Supergrid, which would
connect offshore wind farms located in the Baltic Sea, the North Sea, the
Atlantic, the Bay of Biscay and the Mediterranean [57]. They were putting
plans in place for a 10GW Foundation Project which will consist of a number
of projects in Dutch, German and UK waters. The offshore grid would
consist of HVDC VSC connections. The 10GW Foundation Project would
comprise 2000 turbines rated at SMW, with an operational date of 2017 —
2019.

2.5.1. DC SWITCHGEAR

In order to minimise the interruption of power during a fault or outage in a multi-
terminal HVDC system, HVDC circuit breakers would be a major advantage. The
requirement of DC circuit breakers in multi-terminal HVDC systems would be to
connect and disconnect substations and lines for both removal of faults and

operational switching cases.

The absence of cyclic moments of current zero in a DC system inherently makes DC
current switching more difficult than for AC systems, as arcs require a current zero in
order to extinguish. There are two main types of HVDC circuit breaker;

electromechanical and solid-state.

There have been many electromechanical HVDC circuit breakers developed over the
past 5 decades. These can be grouped into three main interruption techniques; 1:
Inverse voltage generating method, 2: Divergent Current Oscillating method, and 3:
Inverse current injecting method [58]. Of these, the inverse-current injecting method
is suitable for higher voltage and current ratings. This creates a current zero by
superimposing a high frequency inverse current on the DC current by discharging a

pre-charged capacitor through an inductor. A conventional AC circuit breaker can be
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selectively utilised in this method and the cost of components required for such an
electromechanical DC circuit breaker would not be significantly higher than that of
an AC circuit breaker. Typical applications of electromechanical HVDC circuit
breakers can be found in the neutral bus of bipolar HVDC-LCC schemes [59].
Electromechanical HVDC circuit breakers are available up to 500kV, 5kA and have
a fault-clearing time of the order of 100ms [58, 60].

There are some cases where a clearing time which is much faster than possible with
electromechanical HVDC circuit breakers is required. Example applications include
pulsed power [61] and traction [62]. Solid-state circuit breakers are suitable and able
to interrupt current within a couple of milliseconds [61, 63]. They are generally
based on Integrated Gate Commutated Thyristors (IGCT) as they have lower on-state
losses than IGBTs [64]. Current flows through the IGCT during on-state operation.
In order to interrupt the current, the IGCTs are turned off and the voltage quickly
increases until a varistor starts to conduct. The varistor is designed to block a
voltage above the system voltage level. The main disadvantages of the solid-state
circuit breakers are their high on-state losses and capital costs. Typical ratings of
solid-state circuit breakers in operation are 4kV, 2kA [61, 62], although in [63]
ratings of up to 150kV, 2kA were considered.

In a multiterminal HVDC system without HVDC circuit breakers the whole system
voltage would have to be brought to zero in order to clear a fault. In the case of
multiterminal HVDC-LCC systems, the overcurrent can be limited by its DC current
control function and the fault can be cleared by the action of thyristor valve control
and protection. After a de-ionisation period, the system can be restarted in 100ms to
300ms [65, 66]. In the case of multiterminal HVDC-VSC systems, such a fast re-
start would be difficult without the use of HVDC circuit breakers. If a fault occurred
on a multiterminal HVDC-VSC system, the free-wheeling diodes used in the VSC
would cause DC current to continue to flow into the fault even if the IGBTs were
blocked. If HVDC circuit breakers are not used, it would be necessary to open the
AC circuit breakers at all converter terminals. It would take a relatively long time to
restore the system since it would be necessary to charge the DC system to rated

voltage before restarting.

In the case of a large multiterminal HVDC-VSC system it would not be feasible to

allow the whole system voltage to go to zero in the event of a fault, as this would
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result in a significant loss of power. DC circuit breakers which can clear the fault
within a few milliseconds are required [67]. This is to meet the requirements of
preventing the fault current rising very fast towards very high values due to the low
system impedance and preventing voltage collapse of the whole HVDC system. A
solid-state HVDC circuit breaker would be necessary since the operating time of an
electromagnetic HVDC circuit breaker is too slow for this requirement. It is sensible
to minimise the number of these solid-state HVDC circuit breakers in the system due
to their very high costs and on-state losses. Faults are also rare on DC cables and on
the DC side of converters, so investment in solid-state HVDC circuit breakers at the

extremities of all circuits cannot be justified.

2.6. SUMMARY

The long cable distances required for offshore wind farms means that electrical
losses become a major issue when considering the cost implications of a particular
wind farm. At cable route lengths over 40km, the high voltage cable losses
represented a high proportion of the overall full-load losses. In order to reduce the
losses in the high voltage cable, the conductor area or the voltage rating was
increased. Although these two options reduced the cost of losses in the cable, the
capital costs would increase. A trade-off between the cost of losses and capital costs
would have to be made. The 33kV array cable losses were influenced by the size of
the turbines being used. The total array losses were lower than the high voltage

cable losses.

Although the full-load losses of an offshore wind farm were found relatively easily,
it is the annual losses that are of the most use when calculating the costs of energy.
In order to calculate annual losses, the full-load losses were first split into current and
voltage dependent losses. Although the voltage dependent losses stayed virtually
constant from no-load to full-load, the current dependent losses varied with the
square of the current as the wind speed varied. A method for determining the annual
losses 'in an offshore wind farm transmission system was developed which used a

loss-load factor.

The load factor and the loss-load factor were both dependent on the wind speed
characteristics of the site. The wind speed characteristics were represented by the
Weibull curve, which was defined by the annual mean wind speed and a shape
parameter. Both these values had an effect on the load and loss-load factors.
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As the value of the shape parameter, k increased, the value of p (the constant which
determines the loss load factor from the load factor) decreased. As the annual mean
wind speed of a site increased for a given shape parameter, the value of p increased.

A guideline for the estimation of the annual losses is included in Appendix 2C.

The main proportion of losses in HVDC VSC systems were in the converter stations.
High frequency (typically around 1kHz) PWM operation resulted in high switching
losses. The accurate modelling of these switching losses in a HVDC VSC power
system is complicated due to the small time-steps required. There have been a few
techniques developed to estimate the switching losses which do not require such a
small time-step, however the simulation time is still relatively large. The switching
losses are dependent on a variety of factors such as collector current, gate resistance
and stray inductances. The losses in the converter were dependent on the switching
frequency, converter configuration and the IGBT rating. Over the 10 years that
HVDC VSC has been in operation, the technology has significantly developed. The
ongoing advances in HVDC VSC technology along with market growth and
competition between manufacturers are likely to drive down both capital and
operational costs. This will improve the prospect for offshore wind farms connected
by HVDC VSC as the system would become more economically competitive with

HVAC transmission systems.

The use of offshore grids and international connections could greatly increase the
amount of offshore wind generation that could be connected. There would however
need to be clear rules for sharing the cost of development and associated revenues
between countries. The offshore grids would most likely be connected by HVDC
VSC as they are more suited to long distance transmission and to multi-terminal
network operation. The development of HVDC circuit breakers would present a
significant advantage to the operation of offshore grids. Furthermore, the use of
offshore grids in the North Sea and in regions such as Dogger Bank could reduce the

cost of constrained energy significantly.
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3.1. INTRODUCTION

An electrical transient is a short lived oscillation in a system caused by a sudden
change in voltage, current or load, such as when a fault occurs or during a switching
operation. The time spent in the transient condition is insignificant compared to that
spent in steady state. However, it is during the transient periods that network
components are subjected to the greatest stresses from excessive currents or voltages.

In extreme cases equipment can be permanently damaged.

The main source of transient overvoltages in overhead transmission systems is
lightning, whereas in cable systems transient overvoltages are mainly caused by
circuit breaker operations [68]. When a switching operation occurs, there will be a
sudden change in the currents flowing in the network. Any inductances that are
present in the system will oppose this change in current by inducing a voltage, due to
the theory of constant flux linkage. For a faster change in current, there will be a
larger resulting voltage. The energy stored in the inductance will oscillate between
the inductive and capacitive components of the system at the resonant frequencies of
the system until the energy is dissipated by any resistance present. There are several
possible ways in which a transient overvoltage can occur due to switching operations

[68].

Switching operations can cause overvoltages in a broad spectrum of frequencies.
Transformer insulation failure due to high frequency overvoltages can be produced
by re-strikes and pre-strikes during the opening or closing of a circuit breaker [69].
This phenomenon is inherent to all circuit breakers, although the vacuum circuit
breaker (VCB) is especially well known for it due to its high ability to cause and
interrupt high frequency currents of several hundreds of kHz, as explained in section
3.2.1. The nature and occurrence of re-strikes and pre-strikes in a circuit breaker
depends on the network it is connected to, and the response of each transformer to

high frequency transient voltage will be different.
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CHAPTER 3. REVIEW OF SWITCHING TRANSIENTS

discharge through L,. As the contacts of the circuit breaker separate further, any
further breakdowns will take place at a higher voltage, with the subsequent

oscillation at frequency f, leading to a correspondingly higher peak.
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Fig. 3-2 Simulated Voltage and Current across a circuit breaker and the corresponding voltage
across the load during restrikes

Multiple pre-strikes may occur during the closing of a circuit breaker, in a similar
way to that described for multiple re-strikes. The main difference between the two is
that during closing of the circuit breaker, the withstand voltage is decreasing so there

should not be an escalation in voltage.

3.2.2. TRAVELING WAVES AND SURGE IMPEDANCE
The phenomenon of traveling waves in long transmission lines and cables has been
known for many years. In order to study traveling waves, the parameters of the line
or cable should not be considered as lumped parameters, but rather distributed
uniformly throughout the length [70]. The representation of a long transmission line
is given in Appendix 4B, where the characteristic impedance and the propagation

constant are derived.

When dealing with high frequencies, losses are often neglected and the propagation

velocity and characteristic impedance reduces to:

1
= |— 3-3
v=\7e | 33
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Zy=.—= (3-4)
* Yc

Where v is the propagation velocity in mv/s, Z, is the surge impedance in ohms, L is

the series inductance in henrys and C is the shunt capacitance in farads of the cable
or transmission line. The propagation velocity is close to the speed of light (3x10®
m/s) for overhead lines and between a half to two thirds this value for underground
cables. The characteristic of a transient is mainly determined by the surge
impedance of the transmission line or cable. It has a direct impact on the time
derivative of the transient overvoltage: the lower the surge impedance, the higher the
time derivative of the transient overvoltage. An example is shown in Fig. 3-3, which

consists of a transmission line or cable with surge impedance, Z,, connected to a

transformer with stray capacitance, C.

—: Transformer

@]

|

|
(AL
PAYWW

Fig. 3-3 A simple system consisting of a transmission line or cable connected to a transformer.

For high frequency transient analysis, the inductance of the transformer can be
neglected since its value is large and results in a time constant several orders of
magnitude slower than the time constant involving the stray capacitance. The time
constant, 7, for the voltage across the transformer when subjected to a transient

propagating along a cable or an overhead line depends on the surge impedance, Z,,,

and the stray capacitance of the transformer, C:

r=2,-C (3-5)

Whilst the surge impedance of overhead lines is typically 300-400€, it is only
around 40Q for cables [68]. This means that the same transformer will experience
transient overvoltages with time derivatives at least 10 times higher if it were

connected to a cable instead of an overhead line.

3.2.3. REFLECTIONS AND REFRACTIONS
The proportionality between voltage and current is determined by the characteristic

impedance of the line or cable. When a wave arrives at a point of discontinuity,
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where the characteristic impedance changes, an adjustment must occur to keep this
proportionality, taking the form of two new wave pairs. The reflected voltage wave
and associated current wave travel back down the line superimposed on the incident

wave whilst the refracted wave penetrates beyond the discontinuity.

The incident, reflected and refracted current waves will have the same shape as their

respective voltage waves and the following amplitudes:

V.
V.
I, = Z—2 3-7)
V.
I,=—=2 3-8
3 Z, 3-8)

Where I, and V, are the incident current and voltage waves, I, and V,are the
reflected waves and 7/, and V,are the refracted waves. Z,  and Z, are the

characteristic impedances on the incident and refractive side respectively.

The expressions for the reflected and refracted voltage waves in terms of the incident

wave arc:

7 -
v, =22 Z, Vi (3-9)
Z,+7Z,

a

2Z
Vi =[ ; ]K (3-10)
Z,+Z,

Where 2 =2, is the reflection coefficient and Z,
Z,+Z, Z,+Z

a

is the refraction coefficient.

3.3. REVIEW OF SWITCHING TRANSIENTS AND OVERVOLTAGES

Overvbltages can be classified into five groups according to the IEC 60071-1. These
are Continuous Operating Voltage, Temporary Overvoltages, Slow Front
(switching), Fast Front (lightning) and Very Fast Front. The classification of

frequency ranges involved in the latter four groups is given in Table 3-1.
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Table 3-1 Classification of Frequency Ranges [71]

Shape designation Frequency range | Representation mainly for
for representation

Low-frequency oscillations 0.1Hz - 3kHz Temporary overvoltage

Slow front surge 50/60Hz — 20kHz Switching overvoltages

Fast front surge 10kHz — 3MHz Lightning overvoltage

Very fast front surge 100kHz — 50MHz Restrike overvoltages, GIS

3.3.1. TEMPORARY OVERVOLTAGES
Temporary overvoltages can last for over a hundred cycles and have a slowly
decaying amplitude. They can originate from transformer energisation, fault
overvoltages, overvoltages due to load rejection and resonance. Temporary
overvoltages could occur if the harmonic content of the transformer inrush current
excites the power system resonant frequency (known as resonant overvoltages).
This has been identified as an issue in systems with transformers and significant
lengths of HV cables [72] and also in industrial distribution systems where power
factor correction capacitors have been applied [73]. In all cases involving
transformer inrush current, the power system has a relatively low resonant frequency.

Resonant overvoltages can have magnitudes greater than 3.0 per unit [74].

3.3.2. SLOW FRONT TRANSIENTS
Slow front transients are mainly due to switching operations, including cable
discharge, reactive compensation operation and transformer energisation. They
could occur during energisation and disconnection in normal operation or during a

fault. Ground faults also produce slow front transients.

3.3.3. VERY FAST TRANSIENTS
Transients in the frequency range of 100kHz to 50MHz are termed very fast
transients. According to IEC 60071-1 the time to peak is less than 0.1us, with a total
duration of less than 3ms. Very fast transients can occur in a number of situations,
however they are not covered by standards at present. They have been extensively
studied in Gas Insulated Switchgear (GIS) systems, where the geometry of the
system supports the generation and propagation of very fast transients [75, 76]. In
the case of dielectric breakdown across the contacts of a switch or to ground, the
voltage collapse can occur in 3 to 5Sns which can excite resonances within the GIS at

frequencies up to 100MHz [77]. Studies have also been carried out on very fast
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transients in distribution networks, particularly on their impact on transformer and
motor insulation [78]. The majority of very fast transient studies in medium voltage
networks have focused on issues in mining and other industrial systems, where the

economic impact of failure is high [79].

VCBs are widely used in medium voltage networks because they have outstanding
breaking properties along with low maintenance requirements [80, 81]. It has long
been recognised that the combination of VCBs and cable networks in industrial
systems can cause problems with very fast front transients if the system is not
designed properly [82-85]. Multiple restrikes in VCBs generally have frequencies in
the range of 10kHz to 1IMHz [77].

The effect of four types of distribution cables on very fast transients was studied in
[86]. It was shown that a cable with large high frequency loss does not generally
decrease the amplitude of a surge appreciably but it does lengthen the rise time of the

surge substantially by absorbing high frequency energy from the surge.

3.3.4. IMPACT OF SWITCHING TRANSIENTS ON TRANSFORMERS
Every transformer has particular internal natural frequencies which may be excited
by a transient applied at its terminal, causing dielectric stresses [87, 88]. Two
distinct types of excitation are described in [88]; a once-only surge and regularly
repeated surge voltages. The once-only surge has a damped oscillatory response
with a frequency which is mainly dependent on the configuration of the system. The
second type of excitation could be generated by multiple restriking of a circuit
breaker. In [89] it was suggested that the internal transformer insulation may be
overstressed when certain wave shapes such as a fast front long tail switching surge
and in particular oscillating overvoltages are applied at the terminals of the
transformer, even if the voltage magnitude is below the surge arrester protective

level.

There have been many transformer insulation failures attributed to switching
transients, even though these transformers had passed all standard tests and complied
to requirements [69, 90-92]. In [93], transformer failures due to primary circuit
breaker switching transients were reviewed. The common contributing factors to
potentially damaging switching transient voltages were inductive load switching,

circuit breaker characteristics, short cable lengths between the circuit breaker and
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transformer (200 feet or less) and dry type transformers (although oil filled were not

immune).

Studies on a 11kV/230V distribution transformer that was connected to a cable on
the high voltage side showed that the application of a step voltage to the cable results
in a resonant overvoltage on the open low voltage side of the transformer [94]. It
was shown that the highest overvoltages occur if the dominating frequency
component of the cable voltage matches one of the dominating frequency
components of the voltage transfer from the high to low voltage side of the
transformer. For a particular transformer, the voltage ratio was particularly high at
50kHz, which would require a cable length of 800m to produce the highest

overvoltage.

The subject of the performance of transformers in the presence of oscillatory
transients is being addressed by an IEEE Transformer Committee Working Group on
“Switching transients induced by Transformer/Breaker Interaction”. This Working
Group is producing an IEEE Guide which describes the conditions that may produce
oscillatory switching transient voltages and discusses several mitigation methods
[95]. A CIGRE Joint Working Group (JWG A2/A3/B3.21 “Electrical environment
of transformers”) studied the potential effects of fast transients and fast front surges
on transformers. This Joint Working Group developed a methodology of risk
identification and mitigation allowing individual case-by-case decisions to be made
as to what risk factors may exist in a specific application [96]. The increasing
number of transformer dielectric failures has motivated CIGRE to initiate a new
Working Group (WG A2/C4.39 “Electrical transient interaction between
transformers and the power system”), which started in 2008. The scope and aim of
this working group includes a survey of utility experiences regarding transformer
failures involving transients, a discussion on the possibility of pinpointing risk
factors that may cause failures and the development of a methodology for transient
system studies aimed at evaluating a range of frequencies appearing during

switching.
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CHAPTER 3. REVIEW OF SWITCHING TRANSIENTS

these two systems due to the size of the network, which will be very large for a wind
farm because a separation of more than S00m is required between each adjacent wind

turbine.

In addition to the primary equipment, there may also be reactive compensation
equipment at one or both ends of the high voltage cable and harmonic compensation
at the onshore end of the high voltage cable. The UK regulatory regime for offshore
transmission at 132kV and above, which was implemented in July 2010, requires
Settlement Metering Equipment to be located on the offshore installations [97]. The
associated current and voltage measurement transformers may be required to be
installed on each array. Offshore wind farms in the UK have to comply with the
ENA P28 recommendation. ENA P28 was intended to protect customers close to
industries using heavy loads and limits the voltage dip allowed when connecting
loads [98]. This requirement can result in the installation of timer relays which
switch out the MV wind turbine breakers when the voltage in the array goes to zero.
The wind turbine transformers are then reconnected in groups which are small
enough not to violate the voltage dip restriction imposed by ENA P28. The
interpretation of ENA P28 costs offshore wind farm developers around £5k per wind
turbine [99].

3.4.2. THE OFFSHORE ENVIRONMENT

The harsh environment at offshore wind farms results in particular types of
equipment being specified. Particular care has to be taken with mineral-oil-filled
transformers and all liquid filled transformers must have a bund to prevent leaks
[100]. Offshore wind turbines built to date use either liquid or dry-type cast resin
transformers. The majority of wind turbines at present have silicon oil transformers,
as they are used by Siemens Wind Power which dominates the market. This
situation could change if Vestas and other manufacturers who use dry-type
transformers get back into the offshore market. High reliability of equipment is a
major requirement for offshore wind farms, meaning that VCBs are often specified
as they require little maintenance. Submarine cables generally have one or more
longitudinal water barrier consisting of semi-conducting water swelling tapes, at least
one anti-corrosion sheath and a steel armour to provide mechanical strength. The
offshore substation employs gas insulated HV switchgear, as this is compact and

provides environmental protection.
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3.4.3. IMPACT ON OFFSHORE TRANSFORMERS

It is likely that the issues of potentially damaging transient overvoltages due to VCB
and transformer interaction will arise in the design of offshore wind farms. Whilst
Very Fast Front transients are usually associated with the switching of disconnectors
in GIS, they could occur in offshore wind farms due to the reflections within the
network. A fault in an offshore transformer would be more severe in terms of both

repair costs and lost revenue than for an onshore transformer due to its location.

There are relatively few large offshore wind farms in operation at present; however
there has been a high rate of failures of transformers. In one particular offshore wind
farm all 80 of its’ wind turbine nacelles were brought ashore to correct a number of
issues, one of which being the replacement of the transformers, since within only a
few months operation 20 — 30% of them had failed [101]. Eighty percent of the
transformers at Middelgrunden offshore wind farm have also been replaced, with the
first transformers breaking down shortly after production started in 2001. In [102]
methods to optimize the cost spent on the replacement of defective transformers at
Middelgrunden are described. The average value of the energy production loss was
calculated to be 40,000 Euros per turbine, which is close to the total cost of
installation for the replacement transformer, showing that the length of the exchange
process is important. The overall cost of an optimized exchange of transformer (in
2007) was 115,000 Euros. In another offshore wind farm, a failure of the main
offshore transformer led to a 4.5 month outage of the entire 166 MW wind farm
[103]. Although the various manufacturers and designers involved argued over the
causes of these problems, such as adverse weather conditions, the root cause was the
breakdown of insulation which eventually caused electrical short circuits. It is
possible that high frequency, high voltage switching transients made a major
contribution to the insulation failure. All the examples mentioned here relate to
transformer failures which originate in the early years (2000 — 2003) of offshore
wind farm development and therefore represent the early stages on the learning
curve. This clearly illustrates to the offshore wind industry that care has to be taken

when designing the MV systems for offshore wind farms.

3.4.4. OTHER ISSUES RELATED TO TRANSIENTS IN OFFSHORE WIND FARMS

With respect to the Continuous Operating Voltage, the remote ends of arrays may

operate at a high voltage when the grid voltage is high and the wind power output is
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high. The selection of the surge arrester Continuous Operating Voltage (COV) may
be affected by this high operating voltage and also by harmonics which could

increase the system peak voltage.

The energy capability of surge arresters is determined by IEC line discharge classes,
which assumes that switching surges occur in a system with surge impedances of
several hundred ohms (i.e. overhead transmission circuits). In offshore wind farms,
where there is a low surge impedance due to the extensive cable networks, the energy
capability of metal oxide surge arresters may be reduced if the currents are

significantly higher than the values stated for typical line discharge currents.

Often the Lightning Impulse Withstand Voltage (LIWV, also known as BIL) and
Switching Impulse Withstand Voltage (SIWV, also known as SIL or BSL) are
already given for equipment, and verification of the standard insulation levels is
required rather than the selection of them. This is usually the case for offshore wind
farms, where the equipment may have been ordered well in advance. In this
situation, an inverse approach to the insulation coordination procedure given by the
IEC may be required. The usual insulation coordination process for wind farms is to
select the insulation level of the transformers, select the surge arresters required to
protect that insulation level, and then determine the amount of transient over voltage

which can be withstood [104].

The zero-missing phenomenon is defined as the ac current not passing through zero
for several power frequency cycles. If there is no current zero, it is not possible for
the circuit breaker to interrupt the current without the risk of damage, except if the
circuit breaker is designed to interrupt dc current. The zero-missing phenomenon has
been identified as a potential issue when energizing a long HVAC cable which is
connected to reactive compensation [105]. In an unloaded cable system, the shunt
reactor current is almost in phase opposition to the current in the cable which reduces
the amplitude of the ac component through the circuit breaker. The shunt reactor
current will have a transient dc component. This may result in the current through
the circuit breaker having a dc component which is larger than the ac component,

resulting in the zero-missing phenomenon.

Circuit breakers may be required to switch capacitive currents due to the extensive
cable networks, which can impact both their opening and closing capability. During

opening, the capacitive current is small (up to several hundreds of Amps) compared
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to the rated short-circuit current for which the circuit breaker is designed. This
means that the capacitive current can be interrupted very shortly after the circuit
breaker contacts have opened. The voltage lags the load by 90 degrees, so
interruption of the power frequency current occurs when the system voltage is at its
peak. This can produce multiple re-strikes in a similar manner to those described in
section 3.2.1. During closing of the circuit breaker (energisation), large inrush
currents can flow associated with the charging of the cable over the inductance of the
system. This inrush current is limited by the surge impedance of the cable so is
usually smaller than that associated with capacitor banks [70]. High overvoltages
could occur if the cable is energized with trapped charge [77] (the cable was pre-
charged as a result of a preceeding breaker operation); this could occur if there is no
discharge path (i.e. the cable is not connected to the offshore transformer) or if the

cable is re-closed after only a short interval.

3.5. REVIEW OF SWITCHING TRANSIENT STUDIES IN OFFSHORE

WIND FARMS

3.5.1. TEMPORARY OVERVOLTAGES

Temporary overvoltages may arise when a large offshore wind farm with a long high
voltage cable to shore goes into islanded operation due to the operation of the on-
shore main circuit breaker [106, 107]. An overvoltage due to this was experienced
by the Danish Transmission System Operator at Horns Rev A 160MW offshore wind
farm in 2005. The wind farm is connected by 55km of undersea/ground 150kV cable
to a 150kV substation. When the main circuit breaker at the substation disconnected
the wind farm and cable from the grid, the measured voltage magnitude was so high
that it exceeded the measuring equipment range. The voltage magnitude was
estimated to be in the range of 2p.u. Immediately after the disconnection, and while
the wind turbines were still operating, not only the voltage magnitude but also the
operating frequency increased rapidly from the normal SOHz. By the time the wind
turbines were disconnected the frequency had reached 60Hz, the voltage magnitude
then decayed and the frequency settled to the natural frequency of the network. It
was found that the compensation reactor absorbed some reactive power from the
isolated grid and helped to reduce the voltage increase rate. This situation at Horns
Rev A was analyzed in [106] along with a planned large offshore wind farm in

Denmark. It was shown that the active power supply from the wind turbines to the
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isolated wind farm network must be interrupted as fast as possible because the active
current magnitude is proportional to the voltage increase rate. In a further study, it
was shown that converter-controlled wind turbines cannot be represented by a
synchronous generator model when in isolated operation with long HVAC cables
[108). The temporary overvoltages initiated by the synchronous generator model

were not as severe as those initiated by the converter-controlled wind turbines.

In [109] it was highlighted that the combination of a long HVAC cable and offshore
transformer can result in a low system resonant frequency which could coincide with
one of the harmonic components present in transformer inrush current. This may
result in a sustained overvoltage and caused operational problems on a number of

offshore installations during commissioning.

3.5.2. VERY FAST FRONT OVERVOLTAGES

Switching transients in a 160MW offshore wind farm were studied in
PSCAD/EMTDC in [81]. It was shown that the electrical stress on transformers
during transients depended on the wave propagation in the cable system and on their
location in the system. In order to analyse this fast phenomenon a cable model

which included both wave propagation and frequency dependence was used.

Two cases of energizing a wind farm are shown in [81], the first when a feeder is
first to connect and the second when the feeder is the last to connect. The cables are
energized with the transformer during no load and saturation is included in the
transformer model. The rate of rise of voltage at the first transformer with no other
feeders connected was around 2kV/us whereas the rate of rise of voltage for the same
transformer but when all other feeders were connected was around 25kV/us. The
rise time was increased by over two orders of magnitude when all feeders were

connected.

A single line to ground fault (SLGF) was simulated in [81] along with the clearing of
the fault by the feeder VCB. The SLGF was placed at the base of the first wind
turbine (at the end of an 80m cable which connects to the transformer located in the
nacelle) at one of the feeders. Although the fault caused a step voltage in the system
with travelling waves similar to feeder energizing, an expanded timescale showed
that the faulted phase was exposed to very high frequency reflecting voltage waves
(625kHz) with very fast fronts. The reason for the high repetition frequency is the

short distance (80m) between the fault and the transformer causing very short
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travelling times for the propagating waves. The short cable also had negligible
damping effects which cause the very fast front. When the fault was cleared by the
feeder VCB, three reignitions occurred. The voltages at the transformers were
similar to those during energisation except that the reignitions caused much higher
voltages. During energisation, voltage steps reached 20kV and 40kV in the last
transformer, whereas the voltage steps during disconnection caused voltage steps of

60kV and 100kV for the last transformer.

3.5.3. COMPARISONS WITH MEASUREMENTS

The correct modeling of offshore wind farm equipment is important for switching
transient studies. The vacuum circuit breaker model must include both transient
voltage withstand capability and its ability to interrupt high-frequency current. The
accuracy of simulations of an offshore wind farm using Power Factory was
compared with energisation measurements in [110], with the measurement system
being described in more detail in [111]. It was shown that a distributed parameter
cable model was essential. The Power Factory simulations were carried out with a
0.2us integration step size and an output step size of 0.4us, which corresponds to the
2.5MHz sampling time of the measurements. A travel speed for the wave
propagation was calculated from the measurements to be 0.51-c¢ (152.9m/us), where
c is the speed of light. Spikes with maximum amplitude of 0.5p.u occur in the
measured current at the turbines which correspond to the arrival of the voltage wave.
The wave propagation found in the simulations was about % of the speed calculated
from the measurements. A small capacitor (0.5nF) was required to represent the
capacitance between the transformer HV terminal and ground in order for the current
spikes to be simulated. The current spikes were shown to be very sensitive to this

parameter.

Further simulations and comparisons with the measurements made at Nysted were
made in both Power Factory and PSCAD/EMTDC in [112, 113]. The simulations in
both programs had a similar magnitude to the measured steep fronted first wave,
however could not accurately emulate the measured overvoltage caused by the
voltage wave reflections. This difference is most likely due to insufficient details in
the circuit breaker model, which did not include the interruption of high-frequency
current. The cable models used in both programs also overestimated the damping in

the system.
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Simulations of a wind farm in PSCAD/EMTDC were compared to measurements
made in the cable laboratory of ABB Corporate Research in [114-117]. The cable
system laboratory was set up to be a scaled representation of a wind farm, with a
total of 600m of submarine cable (24kV). The propagation speed of the surge was
quicker in the simulations when compared to measurements. For frequencies up to a
couple of kHz it was shown that an accurate transformer model required the
frequency dependency of transformer resistances to be accounted. For higher
frequencies the stray capacitances dominate the transformer response. The
magnitudes and rise times of the critical surges were accurately simulated, however

there was poor damping of the high frequency oscillations.

3.5.4. TECHNIQUES TO REDUCE SWITCHING TRANSIENTS

In [114-117], surges which exceeded the Basic Impulse Level (or Lightning Impulse
Withstand Voltage) of dry-type transformers were recorded during both the
simulations and measurements, even when surge arresters were used. A number of
mitigation methods were tested in [116], with the combination of surge capacitor

protection with surge arresters performing best.

Pre-insertion resistors can be used to reduce the overvoltage and frequency of
transient recovery voltages. This technique requires two circuit breakers in parallel,
one of which is in series with a resistor. The circuit breaker in series with the resistor
is closed first (the inrush current is then limited by the resistor), then the second
circuit breaker is closed after a few power frequency cycles. The transients in an
offshore wind farm could be reduced significantly by using pre-insertion resistors
[118].

Point-on-wave switching is a way to reduce transients by controlling each of the
three poles in the circuit breaker individually, closing each pole with a certain time
delay. Different time delays are used depending on whether the load is capacitive or
inductive. In [118] it was shown that it is difficult to derive suitable synchronization
paraméters in cases where there is both capacitive (the HV cable) and inductive (the

offshore transformer) loads.
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4. MODELLING OF OFFSHORE WIND FARMS FOR SWITCHING

TRANSIENT STUDIES

4.1. INTRODUCTION

The modelling of switching transients is important in order to identify the
overvoltages which may occur at various points within the offshore wind farm.
Models for circuit breakers, cables, transformers and wind turbines for switching
transient studies are reviewed. The modelling approach used for each main
component in the offshore wind farms studied in this thesis is presented. Some

simple applications of the models are included to describe their behavior.

4.2, CIRCUIT BREAKERS

A circuit breaker can be considered as one fixed and one moving contact. The
contacts are placed inside a container which holds the extinguishing medium, such as
oil or SF6 or they could alternatively be inside a vacuum bottle. Under normal
operation the contacts are closed and current flows through the circuit breaker

without any significant losses.

When the circuit breaker is signalled to open, an external mechanism separates the
contacts. As the contacts start to separate, current continues to flow as an electric arc
between the contacts. This arc will continue until the energy being supplied to it is
removed by external means. In an AC network, the current goes temporarily through
zero twice every cycle. It is at these points (called current zero) that the circuit
breaker has the opportunity to extinguish the arc as this is when the energy input

briefly goes to zero.

4.2.1. CIRCUIT BREAKER MODELS
The simplest model of a circuit breaker has zero impedance when the circuit breaker
is closed and infinite impedance when the circuit breaker is open and opens at the
first cﬁrrent zero crossing after the tripping signal is given. This model is used to

obtain the Transient Recovery Voltage (TRV) of a circuit breaker [151].

More elaborate models consider the arc as a time-varying resistance or conductance.
However this requires arc parameters which are not always easy to obtain [119]. The

most advanced model represents the circuit breaker as a dynamically varying
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resistance or conductance, which is determined by the past values of voltage and

currents in the arc itself [119].

4.2.2. REVIEW OF VCB MODELS
A single phase VCB model is described in [83], along with the factors which can
influence the overvoltage generated when reignitions occur during opening. These
factors include circuit parameters and switch characteristics such as rate of change of
dielectric strength and interrupting capability, and random events such as the time
between contact seperation and the power frequency current zero (called arcing
time). The electrical strength of the contact gap was assumed to increase linearly
with time. Analysis of these factors was carried out using this model and verified by

measuring voltage and current across a number of VCBs in a test circuit.

A three-phase VCB model in PSCAD which incorporated the dielectric strength,
arcing time, current quenching capability and the statistical nature of current
chopping was developed in [80]. The dielectric strength of the VCB increased
linearly with time and was calculated using a Gaussian distribution with a standard

deviation of 15%.

The modeling and simulation of escalation in voltages and reignition behaviour in
VCBs when used as generator circuit breakers is described in [120]. Nine
representative medium voltage VCB models were analysed. An RC branch parallel
to the VCB was included to represent the open contact gap stray capacitance. The
VCB characteristics were modelled by linear equations for both the breakdown
voltage strength and the high frequency derivative of the current clearing capability.
It was shown that multiple re-strikes may produce an escalation in voltage for short

arcing times (between 0 — 100ps).

4.2.3. VCB MODEL USED IN THIS RESEARCH
Re-ignitions and pre-strikes were incorporated into the vacuum circuit breaker model
using logic as shown in Fig. 4-1, for the opening and closing operations respectively.
There were only two states that characterise the breaker; it was either open or closed.
The state of the breaker was determined by the current flow through the circuit
breaker, the voltage across the breaker and its previous state. The controls for a

single phase of the VCB model are shown in Fig. 4-2.
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the initiation of a pre-strike was simulated. If the current slope signal immediately
prior to current zero (the output of Fm4 in Fig. 4-2) was below the high frequency
current clearing capability reference, an opening signal was sent to the switch so that
the pre-strike was interrupted. This process continued until the breakdown voltage
strength reference had reduced to zero, which represents the contacts of the VCB

being in galvanic contact.

For the opening operation, the VCB was initially in the closed state. The breakdown
voltage strength reference started to increase when the VCB was signalled to open.
An opening signal was sent to the switch if the current slope signal immediately prior
to current zero was below the current quenching capability reference. A Transient
Recovery Voltage (TRV) then builds up across the VCB contacts. If this TRV
exceeded the breakdown voltage strength reference, a closing signal was sent to the
switch so that a re-ignition was simulated. This process continued until it was
terminated in one of three ways [120]: 1) the VCB successfully interrupts the current
when the TRV after the last current clearing does not exceed the breakdown voltage
strength reference; 2) the VCB fails to interrupt the high frequency current following
the last reignition, and interruption is successful at the next power frequency current

zero when the breakdown voltage strength is higher; 3) the VCB fails to interrupt.

A linear dependency between the breakdown voltage and contact separation was
assumed, so that the dielectric withstand voltage was represented by a first order
polynomial. The high frequency current clearing capability of the circuit breaker
was represented using a first order polynomial [80, 120]. The first order polynomial
equations for the dielectric strength and current quenching capability are given in (4-
1 to 4-3).

BVopen = IAA(t - topen) + B @-1)
BViose = TR Viimit — (IIXA(t - tclose) + BB) 4-2)
dI/dt= Cc(t — topen) + Dp @-3)

Where t is the actual time, topen is the time at which the VCB contacts start to open,
tolose 15 the time at which the VCB contacts are first in galvanic contact. BV gpe, and
BVaose are the dielectric withstand voltage (V) during opening and closing
respectively, dI/dt (A/us) is the high frequency current clearing capability and
TRViimi¢ is the maximum dielectric strength that the VCB can withstand. The

parameters Aa, (V/s) and Cc (A/s?) represent the slope, and By (V) and Dp (A/s)
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represent the intercepts. The values of A and Bg vary depending on the vacuum
circuit breaker and values during opening have been observed to range between 1.5
to 50V/us for Ax [83] and 0 to 1kV for Bg [80, 120]. During closing the contacts
travel substantially faster, so the value of A4 is higher than its value during opening,
with values of up to 100V/ps cited in [114, 121]. The value of Cc are between -
34kA/us® and 310kA/ pus® [122], although in the majority of models [80, 82, 123-126]
it has been set to equal 0. The value of Dp can range between 30 to 600A/ps.

Appendix 4A includes a list of typical values for these constants.

Current chopping was not included in the model as it was assumed that the more
serious overvoltages will be caused by multiple pre-strikes and re-strikes. The
contacts of modern vacuum circuit breakers have also been developed so that the risk

and level of current chopping is relatively low.

Although a low value of resistance could be used to represent the VCB during arcing,
the resulting voltage across the VCB was considered to be too low (it is around 20V
[127]) to have any significant impact on the study of transients in offshore wind
farms, so was not included in the model developed for this research. This

assumption had been found to be adequate in [83].

4.2.4. TESTING OF THE MODEL
A circuit which represents a medium voltage network was used to test the model of
the VCB and is shown in Fig. 4-3. This test circuit was used by J. Helmer [128] and
later in [80, 115, 122]. This enabled the characteristics of the VCB to be shown.

Rs Ls Cs

Rk Lk

Yy VCB | "
model

-&— \ 4 @

Fig. 4-3. Test circuit for the vacuum circuit breaker model [128].

The values used in the test circuit are given in Table 4-1.
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When A, equalled 20V/ps multiple re-strikes occurred in phase c (the green curve in
Fig. 4-4), the arc was not successfully interrupted until the second power frequency
current zero. When A, was equal to 50V/us, all three phases were successfully
interrupted at the first power frequency current zero. The probability that the circuit
breaker extinguishes the arc at the first power frequency current zero increases with

an increasing rate of rise of breakdown strength.

HIGH FREQUENCY CURRENT CLEARING CAPABILITY

The high frequency current clearing capability of the VCB was determined by Dp as
the value of Cc was set to 0. This meant that the value of Dp represented the
maximum rate of change of current which the VCB was able to clear. The value of
Dp was increased from 100A/us to 200A/us whilst keeping all other parameters
unchanged. As shown in Fig. 4-5, there were a greater number of re-ignitions when

Dp was 200A/us than when it was 100A/ps.

This is explained by observing the current waveforms in Fig. 4-5. When Dp is low
(100A/us in this case), the conduction period of the high frequency component is
increased as it took longer for the high frequency current to reduce to a value of
100A/ps or lower. Since the high frequency current is superimposed on the power
frequency current there will come a point (at 12ms in Fig. 4-5) when there are no

more high frequency current zero crossings, so the arc will not be extinguished.

For Dp equal to 200A/ps, the circuit breaker is able to break the high frequency
current earlier than for a value of Dp equal to 100A/us. This allows the transient
recovery voltage to occur earlier (when the withstand voltage of the circuit breaker is
lower, as it increases over time during opening) so there is an increased chance of
another re-ignition. The reignited arc is once again extinguished earlier so there is an
increased chance that there is a high frequency current zero crossing where the arc is
extinguished. It is not until much later (13.8ms in Fig. 4-5) when the power
frequency current has increased to an amount where there are no more current zero
crossings with a di/dt of 200A/ps or less. The arc then continues to conduct until the
second current zero, when the withstand voltage of the breaker has increased to an

amount where no re-ignitions are able to occur.
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In order to model the frequency dependence of a cable, the physical geometry and
material properties have to be known. This data is then converted into the following

form:
Z,(0)= R(w)+ jol(w) (4-4)
Y,(0) = G(w)+ jaC(o) @-5)

where R, L, G, and C are the series resistance, series inductance, shunt conductance
and shunt capacitance per unit length of the cable system. These quantities are
calculated as a function of frequency and are represented in » by » matrices where n

is the number of parallel conductors in the system.

The series impedance matrix, Z, and the shunt admittance matrix, Y, described
above are calculated in the frequency domain. They are used to calculate the
propagation and characteristic admittance matrices (H and Y. respectively):

— (_\/ YsZsl)
H=e 4-6)

_ -1
Yc - YsZ s 4-7

where / is the length of the transmission line. The technique of using the H and Y.
matrices to simulate a transmission line is called the method of characteristics.
Models within the method of characteristics technique are either based on a constant
transformation matrix with frequency-dependent modal propagation constants
(frequency dependent model) [131, 132], or a phase-domain modeling approach
[133-135]. In the phase domain model, the propagation matrix is first fitted into the
modal domain and the resulting poles and time delays are determined. High
efficiency is achieved by grouping modes with similar time delays and by
columnwise realisation of the propagation and characteristic admittance
matrices[134]. The phase-domain model has been shown to increase the efficiency
of the time domain solution and also eliminates stability problems which are
occasiohally encountered in modal domain models [136] and forms the basis of the
Wideband cable model in EMTP-RV which was used in this thesis.

4.3.4. COMPARISON OF CABLE MODELS

The unit step voltage response of a cable using three different models is shown in
Fig. 4-9.
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If the DC resistance, Rpc, of the core was specified by the manufacturer, the
resistivity was alternatively calculated using (4-9). In [140] it was shown that either
(4-8) or (4-9) can be used to calculate the core conductor resistance, as the small

difference between the two does not affect the accuracy of the simulation results.

@-9)

INSULATION AND SEMICONDUCTING SCREENS

The main insulation of high voltage cables is always sandwiched between two
semiconductive layers. The electric properties of these semiconductive screens
affect the propagation characteristics of a cable. Their relative permittivity is of the
order of 1000 due to their high carbon content. This causes the capacitance of the
screens to be much higher than that of the insulation. Since the resistivity of the
semiconducting screens is much higher than the core and sheath (it is required by
IEC 60840 to be below 1000Q2m and 500Q2m for the inner and outer semiconductive
layers respectively), the screens do not contribute to the longitudinal current

conduction.

It was not possible to specify the semiconductive layers directly in EMTP-RV (and
other EMTP type programs). According to [137, 141], the semiconducting layers
was taken into account by replacing the semiconductors with the main insulating
material and increasing the permittivity of the total insulation so that the electric

capacitance between the core and sheath remained the same.

The conversion of the permittivity was done as follows [137]:

ln(rz/rl)

gr = grins ln(b/a) (4-10)

where r, and r, are the core radius and the sheath inner radius respectively, a and b

are the inner and outer insulation radii respectively, and &, __ is the permittivity of

rins

the insulating material (for XLPE, ¢ = 2.3). This neglects the possible

rins

attenuation caused by semiconducting screens which impacts the results for very

high frequency transient simulations.
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If the cable capacitance C is stated by the manufacturer, the relative permittivity can

be calculated as [141]:

_ Cln(rz/rl)

4-11
r, @-11)

&

r

where g, = 8.854E-12.

INNER SHEATH
In some cases, the inner sheath conductor of the cable consisted of a wire screen. It
was not possible to specify a wire screen in EMTP-RV, so the wire screen was

replaced with a tubular conductor. The tubular conductor had a cross sectional area

equal to the total wire area 4,. With an inner sheath radius of r,, the outer radius r,

then becomes [137]:

A, 2
ry=.—+r, (4-12)
T

There was an option to ground the inner sheath in EMTP-RV. When this option is
selected, the sheath is assumed to be at ground potential along the length of the cable
and it is eliminated from the Z and Y matrices. Since sheath conductors are usually
grounded at both ends of the cable, this option was applied since the induced
transient sheath voltages along the cable will generally be negligible compared to
voltages on core conductors. However, in situations such as lightning or a ground
fault when the ground potential can rise, or in cross-bonded cable systems, the sheath

was included.

ARMOUR

Submarine cables normally have a magnetic steel armour which provides additional
mechanical strength. The permeability of the armour depends on whether wires or
tapes are used. If wires are used, then the wire diameter and laying angle of the

round, square or flat wires being used will influence the permeability.

This armour is generally very thick, which prevents high frequency flux penetrating
it and so a voltage drop does not occur along it. Many submarine cables also have a
wet-type construction which means the conductive sea water can penetrate the
armour. Therefore, the armour was assumed to be at ground potential in the

simulation, which had the advantage of a shorter simulation time.
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PIPE-TYPE CABLES

Three-phase cables essentially consist of three single-core cables which are
contained within a common shell. For most submarine cables, this common shell
consists of a metallic armour and a protective layer (polypropylene and bitumen for
example). This type of cable was directly modelled using the pipe-type
representation in EMTP-RV.

Generally, the space between the single-core cables and the enclosing pipe is filled
with a composition of insulating materials (and a fibre optic cable), but in EMTP-RV
it was only possible to specify a homogenous material. However, the representation
of this medium is not very important [137]. This is because the sheath conductors
are normally grounded at both ends, so the potential along the sheath is low
compared to that of the core conductor. As a result, simulated transients on phase

conductors are insensitive to the properties of the insulator external to the sheath.

4.3.8. EFFECT OF CHANGING CABLE INPUT PARAMETERS
Generally, input parameters for cable systems are more difficult to obtain than for
overhead lines due to the small geometrical distances involved. The cable
parameters are also highly sensitive to errors in the specified geometry. As shown
earlier, it is not straightforward to represent certain features of the cable such as wire
screens, semiconductive screens and armours. There may also be uncertainties in the
geometrical data since cable standards [142, 143] only put limitations on the
minimum thickness of each cable layer in relation to the nominal thickness. This
means that the insulation and semiconducting screens may be thicker than stated in
the manufacturer’s data sheets. The insulation and semi-conducting screens were
shown to be thicker than stated in manufacturers data sheets in [140, 141]. In [141]
the measured thickness of the inner semi-conducting screen, insulation and outer
semi-conducting screen were each 0.7mm thicker than that specified by the
manufacturer. This had the effect of decreasing the propagation velocity by 10% and
increasing the characteristic impedance by 10%, when compared to simulations

which neglected the semi-conducting screens.

In this section, a step voltage was applied at the sending end of a single-core test
cable, and the voltage caused at the receiving end was measured. All sheaths were

treated as being continuously grounded. The effects of the sheath design,
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