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Abstra
t
The increasing demand of electric power and the growing consciousness towards the
changing climate has led to a rapid development of renewableenergy in the recent
years. Among all, wind energy has been the fastest growing energy source in the
last decade. But the growing size of wind power plants, better wind conditions at
off-shore and the general demand to put them out of sight haveall contributed to the
installation of large wind power plants in off-shore condition. However, moving wind
power plants far out in the off-shore comes with many associated problems. One of
the main challenges is the transmission of power over long distance. Historically, the
power transmission from off-shore wind power plants has been done via HVAC sub-
marine cables. This provides a simple solution, but AC cables cannot be arbitrarily
long. It is shown in the report that major issues with HVAC cable transmission system
are related to surplus reactive power and added losses. On the other hand, HVDC
transmission system can be arbitrarily long and for long distance power transmission
requirement it provides much better efficiency compared to acorresponding HVAC
system.

HVDC may provide a viable solution for high power transmission over long dis-
tances, but some issues related to fulfilling different gridcode requirements still need
further clarification. A transmission system should foremost provide a stable power
transmission and participate in network stabilizing by providing efficient support for
AC voltage control and frequency response requirements. These objectives are dis-
cussed and verification with simulation results is includedin the report. A concept of
negative sequence voltage compensation during small voltage unbalances and asym-
metrical faults at the grid are also discussed. Secondly, a large WPP is not allowed
to trip off during temporary grid side faults, commonly described as low voltage
fault-ride-through requirement. There are four differentfault-ride-through options
discussed in the report. The first option includes controlling of collector network
frequency. This provides a very good opportunity to use simple fixed speed wind
turbines in the wind power plant. Induction generators attached to a large rotating
mass show good response to frequency rise by allowing the rotor to speed up while
reducing the active power output. However, it is observed that the post fault recovery
process is very difficult to control and as such a high currentcapacity of the WPP
side VSC might be required. Detailed simulation results areincluded in the report.
The other option is to use a DC chopper, the results of which are also presented in
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detail in the report. It is observed that a DC chopper can provide a simple solution but
the efforts required to remove the total heat during power dissipation is enormous.
Alternatively, a telecommunication signal may be used, butthe reliability and speed
of such a system is in doubt.

Finally, a controlled AC voltage drop at the collector network is derived and
discussed in detail. It is illustrated in the report that such an option is advantageous
in the sense that a fault at the grid side and at the wind power plant side can be dealt in
the same way. More importantly, a similar wind turbine type can be used regardless
of HVAC or HVDC connection strategy. A good co-ordination between the full-scale
wind turbine and wind power plant side voltage sourced converter is also verified in
the laboratory model based on real time digital simulation of wind turbine connected
to an external voltage source converter via a power amplifier. The overall results
show that the power transmission from long distance off-shore wind power plant is
viable via HVDC system and at the same time the strict gird code requirements can
also be fulfilled by selecting proper control methods.
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One Introdu
tion
1.1 Background

Many future WPPs (wind power plants) are commissioned or planned for off-shore
installations. The main reasons being that the wind turbines are ever growing bigger
by size and the wind conditions are much better at off-shore.To some extend the de-
cision is also driven by various environmental factors and also to keep the WPP out
of sight. As the wind conditions off-shore are generally better, the capacity factor1

of an individual wind turbine or that of an entire WPP will also significantly increase
compared to on-shore installations. At the time of writing this report, around 3000
[MVA] is the total off-shore installed capacity, around 4000 [MVA] is the total capac-
ity under construction and more than 10000 [MVA] have been approved for future
construction [1]. UK is the current world leader in off-shore wind power installations
with over 1.3 [GW]. The trend of future off-shore WPP world-wide is presentedin
Fig. 1.1 (data source: [2]) and based on the data it can be expected that both the
installed capacity and the distance to the shore will increase in the future. It is also
estimated in [3] that the total operating off-shore wind energy capacity in the whole
of Europe will be between 20 [GW] to 40 [GW] by 2020. Therefore, there exists a
clear need to analyze and investigate different power transmission options or possible
electrical structures to connect a high power and long distance off-shore WPP to a
nearby on-land transmission system.

1.2 Present Scenario

A conventional technique of transmitting power from an off-shore WPP is via HVAC
(high voltage AC) sub-marine cables. Most of the present large off-shore wind farms
including ‘Thanet off-shore wind farm’, the largest off-shore wind farm to date with
total installed capacity of 300 [MVA] [4], and ‘Horns Rev II’ with total installed
capacity of 209 [MVA] [5] are based on HVAC transmission system. In case of
HVAC transmission, the WPP collector network is usually at amedium voltage (≈ 33
[kV]) level. The total power is collected at an off-shore platform where the medium

1Capacity factor is usually defined as a ratio of the total energy output from a given WPP over a
period of time to the total maximum energy output from the WPPhad it been possible to operate the
WPP at rated output over the same period of time
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voltage level is transformed into a transmission level voltage (> 100 [kV]). The
power transmission distance to the near-by power system is relatively small (< 50
[km]) and, therefore, a HVAC transmission option is justified. The first large off-
shore WPP utilizing a HVDC transmission system is ‘BARD off-shore 1’ with total
installed capacity of 400 [MW] and located approximately 200 [km] from the AC grid
connection at the coast of north sea [6]. The WPP is planned tobe in operation by
2012. The main reason for HVDC transmission is to allow high power transmission
over the long distance.

1.3 Problem Statement

The bigger the electrical size of a WPP, the higher the numberof total wind tur-
bines required. Considering the distance that has to be maintained between the wind
turbines in a WPP, the area of the farm could well be several tens of sq.km. The
distance of the WPP from the coast will also increase accordingly. Current WPPs
with relatively shorter distance (< 20 [km]) from the shore acquire HVAC transmis-
sion technology. For large distances (> 100 [km]) and high installed capacity (> 100
[MVA]), the suitability of HVAC transmission is questionable. Charging current in
long AC cables are too high and the capability of the AC cablesto transmit active

4



1.3. Problem Statement

power diminishes with transmission length. Reactive powercompensation can be
provided, but only at the two ends of the transmission cables. Building off-shore
compensation units are not cost friendly. An alternative solution, therefore, is to use
a HVDC transmission system.

A conventional or classical HVDC system is realized with thyristor-based con-
verters. The functionality required to initialize the off-shore WPP collector grid,
however, cannot be fulfilled by a classical HVDC system. Alternatively, modern
HVDC systems are based on VSC (voltage sourced converter) technology utilizing
IGBT (insulated gate bi-polar transistor) type switching devices. As such, AC volt-
age magnitude and phase at both ends can be controlled rapidly and independently
within the system limits. However, the total installed capacity of renewable energy,
specifically wind energy, is experiencing a rapid growth; grid code requirements are
also becoming more stricter.

Most TSOs (transmission system operators) have set grid code requirement on
LV-FRT (low voltage fault-ride-through). This implies that the WPP is obliged to
stay connected or enter stand-by mode when the voltage levelat the PCC (point of
common coupling) to the host power system is temporarily very low or even unavail-
able as shown in Fig. 1.2. In case of a HVDC transmission system connecting two
point-to-point power systems, the issues related to voltage dips are relatively easy to
handle. If a voltage dip is experienced at the receiving end AC voltage, the other end
VSC control will immediately reduce the transfer of active power. If a similar ap-
proach is applied to the HVDC system connecting an off-shoreWPP, the AC voltage
magnitude at the WPP collector network will increase rapidly causing the WPP to
eventually trip off. On the other hand, if no action is taken,the WPP may continue
to deliver the same amount of active power as in the pre-faultsituation and the ex-
cess of energy will rapidly charge the HVDC side capacitors.Again the system will
eventually trip off if the DC voltage level exceeds a pre-assigned limit.

0/VV
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][sTime
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Figure 1.2: Limit curve for voltage at the PCC for WPPs in the event of fault in the
grid
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Apart from the FRT requirements, it is also expected form a large WPP to provide
voltage and frequency support at the PCC, meaning that the output reactive and active
power must increase in response to the decrease in grid AC voltage magnitude and
frequency respectively or vice-versa. Therefore, even though a HVDC transmission
solution may provide economical and technical benefit over long transmission dis-
tances, practical fault-ride-through solutions and otherrequirements of such a system
still need clarification.

1.4 Main subjects of study

The major subject of study of this project is to investigate control solutions with
HVDC power transmission from an off-shore WPP to the near-bypower system.
This report is designed to contribute the following areas orsubjects:

1. Which parameters (e.g. transmission distance, installed power capacity) are
determining the shift from AC to DC transmission technologyin connection
with an off-shore WPP? It is a known fact that AC cables cannotbe arbitrar-
ily long. How long they can be may depend on the power level, cable type,
frequency, voltage level, price, reactive power compensation etc. Therefore,
it will be investigated in this report for which distances, power levels, etc, a
technology shift should be made.

2. Later on, when advantages and disadvantages of the two power transmission
technologies (AC and DC) are clarified, a total investigation will also be made
on the collector network and connection to the transmissionnetwork. Should
AC or DC technology be used in the collector network in the wind farm? When
the conditions call for the use of DC transmission, this opens up alternative
possibilities for design of the collector network. An AC collector network or
a DC collector network can be used, as modern converter technology based
on IGBTs makes this possible. Another possibility would be amixed AC-DC
network. It will be investigated which is the optimal solution based on current
situation and future developments.

3. Which types of wind turbine should or could be used? From the manufac-
turers prospective, it is a major benefit if a similar wind turbine structure can
be used regardless of AC or DC transmission solution. Wind turbine struc-
tures based on fixed speed operation (induction generators)and variable speed
operation (full-scale with induction or permanent magnet generators) will be
investigated.

4. Which control properties will the system have? Modern WPPs must not only
be able to deliver maximum power to the network, they must also be control-
lable like conventional power plants and deliver the demanded power. The
WPPs must also participate in controlling the voltage and frequency in the
network (network stabilizing) and other grid requirements. Furthermore, the

6



1.4. Main subjects of study

WPP must be able to enter stand-by during short fall outs of the network. Thus,
the proposed system(s) will be examined with regard to the above mentioned
properties.

1.4.1 Major Contributions

The major contributions of this report are listed below.

• A very detailed computational method is established in order to compare be-
tween different transmission solutions for future off-shore WPPs.

• Comparison between three different transmission solutions (HVAC, HVDC
with AC collector network and HVDC with DC collector network) is pre-
sented. From the losses point of view and available components development,
it is illustrated that a HVDC transmission system with AC collector network
is best suited for the near future. However, it cannot be ruled out that a DC
collector network solution might me the ultimate solution in the further future.

• A dynamic simulation model is developed with fairly detailed representation
of all major components. The total system model is developedso that it could
be used to study the synergy between wind turbines and futureHVDC trans-
mission system.

• Comparisons between and evaluations of various FRT strategies have been
made. It has been suggested in many cases that fixed-speed wind turbines
can be employed when the transmission of power is via HVDC system. A very
detailed investigation of the FRT capability of such a system is presented and
different unforeseen challenges concerning centralized control of fixed-speed
wind turbines are outlined.

• A DC chopper solution for handling FRT issues is investigated and compared
against controlled AC voltage solution at the WPP. A conceptof DC voltage
control switch-over between the grid side VSC and the WPP side VSC is in-
vestigated and a control system is derived to allow AC voltage control at the
WPP collector network during grid side fault. It is verified for all fault condi-
tions (including multiple dips, and unbalanced faults) that the proposed control
method is fully applicable.

• The ability of the system to withstand and ride-through WPP side faults ( if
necessary) is also demonstrated.

• Control strategies to compensate for different levels of network voltage unbal-
ances are presented. The ability of a VSC based HVDC system isevaluated in
terms of negative sequence reactive current control duringunbalanced faults.
It is recommended after due consideration of the findings that such a control-
ability of a HVDC system can provide added value and efficientsupport to the
grid voltage during unbalanced faults.

7



1. INTRODUCTION

• Finally, a partial experimental validation of controlled AC voltage solution
at the WPP equipped with full-scale permanent magnet type wind turbine is
presented in the report.

1.4.2 Method

The three methods primarily used in the project are theoretical calculations, simula-
tions, and building of a laboratory model. Theoretical calculations are natural for a
number of isolated issues such as for e.g., identification ofparameters calling for the
shift from AC to DC transmission technology. Most of the calculations are performed
or coded in ‘Python programming language’. When a larger andmore complex sys-
tem is examined, simulation models are designed and developed such that they can
be used for various dynamic simulations, capable of handling various components
included in the investigated system. For this purpose ‘Matlab, Simulink’ is used.
The most interesting solution or partial solution is testedin a laboratory scale model
to secure that missing details in the simulation model does not have significant in-
fluence on the results. Laboratory model includes real time digital simulation of a
wind turbine in RTDS (real time digital simulation), a poweramplifier, and a VSC
controlled by a designated DSP (digital signal processor).

1.4.3 Limitations

Based on the methodologies applied during different types of investigation, there are
some limitations that needs to be taken into consideration.Some of the limitations
are listed below.

1. All the results and comparisons presented in this work arebased on technical
analysis. The report does not include economical analysis.

2. All the theoretical calculations are based on the data provided in the manufac-
turer’s data-sheet. Therefore, no experimental verifications are available.

3. This report does not deal with WPPs based on doubly-fed induction generators.

4. The limitations of the simulation tools used during the work are also the limi-
tations of the results presented in the report.

5. Based on the complexity of the simulation, some of the components are rep-
resented by reduced order model. Although a valid reason andappropriate
verifications are included when such simplifications are made, they can pro-
vide some limitations on the final results.
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TwoHVAC Transmission System
This chapter introduces to a standard HVAC transmission system for an
off-shore WPP. Different technical problems associated with long dis-
tance sub-marine AC cables are outlined. Finally, losses evaluation tech-
nique is described and results are presented for different components of
a HVAC transmission system including collector network, transformers,
compensators and cables.

Generation units or power plants are often built far from theload centers. The bulk
power, thus, needs to be transported over long distances. HVAC transmission system
has been the most common option in transporting bulk electrical power over long
distances. Power transmission is often done at a high voltage level (> 100 [kV]) to
reduce current dependent losses in the transmission line [7]. The choice of trans-
mission voltage level and the frequency (50 [Hz] or 60 [Hz]) varies among differ-
ent countries and power systems. When the HVAC transmissionsystem is on-land,
the most common technique is to use over-head lines. Depending upon different
variables like environmental impact, visual pollution, government policies, techni-
cal requirements etc., there are also cases where under-ground cable transmission is
preferred. If the power plant is located in an off-shore location, it is not an option
to transport power via over-head lines. In such a situation,power transmission is
usually done via single-core or three-core sub-marine HVACcables. Many off-shore
WPPs also use similar technique to transport power to the near-by on-land transmis-
sion system. In this chapter, the HVAC power transmission from off-shore WPP is
discussed.

2.1 Off-shore Wind Power Plant

An electrical structure of a standard off-shore WPP with HVAC power transmis-
sion system is illustrated in Fig. 2.1. Individual wind turbines in such a WPP are
connected to a local grid normally referred to as collector network via wind turbine
transformers. The collector network, often at medium voltage (≈ 33 [kV]) level, con-
nects the WPP to a high voltage transmission system through apark transformer. In
case of a small WPP with short distance from the coast, the power transmission can
be done at the medium voltage level. This implies that the park transformer is not

9



2. HVAC TRANSMISSION SYSTEM

necessary. However, for a large WPP, the park transformer isnecessary and so is the
off-shore platform for the installation of a sub-station. The power transmission in all
cases is done by sub-marine cables to the coast or the near-byon-land power system.
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1 – Rotor blades
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5 – DC link

6 – Transformer

7 – Wind turbine

8 – WPP
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10 – Reactor 

11 – HVAC cable

12 – AC grid 

Figure 2.1: HVAC power transmission from an off-shore WPP tothe near-by on-land
transmission system

2.2 HVAC Cable Transmission

The basic parameters of HVAC over-head lines and HVAC cablesare similar, but
some characteristic differences exist due to the difference in the values of these pa-
rameters. HVAC cables have higher shunt capacitance per unit length compared to
the corresponding over-head lines. For long HVAC cables, the surplus of reactive
power due to the HVAC cable charging imposes a major drawbackon such trans-
mission systems. Though the HVAC cable transmission systems got improved and
advanced, the main constraints of such systems still remainin cases of long transmis-
sion as presented in [8] & [9]. Specifically, the ability of active power transmission
reduces (as illustrated in Fig. 2.2) and reactive power generation and compensation
efforts increase as the cable length increases. A simple conclusion drawn for a HVAC
cable transmission is that either high power can be transmitted over short distances
or low power can be transmitted over long distances.

In Table2.1, the parameters of all the cables used to computethe plots in Fig. 2.2
are presented. The three voltage levels in consideration are 132 [kV], 220 [kV] and
400 [kV], which are also the standard voltage levels used in HVAC cable transmission
system. Cables are available in many different cross-section areas (a [mm2]), but only
the examples of 800 [mm2] cables are shown. The selected cables are single-core,
copper conductor and XLPE (Cross linked polyethylene insulated power cable) type
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2.2. HVAC Cable Transmission
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Figure 2.2: Active power capacity reduced due to the HVAC cable charging

and the nominal current is based on the assumption that the cables are laid with wide
spacing flat installation.

Table 2.1: Cable parameters

Parameters
V 132 [kV] 220 [kV] 400 [kV]
a 800 [mm2] 800 [mm2] 800 [mm2]
R/m 32.6 [µΩ] 32.6 [µΩ] 32.6 [µΩ]
L/m 0.54 [µH] 0.56 [µH] 0.58 [µH]
C/m 0.22 [nF] 0.17 [nF] 0.15 [nF]
Inom 1055 [A] 1055 [A] 1055 [A]

2.2.1 Characteristics of a HVAC Cable Lines

The characteristics and performance of a HVAC cable line canbe described using
the well known transmission line equations. The general equations for a transmission
line can be achieved if it is assumed that the receiving end (x= 0) voltage and current
are known. The equations for the voltage and current along the line while moving
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2. HVAC TRANSMISSION SYSTEM

towards the sending end can be written as [7];

~V(x) =
~VR+Zw ·~IR

2
·eγ ·x+

~VR−Zw ·~IR
2

·e−γ ·x (2.1)

~I(x) =
~VR/Zw+~IR

2
·eγ ·x−

~VR/Zw−~IR
2

·e−γ ·x (2.2)

Where,
x: distance from the receiving end along the cable
~VR: receiving end voltage
~VS: sending end voltage
~IR: receiving end current
~IS: sending end voltage
γ : propagation constant
Zw: characteristic impedance
The characteristic impedance and the propagation constantof a cable line are

defined as,

γ =
√

y·z= α + jβ (2.3)

Zw =
√

z/y (2.4)

Where,
y= R+ j(ω ·L) (series impedance per unit length)
z= G+ j(ω ·C) (shunt admittance per unit length)
The parametersR andG, per unit length, are relatively small and are, therefore,

neglected in many cases except for the evaluation of line losses.
The total charging current of a cable line at the terminals can be calculated by

the help of an equivalentπ circuit. An equivalentπ circuit of a transmission line is
derived from (2.1) and (2.2), by lettingx= L0; whereL0 is the total length of the line.
The shunt and series parameters of the equivalentπ circuit can be expressed as,

Bc

2
=

1
Zw

· tanh(
γ ·L0

2
) (2.5)

Zl = Zw ·sinh(γ ·L0) (2.6)

As discussed earlier, the limitations outlined by the charging current of the HVAC
cables become significant because of surplus reactive powerwhen the transmission
distance gets longer. Charging current in a cable is,

Ichg = Bc · |Va| (2.7)

Where,Bc, derived from the equivalentπ circuit of a transmission line [7], is the total
capacitive susceptance of the cable and|Va| is the rated line to neutral voltage.

Besides the shunt capacitance, HVAC cables also have seriesimpedance per unit
length. The effect of such series impedance in the HVAC cableline is such that the
reactive power demand of the line increases with the increase in active power transfer.
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2.2. HVAC Cable Transmission

If the transferred power is much below the surge impedance load (PSIL) of the cable
line, the demand of reactive power is small compared to what is surplus due to the
shunt capacitance as illustrated in Fig. 2.3. The negative sign is used to represent the
surplus reactive power while the positive sign represents the total demand.
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Figure 2.3: Reactive power demand of a cable line as a function of transmitted active
power;V0 = 132 [kV]

Surge impedance load is defined as,

PSIL =
|V0|2
Zw

(2.8)

When the transmitted power is less thanPSIL, it is required to consume the surplus
reactive power at one or both ends of the cable. If the voltagemagnitudes at the two
cable ends are to be kept constant, the surplus reactive power has to be equally con-
sumed at both cable ends. This can be achieved within tolerable limits by utilizing
compensators for e.g. inductors or SVCs (Static VAR compensators). The length of
the cable for which the nominal current of the cable equals the charging current is
termed as the ‘critical length’ of the cable. If the cable is equally compensated from
two ends, the critical length approximately doubles up compared to one end compen-
sation [10]. The plot showing the critical cable length of a 132 [kV] single core cable
when compensated from two ends is presented in Fig. 2.4. The figure also shows the
difference in total active power transfer capacity at different distances calculated by
taking the line inductance in account and neglecting it. It can be observed that the
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2. HVAC TRANSMISSION SYSTEM

total critical cable distance remains the same (as there is no more available room for
active power) while there exists considerable differencesat other distances.
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Figure 2.4: Transmission distance vs. current and active power for a sub-marine
cable when compensated from both ends;V0 = 132 [kV]

The parameters of the cable are presented in Table 2.1. It canbe observed that
the critical length of the cable in consideration is close to350 [km]. It has to be,
however, kept in mind that the critical cable length calculated here is the theoretical
limit and is based on the nominal current. However, in practice the allowable limit of
maximum current of the cable will be lower than the nominal current due to thermal
constraints and thus the critical length and the maximum power will be lower as well.

Due to the charging current, the distribution of the voltageand especially current
along the cable length is not uniform. For a fully compensated line from both ends,
the magnitude of the voltage at the cable ends remain constant and the surplus re-
active current flows equally towards the cable ends. At the middle of the cable, the
reactive current is zero and at each cable ends, the value isIchg/2. As a consequence,
the voltage magnitude at the middle of the cable is maximum. If the losses along
the line are neglected during the evaluation of the voltage and current profile, the
resulting profile is as shown in Fig. 2.5a. Alternatively, the compensation units can
be placed in between the cable sections as for the Horns Rev HVAC cable connec-
tion [11]. But for large distances, it is not feasible both technically and economically
to locate those units in the sea.

The PV curve of the given transmission system proved that themaximum no
load voltage at the midpoint is 133.96 [kV] for a transmission distance of 100 [km],
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2.3. Energy Losses Evaluation

as illustrated in Fig. 2.5b. The different PV curves for different distances are only
shown upto the surge impedance load point (PSIL = 351.7 [MW]). To summarize
the results, for a medium sized power transmission level (≤ 400 [MVA]), it could be
verified that the transmission distance is only limited by the current capacity of the
cable and not the voltage rise or the voltage angle.

2.3 Energy Losses Evaluation

The increase in charging current and cable losses with increasing distance, thus, lim-
its the ability of a HVAC cable transmission system to transmit bulk power over long
distances. Apart from the cable losses, the other major components contributing
energy losses are the losses in the collector network, off-shore and on-shore trans-
formers and compensating reactors. In this section, distribution of losses in all major
components of a HVAC cable transmission system from a WPP will be evaluated.
Power from a WPP is not constant due to the variation of wind velocity over time.
Therefore, it is more reasonable to evaluate energy losses rather than power losses.

The entire WPP is modeled as a single re-scaled wind turbine computed with
a multi-turbine power curve approach. Acknowledging good wind conditions off-
shore, the energy losses are evaluated for the average wind speed 10 [m/s], as com-
pared to 9.7 [m/s] average wind speed for Horns Rev off-shore location [11]. To
evaluate the energy losses, the power curve from the WPP is applied to the first com-
ponent (collector network in this case). The losses at each element (wind speed) of
the power curve are calculated to produce the total energy losses. The new power
curve adjusted with the losses is then applied to the proceeding component.

2.3.1 Wind Power Plant

In general, the entire WPP power curve can be derived as a product of the single wind
turbine power curve and the total number of wind turbines. However, this assumption
does not account for uneven wind distribution over the WPP area. In a WPP, wind
variation can occur both in space and time. To compensate forthis, a multi-turbine
power curve is applied according to the description below. The investigated system
consists of a WPP comprising 3.6 [MVA] wind turbines (being a standard product of
Siemens Wind Power A/S for off-shore applications).

Fig 2.6 is derived for a WPP rated at 180 [MVA] with N = 50 number of wind
turbines. It can be noticed from Fig. 2.6 that the differencebetween a multi-turbine
power curve and a single turbine representation for a relatively small WPP does not
seem so big. However, when annual energy is computed, the difference is still signif-
icant, justifying the use of a multi-turbine power curve approach suggested in [12].
Therefore, all the calculations made in this work are based on that methodology. A 10
[%] turbulent intensity is considered within the WPP area. Finally, the multi-turbine
power curve is calculated as below,

Pm,i = ∑
j

Psi+ j × psj (2.9)
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2.3. Energy Losses Evaluation

WherePsi is theith element of the single turbine power curve,psj is the probabil-
ity of the spatial distribution.
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Figure 2.6: Multi-turbine power curve (above) and the wind distribution (below)

When the multi-turbine power curve and the wind distribution over the particular
site area are known, the total annual energy production can be calculated as in (2.11).
The wind in a site can be represented by different probability distribution functions.
The distribution function considered here is a Rayleigh distribution with k= 2 as in
(2.10);

f (v) =
k
λ
·
( v

λ

)k−1
e−(v/λ)k

(2.10)

Ef arm = ∑
v

f (v) ·Pm(v) ·8760 (2.11)

Wherev is the range of wind velocity,λ = 2·Vavg/
√

π andVavg is the average wind
velocity. The total operation utilization of the WPP is taken to be 1. In a real WPP,
wind turbines are taken out of service for maintenance, environmental factors like
icing shut-down etc. and, hence, the utilization is below 1.These situations with
lower utilization factors or different average wind velocitys are not included in this
report, however, such evaluations can be easily accomplished by simply adjusting the
inputs to the code prepared during the project.
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2. HVAC TRANSMISSION SYSTEM

2.3.2 Collector Network

Individual wind turbine in a WPP is connected to the collector network via a wind
turbine transformer, 0.690/33 [kV]. Wind turbines in a WPP are arranged in rows.
The layout of the WPP that has been considered in this work is shown in Fig 2.7.
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Figure 2.7: Layout of a WPP

The losses in the collector network depend upon the way the wind turbines are
positioned in the WPP. To evaluate the losses in the collector network in detail re-
quires a significant number of computations. The total cablelength of the collector
network is relatively small. Therefore, it is reasonable tomodel it using aπ equiv-
alent network. To formulate theπ equivalent model, the cables inter-connecting the
wind turbines in the WPP and the cables connecting the wind turbine rows to the
off-shore platform are all included in the sameπ equivalent. The distance between
wind turbines in a row and the distance between two rows is selectedl = 0.750 [km].
For comparison, the distance between wind turbines in HornsRev wind farm [11]
is given to be 0.560 [km]; while in case of Nysted wind farm [13] the distance be-
tween wind turbines is given to be 0.480 [km] and the distance between two rows is
0.850 [km]. After defining appropriate distances between each rows and the off-shore
platform, the finalπ equivalent model is prepared.

For example in a 180 [MVA] WPP, wind turbines are arranged inm= 10 rows
andn = 5 turbines in each rows. A pair of rows is connected together to the off-
shore platform; as a resultm/2 cables are required to connect the rows to the off-
shore platform. In each row the maximum current is 315 [A], hence a 33 [kV], 150
[mm2] cable is selected for wind turbines inter-connection. Forconnecting rows
to the off-shore platform, 33 [kV], 500 [mm2] cables are selected. The electrical
parameters of the cables are presented in Table 2.2. From thecable parameters and
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2.3. Energy Losses Evaluation

known distances, the resulting parameters of theπ equivalent model of Fig. 2.7 are
listed below,

Zeq= (0.025+0.057j) [Ω]
Ceq

2 = 5.025 [µF ]

Table 2.2: Collector network cable parameters

Parameters
V 33 [kV] 33 [kV]
a 150 [mm2] 500 [mm2]
R/m 124 [µΩ] 36.6 [µΩ]
L/m 0.41 [µH] 0.35 [µH]
C/m 0.20 [nF] 0.30 [nF]
Inom 405 [A] 770 [A]

2.3.3 Cable Losses

As described earlier, current along the cable line is not uniform. This implies that
the power losses along the cable line are not uniform either.To take into account the
non-uniform power losses along the cable line, the methodology presented in [14]
has been implemented for the losses evaluation of the cables. For any small section
dxalong the line, the power losses is calculated as,

P(dx) = Pmax(dx) ·
[

I(dx)
Inom

]2

vθ +Pd(dx) (2.12)

vθ =
cα

cα −αT ·∆θmax

[

1−
[

I(dx)
Inom

]2
] (2.13)

The total power losses is obtained by integrating (2.12) over the total cable length.
Where

Pmax(dx) = 3· I2
nom·Rac(dx) (2.14)

WhereRac(dx) is the resistance per length of the cable.cα = 1−αT · (20◦C−θamb),
αT is the temperature coefficient of copper,θamb is the ambient temperature and
∆θmax is the maximum permissible temperature rise of the cable. Ambient tem-
perature in this work is assumed to be 20 [◦C] at the sea bed and maximum cable
temperature to be 90 [◦C].

The di-electric losses of the cable line is calculated as below [15],

Pd(dx) = V2
0 ·ω ·C(dx) · tanδ (2.15)

tanδ =
1

Rd ·ω ·C(dx)
(2.16)
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2. HVAC TRANSMISSION SYSTEM

WhereC(dx) is the capacitance per unit length of the cable,Rd is the dielectric resis-
tance andV0 is the nominal per phase voltage.

In Fig. 2.8, the total cable losses for different transmission distances are pre-
sented. The increase in power losses with increasing transmission distance can be
observed. For 132 [kV], 200 [MVA] power transmission level, the percentage losses
of the total power in the cables is≈ 4 [%] at 100 [km] distance.
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Figure 2.8: Cable losses against the total transmitted power; V0 = 132 [kV]

2.3.4 Transformers and Reactors

The losses in the transformers are calculated using standard procedures from the
known values of no-load losses and the winding resistances.The copper resistance
is appliedRc = 0.002 [pu] and the magnetizing current at no-load isIm,nl = 0.04
[%] of the nominal current. The extra components that are required during a HVAC
transmission are the compensating reactors placed at the two ends of the transmitting
cables. The losses in the reactors are calculated similarlyto that of the transformer,
but the difference is that a reactor has only one winding. At the off-shore platform the
transformer voltage ratio is 33/132 [kV] while at the on-shore location is 132/400
[kV].
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2.3. Energy Losses Evaluation

2.3.5 Losses Distribution

Energy losses at each component is calculated as in (2.17),

Eloss,comp = ∑
v

f (v) ·Ploss(v) (2.17)
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Figure 2.9: Distribution of energy losses as percentage of the total energy losses in
the system.Ptrans= 180MW, V0 = 132kV

The majority of the losses is contributed by transmission cables; the selected
cable is witha= 800 [mm2]. Losses in other components do not change with trans-
mission distance, but the losses in the cables do increase with distance as seen in Fig.
2.8 and Fig. 2.9. For a very long transmission line, the percentage of losses in HVAC
cables is so high that the losses in other components become negligible. The cables
share 56.2 [%] atL0 = 50 [km] as compared to 79.2 [%] atL0 = 200 [km] of the total
energy losses.

In the next step, a WPP of 360 [MVA] is considered; which is twice the size of
the one considered previously. The total number of wind turbines is increased to
N = 100, but the layout of the WPP is assumed to be similar with collector network
voltage at 33 [kV]. The collector networkπ equivalent parameters are re-calculated
in a similar way as explained earlier.

Zeq= (0.010+0.031j) [Ω]
Ceq

2 = 13.98 [µF ]
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The transmission voltage is selected to be 220 [kV] and the host power system
voltage level to be at 400 [kV]. HVAC cables witha = 1200 [mm2] are selected to
allow room for higher current. Distribution of energy losses in different components
of the transmission system is shown in Fig. 2.10.

The selection of transmission voltage is generally based onthe size of the wind
power plant, and eventually the current. Thicker cables aredifficult to handle while
laying them over the sea-bed. On the other hand, the total charging current require-
ment of the cables increase with increasing voltage level and the available active
power capacity diminishes with increasing distance. As discussed earlier, higher
charging current will also increase the cable losses. This is also demonstrated in Fig.
2.10, where the percentage losses in the cables have increased rapidly with increas-
ing distance. The cables share 39.5 [%] at L0 = 50 [km] as compared to 66.3 [%] at
L0 = 200 [km] of the total energy losses.
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Figure 2.10: Distribution of energy losses as percentage ofthe total energy losses in
the system.Ptrans= 360MW, V0 = 220kV
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ThreeHVDC Transmission System
In this chapter, two different HVDC transmission systems for an off-
shore WPP are discussed - including AC collector network andDC col-
lector network. Losses evaluation method and comparison between the
two systems are presented. An over all comparison with a corresponding
HVAC system is also illustrated and finally the advantages and disadvan-
tages of all the three systems are outlined.

The choice between an AC system or a DC system (distribution or transmission level)
has been under debate since a long time. Important issues like cost, protection units,
and transformers etc., have been the major factors in deciding the use of an AC
system. However, an AC system has its own associated problems like reactive power,
harmonics and limitations of the cable transmission distance. Some components of
a HVDC system have advanced in recent years, specifically theVSCs. As a result,
the transmission of power from an off-shore power plant is being considered to be
done via a HVDC transmission line. Point-to-point power transmission over long
distances or connection between two non-synchronous networks is already done via
a HVDC line in some cases [16, 17]. At off-shore conditions, the prospect of DC
transmission system is considered very attractive due to the limitations of AC cable
systems.

HVDC transmission system does not have any theoretical limitations on the
transmission distance and as such many research projects are being performed to
investigate the use of HVDC transmission system in the future. HVDC transmission
system is commonly classified into two categories based on the two end converter
topologies [18, 19] - line-commuted converter (LCC) or self-commuted converter
(VSC) . A classical HVDC system consists of a thyristor basedline-commuted con-
verter system which is well established for high power transmission over many years.
Investigation of classical converter type HVDC transmission system is not included
in this work. Modern HVDC transmission systems are equippedwith IGBT based
forced-commuted VSCs [20, 21]. For example, Siemens and ABBhave HVDC sys-
tem under the name ‘HVDC PLUS’ and ‘HVDC Light’. The fundamental difference
between the two systems is the topology of the VSC.

Modern HVDC transmission system offers further advantagesover HVAC trans-
mission system in terms of grid connection. HVDC transmission system provides
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3. HVDC TRANSMISSION SYSTEM

better grid connection solution for weak grids. Specifically, the grid side VSC of the
HVDC system can operate in all four quadrants with active andreactive power flow
in both directions, so it provides efficient voltage and frequency control and support
to a weak grid. The strength of the grid (or the host power system) is a measure of
SCR (short circuit ratio) [7] such that higher SCR denotes a stronger grid.

SCR =
PCC short circuit power

max. apparant power of the WPP
(3.1)

Moreover, a HVDC system provides following advantages; [22,23]

1. AC/AC decoupling between the WPP and the host power system,

2. Transports the same amount of power with a less number of high voltage cables
compared to HVAC system,

3. Provides better power flow control-ability and

4. Does not require the reactive current flow (demanded by thegrid at PCC) along
the entire length of the transmission cables, hereby, reducing the transmission
losses. Reactive current can be locally exchanged between the grid side VSC
and the host power system irrespective to the WPP .

However, the capital cost of a HVDC system and the losses thatoccur in the con-
verter system at the two ends of the transmission line are of prime concern. A typical
HVDC transmission system from an off-shore WPP to the near-by on-land transmis-
sion system is shown in Fig. 3.1. The main components of a HVDCtransmission
system are the two VSCs at the two ends of the transmission line; while the WPP
collection grid may remain the same as in case of a HVAC transmission. The choice
of the wind turbine type can be influenced by the choice of control system selected
for the HVDC system (the details will follow in the coming chapters).

3.1 Voltage Sourced Converter

For high power HVDC transmission system application, the three main topologies of
VSC utilized so far are; (i) two-level VSC, (ii) three-levelVSC and, (iii) the MMC
(modular multi-level converter) VSC. The building blocks of these VSCs are the
forced commutated switching devices (specifically IGBTs),the diodes, and the DC
capacitors (to store the required energy so that the power flow can be controlled).
Each phase leg of the converter is connected via an inductor and additional filters to
the grid.

Two-level VSC offers the most basic and simple topology, however, has the
highest harmonics content of all VSCs. A two-level converter consists of six ac-
tive switches, each with an anti-parallel diode. The voltage and current handling
capacity of the presently available IGBTs are limited and hence they cannot individ-
ually handle the entire high voltage and power requirements. Many of these IGBTs
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Figure 3.1: HVDC power transmission from an off-shore WPP tothe near-by on-land
transmission system

are connected in series to meet the voltage requirements. A filter at the AC side is
required to eliminate the unwanted higher harmonics from the voltage and current
waveform.

A three-level converter topology for e.g., a NPC (neutral point clamped) mainly
differs from the two-level converter topology in the addition of a clamping diode. As
a result, three different combination of AC voltage output is possible at each phase
leg - positive DC voltage, zero voltage and negative DC voltage. The resulting AC
voltage is more closer to the desired sinusoidal AC voltage compared to a two-level
converter. Therefore, the efforts in filtering higher harmonics are relatively reduced.

3.1.1 Modular Multi-level Converter

A recent development in VSC has provided a scalable modular type system suitable
for high power applications [24]. The detailed study of dynamic behavior of such
a converter type for use with VSC-HVDC system is presented inmany literatures
including [25–27]. The structure of a MMC system is shown in Fig. 3.2. Each phase
leg consists of two arms and each arm consists ofn sub-modules. A sub-module is a
two terminal structure with two IGBTs, two diodes and a capacitor as shown in Fig.
3.2. Unlike other topologies discussed earlier, the dc linkof the MMC do not require
any common DC capacitor and filter, also the total system losses are lower compared
to an equivalent two-level converter system [28].

Each sub-module can have three states depending upon the state of the two
switches. WhenT1 is on andT2 is off, the capacitor voltage is applied to the ter-
minals of the sub-module (the sub-module can be said to be turned on). In this state,
current can either flow throughD1 and charge the capacitor or throughT1 and dis-
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Figure 3.2: Topology of a MMC

charge the capacitor depending upon the direction of the current flow. WhenT1 is off
andT2 is on, the capacitor voltage is not applied to the terminals of the sub-module,
or zero voltage is applied and the capacitor voltage thus remains unchanged (the sub-
module can be said to be turned off). When both the switches are turned off, the
converter will be in a blocked state. All the sub-modules will identically follow the
state; therefore, this state is not possible during normal operation. The per phase AC
voltage of the converter can be adjusted by turning on a number of sub-modules in
the upper and the lower arm of the same phase and the DC voltagecan be adjusted
independently.

The main parameters defining the voltage and the current ratios of the MMC are
listed below.

kv = 2· v̂a

Vdc
(3.2)

ki =
3· îa
2· Idc

(3.3)
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Wherev̂a and îa are the peak value of the per phase AC voltage and current. The
control system in a modular converter is such that all three phases are equally loaded
with the active power to balance the voltage. As a result, each arm of an inverter leg
shares a DC current of13Idc and a AC current of12 ia(t), whereia(t) is the per phase
current of the converter. Assuming sinusoidal phase current, the current through each
arm can be written as,

iarm,1(t) =
1
3
· Idc+

1
2
· ia(t) (3.4)

iarm,1(t) =
1
3
· Idc · (1+ki ·sin(ωt +φ)) (3.5)

The voltage expression for each arm becomes,

varm,1(t) =
1
2
· (Vdc−va(t)) (3.6)

varm,1(t) =
1
2
·Vdc · (1−kv ·sin(ωt)) (3.7)

If it is assumed that the voltage and the current on the DC sideare without ripple,

P̄dc =
1

2π

ˆ 2π

0
vdc(ωt) · idc(ωt) ·d(ωt) (3.8)

P̄dc = Vdc · Idc (3.9)

The AC side power is expressed as,

P̄ac = 3·Va · Ia ·cos(φ) (3.10)

To keep the balance between the AC and the DC side, power should equal to each
other,Pac = Pdc.

Vdc · Idc = 3·Va · Ia ·cos(φ) (3.11)
v̂a

Vdc
·cos(φ) =

2· Idc

3· îa
(3.12)

ki =
2

kv ·cos(φ)
(3.13)

From the arm voltage and current expression it is possible tocalculate the power
expression in each of the arms.

Parm,1(t) =
Vdc · Idc

6
· (1−kv ·sin(ωt)) · (1+ki ·sin(ωt +φ)) (3.14)

Fig. 3.3 shows the plot of the current, voltage and the power for an arm of a phase
leg.

The pulsation of energy in an arm of an inverter leg can be known by calculating
the area between the two consecutive zero crossings of the power curve from Fig.
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Figure 3.3: Current, voltage and power in each arm of a phase leg of a MMC,Ptrans=
180 [MW]

3.3. It can be seen that the zero crossing of the power curve isthe point at which the
current crosses zero. Therefore, the two limits for the integration can be found from
the current curve,

0 =
1
3
· Idc · (1+ki ·sin(ωt +φ)) (3.15)

The above expression is zero when,ki ·sin(ωt +φ) =−1.
Solving forωt,

ωt1 = −φ −asin

(

1
ki

)

(3.16)

ωt2 = π −φ +asin

(

1
ki

)

(3.17)

The pulsation of energy on each arm is thus,

∆Warm,1 =
1
ω

·
ˆ ωt2

ωt1

Parm,1(ωt) ·d(ωt) (3.18)

∆Warm,1 =
P̄dc

3·ω ·k2
i

·
(

k2
i −1

)3/2
(3.19)
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If we consider that the energy is distributed equally in all the sub-modules, the pul-
sation of energy per sub-module can be derived as,

∆Wsm =
P̄dc

3·ω ·n·k2
i

·
(

k2
i −1

)3/2
(3.20)

Where subscriptsmstands for sum-module. The necessary capacitor per sub-module
can be determined from the above expression.

Csm =
2·∆Wsm

ε ·V̄2
c

(3.21)

Csm =
2· P̄dc

3· ε ·V̄2
c ·ω ·n·k2

i

(

k2
i −1

)3/2
(3.22)

where 0< ε < 1 is the ripple factor of the voltage in the sub-module.
The ratio of total capacitance per arm of the converter and the capacitance per

sub-module in an arm can be defined as,

Carm =
Csm

n
(3.23)

Once the current, voltage, capacitance and the parameters of the semiconductor de-
vices of each sub-modules are known, it becomes possible to estimate the losses of
the MMC.

3.2 Energy Losses Evaluation

The structure of the WPP is chosen to be exactly the same as in the case of the
HVAC transmission system. This applies that the multi-turbine power curve and the
parameters of the WPP collector network of the HVDC connected WPP remains the
same.

3.2.1 Modular Multi-level Converter Losses

A list of converter parameters used for the losses calculation is presented in Table
3.1.

Table 3.1: Parameters of the converter

Parameters
Pdc DC side power 180 [MW]
VDC DC voltage 200 [kV]
Vc sub module voltage 1.8 [kV]
V0 AC voltage 100 [kV]
n no. of modules 136/arm
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3. HVDC TRANSMISSION SYSTEM

Losses in a MMC can be categorized as semiconductor switching and conduc-
tion losses, gate driver losses, losses in the energy storage capacitors, losses in the
passive filters and protection inductors and other miscellaneous losses. Power losses
in the gate driver of 7.5 [W] is included per IGBT. Approximate power losses asso-
ciated with the components like passive filter and capacitors are calculated. In case
of an inductor, the losses calculation is done when the respective parasitic resistance
(0.001pu) and core losses are known. The total capacitive losses are approximated
to be 0.1% of the total power.

The IGBTs in the MMC are considered to be ‘hard switched’ (without any snub-
ber circuit). As compared to the switching frequency of a two-level or a three-level
VSC, the necessary switching frequency of a MMC is low, around fs = 150Hz [29].
This reduces the switching losses of the semiconductors significantly [28]. The con-
duction and the switching losses of the semiconductors are calculated with the as-
sumption that the load current is pure sinusoidal. The parameters of the considered
IGBT module are presented in Table 3.2;Vr = 1800V andIr = 1500A. (The subscript
r stands for reference).

Table 3.2: Parameters of selected semiconductors for losses calculation

Vf r f Eon Eo f f Erec

IGBT(T1,T2) 3.1 [V] 1.6 [mΩ] 3.3 [J/P] 2.7 [J/P] −
Diode(D1,D2) 2.3 [V] 1.04 [mΩ] − − 2 [J/P]

The total forward voltage drop and the total on state power losses on a semicon-
ductor is given by [28],

PF = ī f ·VF(I
∗
F) (3.24)

Where, ī f is the average forward current in a semiconductor andI∗F is the equiva-
lent on state current determined from the load current. In the data-sheet of an IGBT
device, a plot showing the function of forward voltage (VF ) against the forward cur-
rent (IF ) is generally provided. A polynomial expression of this function is derived,
which makes it possible to calculate the forward voltage at any given current level.
The product of this forward voltage times the average switchcurrent gives the con-
duction losses. The average forward current in the semiconductor of a sub-module
are given by [28,30],

īT1 =
1
4
·b·x· |īa| (3.25)

īT2 =
1
4
· (1−b·x) · |īa|+

1
6
· Idc ·

(

1+
1

3·m

)

(3.26)

īD1 =
1
4
·b·x· |īa| (3.27)

īD2 =
1
4
· (1−b·x) · |īa|+

1
6
· Idc ·

(

1− 1
3·m

)

(3.28)
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3.2. Energy Losses Evaluation

where,b=Vdc/(2·n·Vc); m= ki ·π · |īa|/(2· îa) andx=
(

1−m−2
)

3
2 .

Similarly, the switching losses in the semiconductor can beevaluated as below,

PS,IGBT = fs ·
(

Eon+Eo f f

Vr · Ir

)

·Vc · īarm,1 (3.29)

PS,diode = fs ·
(

E
Vr · Ir

)

×Vc · īarm,1 (3.30)

Semiconductor switching losses is due to the product of voltage and current dur-
ing the switching sequence. Accurate prediction of the switching losses at different
power levels is relatively very difficult. A linear approximation based on analyti-
cal calculation of eqs. (3.29 and 3.30) and the reference parameters directly taken
from the data-sheet can provide a good estimation [31]. For an IGBT or a diode,
the total energy dissipation during a switching sequence isprovided in the respec-
tive data-sheet at a reference voltage and current. In case of an IGBT, dissipation
of energy occurs both at the turn on and off sequence, however, in case of a diode,
dissipation of energy occurs due to reverse recovery. However, it has to be noted that
the arm current,iarm,1, is not symmetric (refer Fig. 3.3). During the calculation of
the losses, the asymmetry has thus been taken into account; calculating the average
arm current using the positive average for one IGBT and the opposite diode and the
negative average for the other IGBT and the opposite diode. Fig. 3.4 shows the total
semiconductor losses. The upper four plots refer to the losses in an individual IGBT
and a diode for a given sub-module. The bottom plot refers to the total losses in all
semiconductor parts of the MMC. Conduction losses are the most dominating part of
the total semiconductor losses in a MMC. The increment in conduction losses with
increasing power shows polynomial increment because the conduction losses are de-
pendent on the square of the current. As the switching lossesin a MMC are only a
fraction of the total losses, a linear approximation based calculation is justified. The
total semi-conductor losses in a MMC contributes approximately 0.833 [%] of the
rated power.

3.2.2 HVDC Cables

HVDC cables are generally available in three main types [32].

1. Mass impregnated cables - which are insulated with special papers; available
for up to≈ 600 [kV].

2. Self-contained fluid filled cables - which are also insulated with special papers
but are impregnated with low viscosity oil; available for upto≈ 600 [kV].

3. Extruded cables (XLPE) - which are insulated with polyethylene based com-
pound; available up to≈ 320 [kV]. XLPE cables are not suitable for rapid
polarity reversals. Rapid polarity reversals in XLPE cables create localized
high stress and cause fast aging of the cable insulation. However, XLPE ca-
bles have become more preferable due to the development of VSC that does
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Figure 3.4: Total power losses in the semi-conductor devices of a MMC;cosφ = 1.0

not require polarity reversal for power reversal. All the following analysis in
this work is based on XLPE cable types.

Charging current in a HVDC cable transmission system is not present because the DC
voltage and the current do not alternate. The voltage distribution is capacitive during
the start-up, but the cable acts as a resistor during the static condition. However,
a small ripple in the DC voltage can occur. With accurate voltage control strategy
and tuning, the ripple can be kept within small tolerable limits [28], and hence the
added losses due to this are negligible. The losses along thecable are calculated as
suggested in [14].

P(dx) = Pmax(dx) ·
[

I(dx)
Inom

]2

vθ (3.31)

vθ =
cα

cα −αT ·∆θmax

[

1−
[

I(dx)
Inom

]2
] (3.32)

The total power losses are obtained by integrating (3.31) over the total cable length.
The maximum power per length is given by the expression below.

Pmax(dx) = 2· I2
nom·Rdc(dx) (3.33)

WhereRdc(dx) is the resistance per length of the cable.cα = 1−αT · (20◦C−θamb),
αT is the temperature coefficient of copper,θamb is the ambient temperature and
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∆θmax is the maximum permissible temperature rise of the cable. InFig. 3.5, a
comparison of total cable losses for varying transmission distance and transmitted
power has been presented. The presented result are for cables witha= 800 [mm2] and
Rdc/m= 22 [µΩ] at 20◦C. At 150 [km] distance with total active power transmission
of 200 [MW] the total losses in DC cables is≈ 4.25 [%] as compared to≈ 6.45 [%]
as compared to an equivalent HVAC cable system.
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Figure 3.5: Cable losses against the total transmitted power; V0 = 200 [kV]

3.2.3 Losses Distribution

Implementing a similar technique as discussed in the earlier Chapter 2, the distribu-
tion of losses for a WPP rated at 180 [MVA] with N = 50 number of wind turbines is
calculated; shown in Fig. 3.6.

It shall be noticed that the majority of the energy losses contribution is from the
cables and thereafter from the converters at the two ends of the HVDC transmission
line. The efficiency of these MMCs are generally very high dueto the low switching
losses, smaller converter reactor requirements and the elimination of the filters at
both AC and DC side. Furthermore, a transformer at the grid side is not necessarily
needed with a MMC HVDC transmission. In the WPP collector network, the AC
voltage is relatively low (≈ 33kV). A transformer is thus required to step up the
voltage and reduce the converter current. In this work, a transformer at both ends of
the HVDC transmission system is present to make a comparisonto a HVAC solution.

33



3. HVDC TRANSMISSION SYSTEM

0
20
40
60
80

E
lo
ss

 [
%

]
8.2 9.7

22.7 28.5 22.0
9.0

L0  = 50

0
20
40
60
80

E
lo
ss

 [
%

]

7.2 8.5
19.9

37.5
19.2

7.8

L0  = 75

0
20
40
60
80

E
lo
ss

 [
%

]

6.4 7.5
17.7

44.5

16.9
6.9

L0  = 100

0
20
40
60
80

E
lo
ss

 [
%

]

5.8 6.8
16.0

50.1

15.2
6.2

L0  = 125

0
20
40
60
80

E
lo
ss

 [
%

]

5.2 6.2 14.5

54.8

13.7 5.5

L0  = 150

0
20
40
60
80

E
lo
ss

 [
%

]

4.8 5.7 13.3

58.7

12.5 5.0

L0  = 175

0
20
40
60
80

E
lo
ss

 [
%

]

4.4 5.3 12.3

62.0

11.4 4.6

L0  = 200
Collection network
Park transformer
Offshore converter
Cable
Grid side converter
Grid side transformer

Figure 3.6: Distribution of energy losses as percentage of the total energy losses in
the system;Ptrans= 180MW, V0 = 200kV

The cables share 28.5 [%] atL0 = 50 [km] as compared to 62.0 [%] atL0 = 200 [km]
of the total energy losses. The cross-section area of the selected cable is 800 [mm2].

Likewise with a HVAC transmission system, a WPP of 360 [MVA] is also evalu-
ated; which is twice the size of the one considered above. Thetotal number of wind
turbines is increased toN = 100, but the layout of the WPP is assumed to be similar
with collector network voltage at 33 [kV]. The transmission voltage is selected to be
300 [kV]. HVDC cables witha= 1400 [mm2] are selected to allow room for higher
current. Distribution of energy losses in different components of the transmission
system is shown in Fig. 3.7. The cables share 18.7 [%] at L0 = 50 [km] as com-
pared to 48.3 [%] atL0 = 200 [km] of the total energy losses. For short transmission
distances, the losses in the converter stations dominate but with increasing distance,
the losses in the cable start to grow. AtL0 = 50 [km], the sum of total losses in the
two VSCs is 49.7 [%] as compared to 31.6 [%] at L0 = 200 [km] of the total energy
losses.

3.3 HVDC Transmission with DC Collector Network

The scope of a DC system can also be extended to a MV (medium voltage) grid, espe-
cially for future off-shore WPP collector network, where the power transmission will
be via HVDC sub-marine cables. MVDC grid allows weight saving of components
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Figure 3.7: Distribution of energy losses as percentage of the total energy losses in
the system.Ptrans= 360MW, V0 = 300kV

used in the system [33,34], specially for voltage transformation. The WPP collector
network conventionally is a MVAC system. However, in case the power transmission
is done via HVDC transmission system, the use of a DC collector network might
provide an advantage. The electrical structure of such a WPPcollector network and
transmission system is presented in Fig. 3.8.

The use of a MVDC system in the WPP collector grid will requireindividual
wind turbines in a WPP to generate DC output. The AC output of the wind turbine
generators should be rectified, and instead of a conventional AC transformer, a DC-
DC converter should be used to step-up the voltage level. DC-DC converters are the
DC equivalent of the AC transformers, whose primary job is tostep-up or step-down
the voltage level. The DC-DC converter required for this power and voltage level
is, however, not a standardized unit and is under development [33]. A comparison
based on power losses of different types of DC-DC converterswith MF (medium
frequency) AC transformer is also presented in [33]. It has been presented that a full-
bridge converter is the most suitable option for WPP applications in terms of energy
losses, simple design and control options.

3.3.1 DC-DC Converter

A full-bridge DC-DC converter topology is presented in Fig.3.9. The low voltage
side of a step-up type full-bridge DC-DC converter consistsof four active switches
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Figure 3.8: HVDC power transmission from an off-shore WPP tothe near-by on-land
transmission system with DC collector network

and four freewheeling diodes and the high voltage side consists of a passive diode
rectifier. The high voltage side and the low voltage side of a full-bridge DC-DC
converter is isolated through a MF transformer. As one end ofthe converter is a
passive diode rectifier, the power flow is uni-directional. The diode bridge output on
the high voltage side is connected via an output filter so as tominimize the output
voltage and current peak ripple. The low voltage side activebridge is controlled via
PWM signal by utilizing the duty ratio control. The relationship between the input
and the output voltages of a duty cycle controlled full-bridge DC-DC converter can
be expressed in terms of duty ratio (D) of the active switches and the turns ratio of
the transformer.

V0

Vin
=

Ns

Np
·2·D (3.34)

Where,V0 is the output side DC voltage,Vin is the input side DC voltage,Ns andNp

are the secondary and primary side number of turns of the MF transformer. There-
fore, to optimize the transformer turns ratio, it might be advantageous to operate the
DC-DC converter with a highest possible duty ratio. The maximum possible duty
ratio for the active switches is 50 [%]. But in practice a slightly lower duty ratio
is implemented to account for a small dead time between the two opposite pair of
switches (required to avoid complete short circuit), transmission voltage drop and
the transformer leakage reactance current reversal time. This needs to be compen-
sated by increasing the transformer turns ratio.

The other technique to control such a full-bridge DC-DC converter is to utilize
a phase shift control between the two legs of the low voltage side bridge [35]. This
technique utilizes the transformer leakage inductance andthe active switches para-
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Figure 3.9: Full-bridge DC-DC converter

sitic capacitors to achieve a soft switching, hereby, reducing the switching losses.
The range of zero voltage switching is thus limited by the leakage inductance of the
transformer and the parasitic capacitors. Zero voltage switching over a wider range
of operation demands higher leakage inductance, making theoptimized transformer
design complicated. An additional inductor might become necessary and also an
additional capacitor across each of the switches will be required. Additional induc-
tor and capacitors will, nevertheless, introduce additional losses. Therefore, design
and control of such a converter is relatively complicated. The cost and benefit of
such a system for a very high power level application is not obvious and will re-
quire a detailed comparison. In this work only a hard switched duty ratio controlled
full-bridge converter will be analyzed as it offers relative simple control and design
options (which for a very high power application is a major advantage).

A MF transformer is composed of a core (magnetic material) and the windings
of primary side and the secondary side. The choice of the corematerial can be
influenced by various application requirements and specifications like power level,
frequency of operation etc. For example, for low frequency power transformer ap-
plications, laminated steel cores are preferred. They offer higher saturation flux
density and hence reduce the weight (size) of the transformer. On the other hand
they have higher core losses, specifically the eddy current losses are high due to
their lower electrical resistance, hence laminated sheetsare used to reduce eddy cur-
rent losses [36]. For relatively small power application with high frequency over
10 [kHz], ferrite cores are generally preferred [36, 37]. Ferrite materials offer lower
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eddy current losses as they have very high electrical resistance but low saturation
flux density. The other material class used in transformers is the alloys of mainly
iron and small part of other elements. Amorphous alloys of iron and other transi-
tion metals, trade name as METGLAS, is also presented in [37]. These materials
offer higher electrical resistance than steel cores and higher saturation flux density
compared to the ferrites, thus making it suitable for MF transformers of around 2
[kHz] ranges [37]. With this in consideration, an amorphous alloy core material
2605SA1 [38] is chosen for the design of the MF transformer used in a full bridge
DC-DC converter application (also referenced in [39]). Thesize (volume and weight)
of an off-shore transformer is an important parameter, while the losses in the core and
the windings are also equally significant. During the designof the transformer, the
main focus should, therefore, be put on those parameters. Lower copper losses are
achieved by using lowest possible turns in both the primary and the secondary wind-
ing. However, lower turns result in higher core loss and higher transformer weight
as seen in Fig. 3.10. Although higher turns reduce both the core losses and the core
weight, the copper losses are increased and more importantly it also increases the
weight of the windings. It is seen in Fig. 3.10 that the lowestlosses occur at around
Np = 12 while the weight of the core and copper added together doesnot reduce
significantly with additional turns in the primary winding.The plots in Fig. 3.10 are
calculated for a 1 [kHz] transformer designed for a 3.6 [MW] wind turbine DC-DC
converter. The weight of a MF transformer (approx. 500 [Kg]) is only around 7−10
[%] of a standard 50 [Hz] transformer (approx. 6000 [Kg]). The transformer design
procedure is described in detail in B.1.

3.4 Energy Losses Evaluation

The VSC and the transformer representation at the grid end are the same as in the
earlier case of HVDC transmission with MVAC collector grid.The layout of the
WPP is again considered to be exactly the same as in the earlier cases; however, the
collector network is a MVDC system. This implies that only two cables are required
instead of three (or three core) as compared to MVAC system. The equivalentπ
parameters of the collector network are re-calculated based on the DC cables and the
resulting parameters are,

Zeq= (0.014+0.047j) [Ω]
Ceq= 6.529 [µF ]

3.4.1 DC-DC Converter Losses

A list of DC-DC converter parameters used for the calculation are presented in Table
3.1.

Losses in a DC-DC converter can be categorized into three main groups, (i) trans-
former losses, (ii) semiconductor conduction losses and, (iii) semiconductor switch-
ing losses. Losses in the transformer are mainly due to the core losses and the copper
losses. Core losses are constant irrespective to the power transfer, as they depend
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Table 3.3: Parameters of the DC-DC converter at the WPP

Parameters
Pdc DC side power 180 [MW]
VDC DC voltage 200 [kV]
Vcn collector network voltage 33 [kV]
Ns/Np Transformer turns ratio 7
Fsw switching frequency 1 [kHz]

upon the voltage level. Copper losses, however, depend uponthe current and hence
the power level. The total core losses (Ploss,c) can be estimated when the volume of
the core (vc) is known.

Ploss,c = k1.ρc.F
k2
s .Bk3

pk.vc (3.35)

Whereρc = 7.18 [gm/cm3] is the density of the core material,k1 = 6.5, k2 = 1.51,
k3 = 1.74 are the constants given in the data-sheet [38] andBpk is the peak flux
density in the core. The total copper losses can be calculated when the length of
the winding of the primary (lcu,p) and the secondary (lcu,s), cross-section area of
the primary and secondary windings (acu) and resistivity of a copper wire (ρcu) are
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known.

Ploss,cu = I2
in ·

ρcu.lcu,p

acu,p
+ I2

0 ·
ρcu.lcu,s

acu,s
(3.36)

The total transformer losses are the sum of the total core losses and the total copper
losses.

Ploss,tx = Ploss,c+Ploss,cu (3.37)

The semiconductor switching and conduction losses can be calculated using similar
technique as discussed in case of the MMC.

In Table 3.4, the parameters of the semiconductor components used for the WPP
DC-DC converter is presented. In the table, the terms ‘S’ and‘P’ stand for the number
of units per switch that are either series or parallel connected to achieve the rated
voltage and current requirements. The total calculated losses for the WPP DC-DC
converter is shown in Fig. 3.11 and the rated WPP power level,the percentage of
the total losses is approximately 1.63 [%] of the rated power. The most dominant
losses are the switching losses followed by the conduction losses. The contribution
of transformer losses to the total losses is very small.

Table 3.4: Parameters of the selected semiconductors for the WPP DC-DC converter.

Vces Ic Eon Eo f f Erec S P
IGBT 3300[V] 1500[A] 3.3 [J/P] 2.7 [J/P] − 20 4
Diode 6000[V] 1100[A] − − 5 [J/P] 58 1

3.4.2 Losses Distribution

The distribution of losses on different components for WPP with rated capacity of
180 [MVA], N = 50 is presented in Fig. 3.12. The sizing of the cables (a = 800
[mm2]) and the parameters of the grid side VSC and transformers are also chosen
to be identical as in the case of a HVDC transmission with AC collector network.
The losses in the DC-DC converter are slightly higher than that of an equivalent
MMC. Therefore, the contribution of DC-DC converter lossesfor short transmission
distance is more significant. Losses contribution due to thegate drivers (7 [W]) per
IGBT and due to the output filter (0.2 [%]) is included during the converter losses
evaluation. The cables share 25.2 [%] at L0 = 50 [km] as compared to 57.9 [%] at
L0 = 200 [km] of the total energy losses.

3.5 Transmission System Comparison

The wind turbine topology for a HVAC transmission system anda HVDC transmis-
sion system with MVAC collector network is selected to be a standard full-converter
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Figure 3.11: Total power losses in the WPP side DC-DC converter

design based on induction generator. However, when the collector grid is replaced
with a MVDC transmission system, the topology of the wind turbine converter sys-
tem should be modified. The AC collector network side VSC and the AC transformer
of the wind turbine will be replaced by a DC-DC converter. It is assumed that the gen-
erator side VSC and the DC link voltage will, nevertheless, remain the same in both
cases. Based on this assumption, losses comparison betweena standard two-level
VSC (semiconductor losses plus the wind turbine transformer losses) and a DC-DC
converter (semiconductor losses plus the MF transformer losses) is performed. At
the rated power of the wind turbine, the percentage losses ina DC-DC converter sys-
tem was calculated to be 1.608 [%] compared to 1.757 [%] in case of a VSC system.
The DC-DC converter system seems to offer slightly lower losses which are mainly
due to the lower losses in the MF transformer. The contribution of output filter has
been neglected in the above comparison. Therefore, assuming that the wind turbine
losses would not differ significantly among the two wind turbine systems, they are
not considered in the total system comparison.

The total energy losses for a HVAC and the two HVDC transmission solutions
are compared in Fig. 3.13. Each transmission solution is first individually optimized
in terms of transmission voltage rating and component sizing. The comparison of
cost has not been performed as a part of this work (an example can be found in [40]),
but the comparison has been performed in terms of total annual energy losses. As
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seen in the figure, the losses in an HVAC transmission system are lower than those
in a HVDC system for shorter transmission distances. However, when the length
of the transmission line becomes longer, the HVDC system is more efficient; as the
losses in the HVAC cables increase rapidly with length. The results presented are
for 180 [MW] and 360 [MW] WPPs; which are medium sized WPPs compared to
those presently announced. For a medium sized WPP it can be confirmed that be-
low 90 [km], the HVAC solution provides more efficient solution while above 110
[km] the HVDC solution provides the most efficient transmissionsolution. In case of
large WPPs (> 500 [MVA]), it can be expected that the HVDC system will provide
a further efficient solution intersecting the losses curve of the corresponding HVAC
system at a shorter distance. Based on Fig. 2.2 a higher amount of surplus reactive
current is required to be compensated as the power level (or the voltage level) in-
creases. Although total system losses is only one of the major factors, the process
of optimization will also include many other factors. Some of them would be the in-
vestment cost, running cost, system services, system control, PCC grid strength etc.
These comparisons will have to be made based on individual project requirements
and parameters.

On the other hand, the difference between a HVDC system with aMVAC col-
lector network and a HVDC system with DC collector network isnot as obvious in
terms of efficiency only. Except for the collector network and the WPP side DC-
DC converter, the two transmission systems are identical sothey do not show much
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variation with transmission length. As discussed in earlier sections, it can be seen
that all the pre-requisites and system control are available for constructing a MVDC
collector grid in a WPP. Much research are being performed inselecting and devel-
oping DC-DC converters and their control. But even though there are many DC-DC
converter topologies available for small power level, these converters are not tested
enough for high power applications.

A brief summary of the three transmission solutions are presented below.

HVAC system

1. Is the most mature transmission solution and most of the components are well
known; the past experience is vital for the reliability of the system operation.
(+)

2. Provides the lowest losses of the three compared solutions for short transmis-
sion distances. (+)

3. Offers the lowest off-shore platform cost, because no power electronics devices
are required. (+)

4. Generates considerable amount of reactive current and thus the cable capacity
is limited. Reactive power compensation becomes necessary. (-)
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5. Requires more number of transmission cables than the equivalent DC trans-
mission solution, and hence the cable cost is higher. (-)

6. Due to the higher capacitance in a HVAC cable line, resonances may occur
between the WPP collector network grid and the main grid at the on-shore;
causing voltage distortion. Fig. 3.14 shows the network impedance of a cable
space-state model calculated as a transfer function from the current input to
the voltage output at the receiving end. It can be observed that the frequency
of the oscillatory modes of a cable line are decreasing for increasing transmis-
sion length. Lower resonance frequency results in higher filtering efforts. A
good approximation of the maximum frequency range represented by the ca-
ble model isfmax= (Nπ ·v)/(8·L0), v= 1/

√
L ·C, Nπ = number ofπ sections,

L0 = cable length [41]. (-)

7. The WPP collector network is AC-AC coupled with the main grid, so the AC
side disturbances are directly reflected to each other. (-)

8. Modern WPPs are expected to support the grid with reactivecurrent. In case
of a HVAC cable transmission, the required reactive currentwill need to be de-
livered over the entire transmission length. This implies that the losses in the
cables will increase accordingly and as such the cables needto be consider-
ably over-sized. Alternatively, an extra reactive power compensation unit (e.g.
SVC) is required to be installed at the PCC. (-)

HVDC system with MVAC collector network

1. Provides very fast active and reactive power control options, which is ideal for
weak grid connection of WPP. (+)

2. The reactive power demanded by the host power system can belocally sup-
ported by the grid side VSC. (+)

3. HVDC provides an AC-AC de-coupling between the WPP collector network
and the main grid, so the AC disturbances at either ends are not necessarily
reflected to the opposite end. (+)

4. There is also no resonance between the transmission cables and other compo-
nents in the AC grid at the two ends of the transmission system. (+)

5. Requires less number of transmission cables and also the losses in the DC
transmission line is lower. (+)

6. There are no theoretical limits on the active power transmission distance. (+)

7. Requires more components (VSCs) and bigger off-shore platform size. (-)

8. The cost of added components and the amount of losses does not make it com-
petive for short distances. (-)
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HVDC system with MVDC collector network

The system does not vary so much from the HVDC system with MVACcollector
network, but some differences are itemized below.

1. MVDC collector network results in reduced component weight, especially in
case of transformer and number of medium voltage cables. (+)

2. MVDC system does not offer any natural zero crossings and,therefore, re-
quires more complicated switch gear and protection units. (-)

3. The DC-DC converters are relatively unproven for high power applications. (-)

Therefore, based on known technology and components development, HVDC with
MVAC collector grid might be preferred in the current context, but the use of MVDC
collector grid cannot be ruled out for the future.
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Dynami
 Simulation Model
In this chapter, a dynamic simulation model of a VSC-HVDC connected
off-shore WPP will be discussed including wind turbine, VSC, cables,
other major components and associated control systems. Themodel pre-
sented here will be further used to investigate the system for satisfactory
operation and will also be tested to verify various grid compliance ca-
pabilities of the system.

The electrical structure of the system selected for furtherinvestigation is as shown in
Fig. 4.1. A more generic diagram of the system is the same as inFig. 3.1 with MVAC
collector network. The HVDC transmission system in consideration is based on VSC
which enables bi-directional flow of active power between the WPP and the host
power system. However, the flow of active power from the powersystem towards the
WPP is limited mainly during the system start-up. The simulation model has been
prepared in ‘Simulink, Matlab’R©. In Table 4.1, the parameters of the system under
consideration are presented.N is the number of turbines in the WPP, subscriptswt
stands for wind turbine,cn stands for WPP collection network,dc stands for DC,
k stands for a VSC,g stands for grid andL0 is the HVDC transmission distance.
The nomenclature of different parameters presented here will be used to illustrate
different electrical behaviors and plots further on in the report.

Table 4.1: System parameters

Parameters Parameters
WPP Location Offshore N 50
Swt 3.6 [MVA] Vwt 690 [V]
Vcn 33 [kV] Sk 180 [MVA]
Vdc 200 [kV] Vk 100 [kV]
Vg 400 [kV] L0 100 [km]
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Figure 4.1: General overview of the simulation model
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4.1. Grid Side Voltage Sourced Converter

4.1 Grid Side Voltage Sourced Converter

The grid side VSC is referred to the HVDC VSC at the host power system end (Fig.
4.1) which is represented by a generic VSC model - equivalentcircuit shown in Fig.
4.2. A detailed vector control structure is then implemented to control the voltage
magnitude and angle at the terminals of the VSC.

2/dcV

2/dcV

)(, ti pdc

)(, ti ndc

)(tvka

)(tvkb

)(tvkc

kL
kR

)(tva

)(tvb

)(tvc

dcP
gP

kP

Figure 4.2: Equivalent circuit of the VSC model

The control of a VSC can be divided into two loops. The inner current loop
controls the current by sending controlled reference voltages to the VSC modulation
unit. The inner current loop operates in adqrotating reference frame synchronized to
the PCC AC voltage by a PLL (phase locked loop). Thed− axis current,ikd controls
the active power while theq− axis current,ikq controls the reactive power. Thed−
andq− axis are defined as the components in phase with the AC voltagephase angle
reference and in quadrature to the AC voltage phase angle reference respectively. The
output voltage references generated by the current loop is also indq reference frame,
which is then transformed toabcstationary reference frame. The active and reactive
power exchange of a VSC is, therefore, determined by the VSC terminal voltages
with respect to the reference voltages. At the grid side of Fig. 4.1, if v is taken as
the terminal voltage (for e.g. the magnitudes ind− andq− axis asvd = 81.65 [kV],
vq = 0 [kV]), the expression for active and reactive power can be derived as in the
following equations.

Pg =
vd ·
[

(vd −vkd) ·Rk−vkq ·XL
]

X2
L +R2

k

(4.1)

Qg =
vd ·
[

(vd −vkd) ·XL +vkq ·Rk
]

X2
L +R2

k

(4.2)

The plots forPg andQg are presented in Fig. 4.3. It can be observed that the active
power can be controlled by adjustingvkq with respect to the terminal voltage while
changingvkd has very little effect on active power exchange except for the resistive
losses. Similarly, reactive power can be controlled by adjusting vkd with respect to
the terminal voltage while changingvkq has very little effect on reactive power.
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Figure 4.3: Active and reactive power exchange of a grid connected VSC

The active and reactive power exchange between a VSC and the grid can also be
explained through standard equations applied between two inter-connected AC sys-
tems with impedance in between. The control of active power is done by controlling
the voltage angleδ between the fundamental voltage of the VSC and the grid volt-
age; whereas the reactive power control is achieved by controlling the amplitude of
the VSC voltage with respect to the grid voltage [7].

Pg =
V ·Vk ·sinδ

XL
(4.3)

Qg =
V · (V −Vk ·cosδ )

XL
(4.4)

4.1.1 Current Control

The current control of a VSC is, therefore, designed to control the VSC terminal
voltages ind− andq− axis and performs the following tasks,

1. Take current command (reference) from external controllers,

2. Apply current limits to the reference values if necessaryand,

3. Ensure that the VSC is exchanging the right amount of current as being com-
manded.

The active and reactive current capability diagram of the VSC system is shown in
Fig. 4.4. The figure cannot be generalized to all VSCs but is the representation of the
limits applied in this work. The inner dashed circle represents the unit circle of the
current and the outer curve is the available current over-rating. Thed− axis current
is over-rated to 1.1 [pu] while theq− axis current is limited to 1.0 [pu].

The reference values for the active and reactive current control are derived from
relatively slower outer control loops. A VSC can operate in all four quadrants; ab-
sorbing and releasing both active and reactive power. Therefore, a VSC can actively
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Figure 4.4: Current capability of a VSC converter

control a number of parameters including: (i) AC side frequency (fm), (ii) active
power (Pg), (iii) DC voltage (vdc), (iv) AC voltage (V0) and, (v) reactive power (Qg).

Control of eitherfm, Pg or thevdc can be used to generate theikd reference (de-
noted byirkd) and the control of eitherV0 or theQg can be used to generateikq refer-
ence (denoted byirkq). It has to be noted that not all parameters can be controlledat
one time. The choice depends upon the situation and the connecting power system.

The inner current control structure of a VSC can be derived from the terminal
voltage equation. The grid side VSC is connected to the grid side transformer’s LV
(low voltage) side through a three phase inductor. The voltage equation of a VSC
can is expressed as in eq. (4.5). The system parameters are shown in Fig. 4.5. The
synchronization signals,vabc andiabc, are obtained from the LV side of the grid side
transformer. Therefore, the transformer and its leakage inductance can be considered
as a part of the host power system.

vk(t)−v(t) = Lk ·
dik(t)

dt
+Rk · ik(t) (4.5)

Wherevk is the converter side phase voltage,v is the transformer LV side phase
voltage,ik is the phase current through the inductor,Lk is the phase inductance and
Rk is the resistance associated with the inductor. The numerical values of the VSC
parameters are presented in Table 4.2. For all the three phases, eq. (4.5) can be
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4. DYNAMIC SIMULATION MODEL

gv

dcv

ki
v

kv

Lk jXR +
dcc

transX

ini dci

Figure 4.5: Representation of a grid side VSC

re-written as in eq (4.6).

d
dt





ika(t)
ikb(t)
ikc(t)



 = −Rk

Lk
·





ika(t)
ikb(t)
ikc(t)



+
1
Lk

·





vka(t)−va(t)
vkb(t)−vb(t)
vkc(t)−vc(t)



 (4.6)

Table 4.2: Parameters of grid side VSC

Parameters
Lk VSC output inductor 15.9 [mH]
Rk Inductor resistance 50 [mΩ]
Cdc/2 DC side capacitor 250 [uF]

It is possible to apply Clarke’s transformation betweenabc reference frame and
αβ through a transformation matrix. Ensuring equal peak values in two reference
frames, the transformation can be done through eq. (4.7).

[

xα(t)
xβ (t)

]

=
2
3
·
[

1 −1
2 −1

2

0
√

3
2 −

√
3

2

]

·





xa(t)
xb(t)
xc(t)



 (4.7)

Thus inαβ reference frame, eq. (4.6) can be written as:

d
dt

[

ikα(t)

ikβ (t)

]

= −Rk

Lk
·
[

ikα(t)
ikβ (t)

]

+
1
Lk

·
[

vkα (t)−vα(t)
vkβ (t)−vβ (t)

]

(4.8)

Eq. (4.8) describes a VSC operating under balanced voltage conditions (symmetrical
three phases). An additional negative sequence needs to be taken into consideration
when the VSC is operating under unbalanced voltage conditions. The zero sequence
components can be assumed zero for the considered three wiresystem. In theαβ
reference frame, the two network sequences can be decomposed as:

xα(β)(t) = xα(β)p(t)+xα(β)n(t) (4.9)
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4.1. Grid Side Voltage Sourced Converter

Where the subscriptsp andn stand for positive and negative sequence components
respectively. Different techniques to separate the sequence components from theαβ
reference frame are discussed in [42]. Among different techniques, it is concluded
that the delayed signal cancellation method is the best adapted. The sequence sepa-
ration is achieved by introducing a delay of one fourth (Tm/4) of the network funda-
mental period. The equations implemented for the decomposition is as follows:

xαn(t) =
1
2
·
[

xα(t)+xβ

(

t − Tm

4·Ts

)]

(4.10)

xβn(t) =
1
2
·
[

xβ (t)−xα

(

t − Tm

4·Ts

)]

(4.11)

xα p(t) = xα(t)−xαn(t) (4.12)

xβ p(t) = xβ (t)−xβn(t) (4.13)

WhereTm = 1/ fm, fm is the fundamental frequency of the AC system andTs is the
sampling time.

The separation of sequence components under unbalanced voltage condition is
shown in Fig. 4.6. Att = 0.08 [s], a negative sequence voltage of−0.2 [pu] is
imposed on the three phase voltages. It can be observed that the positive sequences
remain unchanged in theαβ reference frame and similarly in thedq reference frame,
but the negative sequences are introduced.
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Figure 4.6: Separation of network sequences during unbalanced conditions
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Therefore, eq (4.8) can now be split into positive and negative sequence compo-
nents.

d
dt

[

ikα p(t)
ikβ p(t)

]

= −Rk

Lk
·
[

ikα p(t)
ikβ p(t)

]

+
1
Lk

·
[

vkα p(t)−vα p(t)
vkβ p(t)−vβ p(t)

]

(4.14)

d
dt

[

ikαn(t)
ikβn(t)

]

= −Rk

Lk
·
[

ikαn(t)
ikβn(t)

]

+
1
Lk

·
[

vkαn(t)−vαn(t)
vkβn(t)−vβn(t)

]

(4.15)

The αβ reference frame can be further transformed intodq reference frame which
gives a space vector standing still in a new rotating co-ordinate system. Ifω =
2 · π · fm is the fundamental angular frequency, the transformation can be obtained
through the following Park’s transformation:

[

xdp(t)
xqp(t)

]

=

[

cos(θ) sin(θ)
−sin(θ) cos(θ)

]

·
[

xα p(t)
xβ p(t)

]

(4.16)

[

xdn(t)
xqn(t)

]

=

[

cos(θ) −sin(θ)
sin(θ) cos(θ)

]

·
[

xαn(t)
xβn(t)

]

(4.17)

Where the angular position of the supply voltage can be calculated as in (4.18)
or generally derived from a PLL,

θ = tan−1
(

vβ

vα

)

(4.18)

A PLL is implemented such that the AC voltage vector is aligned alongd−axis.
Therefore, theq−axisvoltage is compared against a zero reference value. The error
is applied to a PI controller to derive angular frequency (ω). The required angular
position (θ ) is further derived by integrating the angular frequency.

The active power and reactive power flow indq reference frame can be expressed
as below with the scaling factor used in the transformation.

Pg =
3
2
·
(

(vdp · ikdp+vqp · ikqp)+ (vdn · ikdn+vqn · ikqn)
)

(4.19)

Qg = −3
2
·
(

(vdp · ikqp+vqp · ikdp)+ (vdn · ikdn+vqn · ikqn)
)

(4.20)

Sinced−axis is aligned with the voltage position given byθ , vqp(n) is zero during
steady state condition. The active and reactive power will,thus, be proportional to
ikdp(n) and ikqp(n) respectively. The rotation for the negative sequence voltage and
current (e− jωt) is in the opposite direction to that of the positive sequence voltage
and current (ejωt). Eqs. (4.14) & (4.15) can after transformation be written as:

d
dt

[

ikdp(t)
ikqp(t)

]

= [A] ·
[

ikdp(t)
ikqp(t)

]

+
1
Lk

·
[

vkdp(t)−vdp(t)
vkqp(t)−vqp(t)

]

(4.21)
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d
dt

[

ikdn(t)
ikqn(t)

]

= [B] ·
[

ikdn(t)
ikqn(t)

]

+
1
Lk

·
[

vkdn(t)−vdn(t)
vkqn(t)−vqn(t)

]

(4.22)

Where,[A] =

[

−Rk
Lk

ω
−ω −Rk

Lk

]

, [B] =

[

−Rk
Lk

−ω
ω −Rk

Lk

]

.

By solving eqs. (4.21) & (4.22), the converter side AC voltages can be obtained.

vkdp(t) = Rk · ikdp(t)+Lk ·
dikdp(t)

dt
−ω ·Lk · ikqp(t)+vdp(t) (4.23)

vkqp(t) = Rk · ikqp(t)+Lk ·
dikqp(t)

dt
+ω ·Lk · ikdp(t)+vqp(t) (4.24)

vkdn(t) = Rk · ikdn(t)+Lk ·
dikdn(t)

dt
+ω ·Lk · ikqn(t)+vdn(t) (4.25)

vkqn(t) = Rk · ikqn(t)+Lk ·
dikqn(t)

dt
−ω ·Lk · ikdn(t)+vqn(t) (4.26)

Integrating eqs. (4.23 - 4.26) over the sampling periodn·Ts to (n+1) ·Ts (n being
an integer);

1
Ts

ˆ (n+1)·Ts

n·Ts

vkdp(t) ·dt =
1
Ts

ˆ (n+1)·Ts

n·Ts

(

Rk · ikdp(t)+Lk ·
dikdp(t)

dt
−

ω ·Lk · ikqp(t)+vdp(t)

)

·dt (4.27)

1
Ts

ˆ (n+1)·Ts

n·Ts

vkqp(t) ·dt =
1
Ts

ˆ (n+1)·Ts

n·Ts

(

Rk · ikqp(t)+Lk ·
dikqp(t)

dt
+

ω ·Lk · ikdp(t)+vqp(t)

)

·dt (4.28)

1
Ts

ˆ (n+1)·Ts

n·Ts

vkdn(t) ·dt =
1
Ts

ˆ (n+1)·Ts

n·Ts

(

Rk · ikdn(t)+Lk ·
dikdn(t)

dt
+

ω ·Lk · ikqn(t)+vdn(t)

)

·dt (4.29)

1
Ts

ˆ (n+1)·Ts

n·Ts

vkqn(t) ·dt =
1
Ts

ˆ (n+1)·Ts

n·Ts

(

R· ikqn(t)+Lk ·
dikqn(t)

dt
−

ω ·Lk · ikdn(t)+vqn(t)

)

·dt (4.30)

The integration of voltage or current over a sampling perioddivided by the sampling
time will return a mean value of the voltage or current respectively. For further
analysis it can be assumed that the current changes linearlyand the AC voltage at
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PCC is relatively constant during the period of integration[43]. The mean value of
VSC side voltages (¯vk(n,n+1)) are the parameters to be controlled.

1
Ts

ˆ (n+1)·Ts

n·Ts

ik(t) ·dt =
1
2
· (ik(n+1)+ ik(n)) (4.31)

1
Ts

ˆ (n+1)·Ts

n·Ts

vk(t) ·dt = v̄k(n,n+1) (4.32)

1
Ts

ˆ (n+1)·Ts

n·Ts

v(t) ·dt = v(n) (4.33)

Therefore, the above voltage equations can be re-written as,

v̄kdp(n,n+1) =
Rk

2
·
(

ikdp(n+1)+ ikdp(n)
)

+
Lk

Ts
·
(

ikdp(n+1)− ikdp(n)
)

−
ω ·Lk

2
·
(

ikqp(n+1)+ ikqp(n)
)

+vdp(n) (4.34)

v̄kqp(n,n+1) =
Rk

2
·
(

ikqp(n+1)+ ikqp(n)
)

+
Lk

Ts
·
(

ikqp(n+1)− ikqp(n)
)

+

ω ·Lk

2
·
(

ikdp(n+1)+ ikdp(n)
)

+vqp(n) (4.35)

v̄kdn(n,n+1) =
Rk

2
· (ikdn(n+1)+ ikdn(n))+

Lk

Ts
· (ikdn(n+1)− ikdn(n))+

ω ·Lk

2
·
(

ikqn(n+1)+ ikqn(n)
)

+vdn(n) (4.36)

v̄kqn(n,n+1) =
Rk

2
·
(

ikqn(n+1)+ ikqn(n)
)

+
Lk

Ts
·
(

ikqn(n+1)− ikqn(n)
)

−
ω ·Lk

2
· (ikdn(n+1)+ ikdn(n))+vqn(n) (4.37)

The values of current at (n+1) are replaced by the current reference values from the
outer loops at (n). This is also justified considering the unit sampling time delay in
the control system. The mean value of the VSC side voltages are considered as the
required reference voltage command to the VSC.

vr
kdp(n) =

Rk

2
·
(

irkdp(n)+ ikdp(n)
)

+
Lk

Ts
·
(

irkdp(n)− ikdp(n)
)

−
ω ·Lk

2
·
(

irkqp(n)+ ikqp(n)
)

+vdp(n) (4.38)

vr
kqp(n) =

Rk

2
·
(

irkqp(n)+ ikqp(n)
)

+
Lk

Ts
·
(

irkqp(n)− ikqp(n)
)

+

ω ·Lk

2
·
(

irkdp(n)+ ikdp(n)
)

+vqp(n) (4.39)
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vr
kdn(n) =

Rk

2
· (irkdn(n)+ ikdn(n))+

Lk

Ts
· (irkdn(n)− ikdn(n))+

ω ·Lk

2
·
(

irkqn(n)+ ikqn(n)
)

+vdn(n) (4.40)

vr
kqn(n) =

Rk

2
·
(

irkqn(n)+ ikqn(n)
)

+
Lk

Ts
·
(

irkqn(n)− ikqn(n)
)

−
ω ·Lk

2
· (irkdn(n)+ ikdn(n))+vqn(n) (4.41)

Therefore, eqs. (4.38 - 4.41) can be directly used to controlthe positive and negative
sequence currents. Eq. (4.38) can be further simplified; while the same can be done
to the remaining three eqs., but are not shown in detail in this report.

vr
kdp(n) = Rkikdp(n)+Gc

(

irkdp(n)− ikdp(n)
)

−
ω ·Lk

2
·
(

irkqp(k)+ ikqp(k)
)

+vdp(k) (4.42)

Where,Gc is a function of the error signal, ˜e=
(

irkdp(n)− ikdp(n)
)

representing a

PI (proportional integral) controller. The current control block diagram is shown in
Fig. 4.7. The PI controller processes the error signals (irkdq(pn)− ikdq(pn)) in order to
stabilize the current control, and the remaining terms in the above equation are feed-
forward terms mainly responsible to de-couple the dynamicsof ikd(pn) from ikq(pn)

(or vice-versa) and to de-couple the dynamics ofikd(pn) andikq(pn) from those of the
host power system.

To design the current control system, it can be assumed that the current con-
trollers ind andq reference frames act independently, while the cross-coupling term
is considered as a disturbance to the system. The plant transfer function is derived to
be,

Gp(s) =
1

Rk+Lks
(4.43)

Gp(z) =
Ks

z−A
(4.44)

Where,Ks = (1−A)/Rk andA = e−(Rk/Lk)·Ts. The sampling time used isTs = 100
[µs]. A unit delay, 1/z, is included to account for the controller delay. The numerical
values ofRk andLk parameters are presented in Table 4.2. By using the following
controller of eq. (4.45), a design for damping ratio ofζ = 0.7827 and close-loop
natural frequency ofωn = 7431 [rad/s] can be obtained.

Gc(z) =
50· (z−0.9992)

z−1
(4.45)

In Fig. 4.8, frequency response of the system from the reference current,irkdp, to
the converter actual current,ikdp, is shown for different gain values (Kp = Kp,s ·Kp,c;
whereKp,s = (Lk/Ts)+ (Rk/2) is the system gain andKp,c is the PI compensator
gain). To obtain fast response usually a higher gain is preferred, however, it shall be
noted that a very high gain can result in an undesirable or unstable system.
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Figure 4.7: Current control block diagram

4.1.2 DC Voltage Control

One of the main functions of the grid end VSC of a HVDC transmission system is to
maintain the DC voltage level at a pre-defined value. By controlling the DC voltage,
the grid end VSC ensures that the total active power from the WPP is delivered to the
host power system and the system balance is maintained.

If it is assumed that the voltage and current at the AC side arebalanced, the
expression for the AC side active power will consists of onlythe positive sequence
terms. Furthermore,vqp = 0, so the active power expression is,

Pac =
3
2
·
(

vdp(t) · idp(t)+vqp(t) · iqp(t)
)

(4.46)

Pac =
3
2
·
(

vdp(t) · idp(t)
)

(4.47)

Similarly, the power in the DC side can be written as,

Pdc = idc(t) ·vdc(t) (4.48)

If the losses in the system are to be neglected, active power in the AC side should
equal the power in the DC side to maintain energy balance in the system. If the bal-
ance in energy is not maintained in the system, the DC side voltage will be affected.

Pac = Pdc (4.49)
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Figure 4.8: Frequency response of the current control

If the active power equality between the AC and DC side is satisfied, the following
expression can be derived.

idc(t) =
3·
(

vdp(t) · irdp(t)
)

2·vdc(t)
(4.50)

In the above eq. (4.50), the AC sided− axis currentidp(t) is replaced with the ref-
erence current valueirdp(t). The DC voltage control (outer loop) is relatively slower
than the current control loop (inner loop). So for the consideration of DC voltage
control, the AC side current in consideration can be considered equal to its equiva-
lent reference value [43].

The main idea behind the DC voltage control is to keep the energy balance over
the VSC DC capacitor, given by the following eq. (4.51) - the system parameters are
shown in Fig. 6.3. The HVDC transmission is a bi-polar system, with ±100 [kV]
voltage level and the value of capacitor per converter per pole is 250 [µF ].

i in(t)− idc(t) = Cdc ·
dvdc(t)

dt
(4.51)
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Integrating the above equation over the sampling periodn·Ts to (n+1) ·Ts,

ˆ (n+1)·Ts

n·Ts

(i in(t)− idc(t)) ·dt = Cdc ·
ˆ (n+1)·Ts

n·Ts

dvdc(t)
dt

·dt (4.52)

The DC side currents,i in and idc can be considered constant during steady state (or
the considered time interval), which implies,

´ (n+1)·Ts

n·Ts
i in(dc)(t) ·dt = i in(dc)(n) .

i in(n)− idc(n) = Cdc ·
1
Ts

· (vdc(n+1)−vdc(n)) (4.53)

vdc(n+ 1) is the DC voltage reference,vr
dc(n). Using eq. (4.50), the following ex-

pression can be derived.

i in(n)−
3·
(

vdp(n) · irdp(n)
)

2·vdc(n)
= Cdc ·

1
Ts

· (vr
dc(n)−vdc(n)) (4.54)

3·
(

vdp(n) · irdp(n)
)

2·vdc(n)
= i in(n)−Cdc·

1
Ts

· (vr
dc(n)−vdc(n)) (4.55)

irdp(n) =
2
3
· vdc(n)
vdp(n)

· i in(n)−

2
3
· vdc(n)
vdp(n)

· Cdc

Ts
· (vr

dc(n)−vdc(n)) (4.56)

Therefore, eq. (4.56) can be directly utilized to control the DC voltage from the
grid side converter. While designing the DC voltage controller, the inner current
control can be assumed ideal [44]; while the plant transfer function is given as,Cdc ·
Ts/(z−1). The following controller, therefore, gives a design with damping ratio of
ζ = 0.746 and close-loop natural frequency ofωn = 174 [rad/s].

Gc(z) =
0.13(z−0.9885)

z−1
(4.57)

The response of the inner current control and the outer DC voltage control for a step
change in input active power at the DC side is shown in Fig. 4.9. At t = 0.2, a
step input of DC current from 0.0 [pu]-0.9 [pu] is applied at the sending end of the
transmission system. The response shown in Fig. 4.9a is whenthe host power system
is set with the strength ofSCR= 5 and |Zg|= 160 [Ω], which is a considered to be a
relatively weak grid. The response shown in Fig. 4.9b is whenthe host power system
is set with the strength ofSCR= 20 and |Zg| = 40 [Ω] and thus it is considered to
be a very strong grid. The effect of sudden increase in activepower is seen in the
voltage at the PCC (vd,q) and also in the DC voltage. However, the impact on the
grid voltage is less significant as the grid strength increases. Voltage magnitude,vd,
at the PCC is controlled by the implemented AC voltage controller (Section 4.1.3).
A rise in DC voltage is observed while the controller finds a new steady state value.
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4.1. Grid Side Voltage Sourced Converter

The disturbance in DC voltage is also affected by the implemented current limit,
as the current command exceeds the limit, the active power transfer to the grid is
momentarily restricted to the maximum limit value. As soon as the output active
power (Pg) equals the input DC power, the DC voltage is controlled backto the pre-
set value.
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Figure 4.9: Power step response of the grid side VSC

4.1.3 AC Voltage Control

To calculate the reference value of reactive current delivered to the grid, an AC volt-
age control at the PCC is implemented. The implemented control is divided into
two parts: (i) control during normal operation, (ii) control during fault operation.
A combination of feed-forward and PI controller is implemented during the normal
operation; this mode of operation is termed as voltage control mode. To derive the
feed-forward term, the measured AC voltage (at the LV side ofthe grid transformer)
is compared against a reference value and a voltage gainkv,gain is applied to the dif-
ference.

irkqp(n) = kv,gain · iq,lim · (vr
d −vd(n))+Gc(v

r
d −vd(n)) (4.58)

Where,Gc is a function of error ˜e=
(

vr
d −vd(n)

)

representing a PI controller.
However, if the voltage at the HV side of the transformer is tobe compensated, the
above control eq. can be re-written as,
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4. DYNAMIC SIMULATION MODEL

irkqp(n) = kv,gain · iq,lim ·
(

vr
gd−vgd,eq(n)

)

+Gc
(

vr
gd−vgd,eq(n)

)

(4.59)

Where, iq,lim is the maximumq− axis current limit,vr
gd is the reference grid

voltage, andvgd,eq(n) is the equivalent grid voltage measured from the primary side
of the transformer.

vgd,eq(n) = vdp(n)− iqp(n) ·Xtrans (4.60)

vdp is the voltage magnitude at the LV side of the grid transformer, Xtrans is the
transformer equivalent impedance. However, during a faultsequence or voltage dip
in the host power system, the PI controller is by-passed and only the feed-forward
part is implemented; this mode of operation is termed as LV-FRT mode. As the feed-
forward term only consists of a proportional gain in the formof voltage gainKv,gain,
the stability of the control can be ensured relatively easily over the entire range of
voltage dips. The numerical value of the voltage gain is normally determined by the
nature of the grid and usually by the grid code requirements.In this work,kv,gain = 2
is implemented as recommended in [45].

4.1.3.1 Voltage Dip Detection

The detection of the voltage dip directly follows from the voltage measurement at the
PCC. Thed− axis voltage, which corresponds to the amplitude of the three phase AC
voltage due to the implemented transformation factor, is monitored and compared
against a reference threshold,vd,th = 0.9 [pu]. The threshold value of the voltage is
based on the recommendation in [45]. When the voltage is lower than the threshold
value, the dip detected flag is turned on (flag = 1) and the mode of operation is - LV-
FRT. The current reference priority in the control system isset such that active current
(or ikd) gets the highest priority during normal condition, while at fault or voltage
dip, reactive power (orikq) gets the highest priority. When the voltage recovers or the
voltage exceeds the threshold value, the dip detected flag isturned off (flag = 0) and
the mode of operation is - voltage control mode. However, at this instance the flag =
0 is latched such that the flag switch-over is restricted fortlatch = 60 [ms]. The main
purpose of this latch is to avoid any control instability during the voltage recovery
process, specifically for the weak grid inter-connection. When the remote fault is
cleared, the active power transfer from the grid side VSC will increase and the voltage
recovery process will be influenced by the sudden increase inactive power. The level
of influence is dependent upon the relative strength of the host power system.

4.1.4 Power Curve

The PQ characteristic of the grid side VSC, outlining the active and reactive power
transfer capabilities, is shown in Fig. 4.10. The active power characteristics are only
shown in the positive axis as it is not so relevant on the otherside when connecting a
WPP.
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4.1. Grid Side Voltage Sourced Converter

The PQ capability curve of a VSC is generally determined by the current and the
voltage limits of the VSC. As explained earlier in section 4.1.1, any VSC has a pre-
defined current limitation predominantly imposed by the current carrying capacity of
the switching components. Both active and reactive power contribute to the current
that flows through the VSC or the switching device usually IGBT. Besides the current
limitation, a VSC PQ characteristic is also determined by the voltage limitation set by
the modulation index limit or the total available DC voltage. In Fig. 4.10, the upper
flat portion (+ve Q limit) of each curve is due to the voltage limit of the VSC. The
+ve Plimit and the−ve Qlimit of the VSC is due to the current limit of the VSC. In
some cases, it is also desired to apply an under voltage limitsuch that the−ve Qis
restricted well above−1.0 [pu] value to allow adequate AC voltage to transmit the
active power.

The PQ characteristics of a VSC are further influenced by the level of the grid side
AC voltage magnitude. The shift in the PQ curve for differentvoltage magnitudes is
shown Fig. 4.10; where increase in AC voltage magnitude at the PCC means decrease
in maximumQ export capability or increase in maximumP export capability. The
maximum over voltage limit of the grid end VSC is set at 1.1 [pu].
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Figure 4.10: PQ characteristics of the grid side VSC;vd is the peak value of the
reference voltage at the LV side of the grid transformer
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4.1.5 Negative Sequence Control

As presented earlier, the inner current control of the positive and negative sequence
currents can be achieved via eqs. (4.38 - 4.41). The reference values for the positive
sequenced− axis andq− axis currents are determined from the dc voltage control
and AC voltage control loops. However, the reference current values for negative
sequence control cannot be generated through a similar approach.

One approach is to assign zero reference values to the negative sequence currents
such that,

irkd(q)n = 0 (4.61)

This implies that all three phase currents from the VSC are commanded to remain
balanced regardless of the grid voltage. The other approachis to generate a controlled
reference value for the negative sequence currents [46–51]. During unbalanced grid
voltage conditions, the apparent power to the grid can be expressed as,

S(t) =
{

ejωt ·
(

vdp(t)+ jvqp(t)
)

+e− jωt · (vdn(t)+ jvqn(t))
}

·
{

ejωt ·
(

ikdp(t)+ jikqp(t)
)

+e− jωt ·
(

ikdn(t)+ jikqn(t)
)}∗

(4.62)

Whereejωt · x(t) rotating clockwise denotes a positive sequence ande− jωt · x(t) ro-
tating counter-clockwise denotes a negative sequence;x(t) represents either voltage
or current. The active and reactive power can be thus expressed as,

Pg(t) = P0+P1 ·sin(2·ωt)+P2 ·cos(2·ωt) (4.63)

Qg(t) = Q0+Q1 ·sin(2·ωt)+Q2 ·cos(2·ωt) (4.64)

The components,P1 andP2, are non-zero when the AC side voltage is unbalanced. A
non-zero value of eitherP1 orP2 will introduce an oscillating term on the active power
delivered to the grid with frequency ofω2ω = 4·π · fm. Since the exchange of active
power between the AC and the DC side determines the DC voltage, an oscillation or
ripple in the DC voltage will be introduced as a result of active power oscillation. The
frequency of DC voltage oscillation is also equal to 2· fm, 100 [Hz] for a 50 [Hz] AC
system. Therefore, during AC voltage unbalance, the negative sequence currents can
be controlled such that the DC voltage oscillation is minimum. Thesineandcosine
components of the reactive power do not directly affect the DC voltage so they can be
taken out of consideration. Using eqs. (4.19-4.20), the following eq. can be derived.
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(4.65)

Solving the above eq. for VSC currents in positive and negative sequence,








ikdp

ikqp

irkdn
irkqn









=









vdp vqp vdn vqn

vqp −vdp vqn vdn

vqn −vdn −vqp vdp

vdn vqn vdp vqp









−1

·









2
3 ·P0
2
3 ·Q0

0
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
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(4.66)
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4.2. DC Cables

The negative sequence currents derived from the above eq. toachieveP1 = 0 and
P2 = 0 are treated as reference values to the negative current controller. Therefore,

irkdn =

(

−2
3 ·P0 ·vdn

A−
+

2
3 ·Q0 ·vqn

A+

)

(4.67)

irkqn =

(

−2
3 ·P0 ·vqn

A−
−

2
3 ·Q0 ·vdn

A+

)

(4.68)

WhereA− =
(

(v2
dp+v2

qp)− (v2
dn+v2

qn)
)

andA+ =
(

(v2
dp+v2

qp)+ (v2
dn+v2

qn)
)

.

In Fig. 4.11, two cases are presented with zero negative sequence current refer-
ence and controlled negative sequence current reference. In both the cases, identi-
cal grid voltage conditions are maintained, with strength of the host power system
SCR= 7 and|Zg| = 11.43 [Ω]. A negative sequence voltage of−0.1 [pu] is intro-
duced at 0.05 [s]. When zero negative current reference is used, the AC side three
phase currents are relatively balanced compared to controlled negative sequence cur-
rent reference. The imbalance in the current waveform for controlled negative se-
quence current reference counters the voltage imbalance toexchange non-oscillating
active power. On the other hand, a 100 [Hz] oscillation is obvious in the active power
and DC voltage waveform for zero negative sequence current reference. The peak-to-
peak DC voltage ripple magnitude is dependent upon the amplitude of the negative
sequence voltage and the available DC link equivalent capacitance.

4.2 DC Cables

The DC power is transmitted using two cables of a bi-polar system, with each pole
rated atV0 = 100 [kV]. The DC cables are modeled as series connectedπ equivalent
circuit between the two end VSC capacitors as shown in Fig. 4.1 and 4.12. The total
transmission length of the HVDC transmission system is considered to beL0 = 100
[km], so each cable is modeled withNπ = 5 number of segments connected in series
and each segment as aπ equivalent. The maximum frequency range approximated
by such a cable model is given by,

fmax =
Nπ ·v
8·L0

(4.69)

wherev= 1/(
√

Lcable·Ccable) , Lcable andCcable are the cable inductance and capaci-
tance respectively per unitkm. Adding more cable segments will offer more detailed
results for very high frequency transients, but at the same time the required simula-
tion time will be much longer. It was confirmed that by using 5 number of segments
would provide sufficient accuracy for the system dynamics inconcern.
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Figure 4.11: Comparison of negative sequence control
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Figure 4.12: HVDC cable model representation

4.3 Wind Power Plant Side Voltage Sourced Converter

An off-shore WPP is often an isolated network system. Individual wind turbines are
directly connected to the collector network generally at MVlevel. The WPP side
VSC, referred to the HVDC VSC at the WPP end as represented in Fig. 4.1, is
responsible to provide a synchronizing grid to the entire WPP.

A simple control system is implemented based on DC voltage feed-forward loop
to provide a constant AC voltage and frequency reference to the WPP collector net-
work via the WPP side VSC. To implement a constant voltage, the voltage references
are defined in synchronous reference frame. Thedq/abc transformation constant is
selected such that the voltage vector in thed− axis equals the peak value of the
per phase AC voltage. The three voltage references are, therefore,vr

1kd = 1.0 [pu],
vr

1kq = 0.0 [pu] andvr
1k0 = 0.0 [pu]. It is possible to calculate the modulation index,

m, from the measured DC voltage together with the peak AC voltage reference. The
three AC voltage references can be further calculated as below,

m=
2·vr

1kd

vdc,wpp
(4.70)

vr
1ka = m·sin(ω · t) (4.71)

vr
1kb = m·sin

(

ω · t + 2·π
3

)

(4.72)

vr
1kc = m·sin

(

ω · t + 4·π
3

)

(4.73)

A constant frequency (ω = 2 · π · fm) can be generated with the help of a virtual
PLL or the frequency measurement signal communicated from the grid end. This
ensures that the AC voltage amplitude and frequency at the collector network is con-
stant regardless of the DC voltage fluctuation. The fluctuations in the WPP side DC
voltage (Vdc,wpp) can be due to the variation in active power transfer over theHVDC
cables, or AC voltage unbalances in the host power system. The WPP side VSC can,
therefore, be compared to an equivalent AC slack bus (infinite bus) which absorbs
the power produced by the WPP without altering the voltage amplitude and angle.
The theoretical reference value of the MVAC system frequency at the WPP collec-
tor network, however, is open to a further optimization process. As the WPP is an
isolated system, the choice of AC frequency in the power plant can be set higher
than the standard 50 [Hz] or 60 [Hz] value to reduce transformer material costs [52].
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4. DYNAMIC SIMULATION MODEL

The wind turbines selected in this work represent a standard50 [Hz] product. The
collector grid frequency reference is also set at 50 [Hz] to match the wind turbines.

This provides a simple control mechanism to the WPP side VSC and as such
there is no direct current control implemented. In a normal steady-state situation
the total current in the WPP side electrical system is controlled by the wind turbine
converters (provided that the wind turbines in the WPP are based on full converter
technology). The WPP side VSC shall, therefore, ensure to have a current capacity
slightly higher than the WPP ratings. During disturbances in the collector network,
an indirect current control is implemented by using voltagedrop technique. As the
current through the converter exceeds an upper threshold limit, the terminal voltage
of the VSC is reduced sufficiently in a controlled manner to limit the fault current.
The upper threshold limit of the current is mainly determined by the sum of total
active current from the WPP at maximum rated wind velocity and the total reactive
current demand by the collector network at rated active power production.

vr
1kd,new = vr

1kd+Gc(i
r
1k−|i1k|) (4.74)

WhereGc represents a PI controller and|i1k|=
√

i21kd+ i21kq.

4.4 Wind Turbine Model

The three major types of generally adopted commercial wind turbines are; (i) fixed-
speed, (ii) partial-scale wind turbine, and (iii) full-scale wind turbine [22, 53]. A
fixed speed wind turbine utilizes an induction generator connected to a host power
system with a reactive power compensation unit (usually capacitors) and a soft-start
mechanism. The frequency of the host power system and the number of pole pairs of
the generator determines the rated speed of the generator shaft, while the speed of the
wind turbine rotor blades is further determined by the gear-box ratio. As the speed of
the wind turbine system is constant, it cannot be possible with a fixed-speed system
to achieve maximum power point tracking over the entire range of operation (wind
speed). The total annual energy production is, therefore, relatively lower. The other
main drawback of such a system is its need to stand high stresses on the gear-box and
the rotor shaft during fast change in the wind speed (wind turbulence). Nevertheless,
a fixed-speed wind turbine is simple and cheaper.

The most common example of a partial-scale wind turbine is a doubly-fed induc-
tion generator concept. In such a wind turbine configuration, a partial-scale back-
to-back VSC is implemented on the rotor circuit of the generator. The back-to-back
VSC on the rotor circuit handles≈ 20−30 [%] of the rated power and, therefore, the
wind turbine can only provide a partial variable speed range.

A full-scale wind turbine configuration consists of a full-scale back-to-back VSC
implemented on the stator circuit of the generator. The frequency range of operation
of the generator is not restricted by the frequency of the host power system, as the
VSC provides a de-coupling between the generator and the host power system. The
wind turbine system is designed to obtain maximum power coefficient over a wide
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4.4. Wind Turbine Model

range of operation (wind speed). The TSR (tip speed ratio), defined as the ratio
between the tip speed of the rotor blades and the wind speed, is maintained at a
constant value that results in maximum power output;λ = vtip/vwind. Also the fast
variations in the wind speed (wind turbulence) are absorbedby the inertia of the rotor
mass by allowing rotor speed to change. As a result the total annual energy output of
a full-scale wind turbine system is relatively higher and the stress on the mechanical
system is also reduced.

A full-scale wind turbine can adopt either an asynchronous (induction) genera-
tor or a synchronous generator (electrically excited or permanent magnet). Asyn-
chronous generators require magnetizing current or reactive power to produce active
power. The use of an active bi-directional AC-DC VSC at the generator end with 6
active switches is very essential in such an application. Incase of a synchronous ma-
chine, it does not require any reactive power. Hence, it is also presented in [54–56]
that a simple three phase diode rectifier can be used togetherwith a DC-DC boost
converter. The electrical structure of the wind turbine equipped with a synchronous
generator and boost converter is shown in Fig. 4.13. A systemas such is generally
applied to small or medium wind turbines. The major advantage of using a DC-DC
boost converter can be seen in terms of the total number of active switching elements
and hence the lower losses in those semiconductor devices. The system redundancy
can be increased by simply adding an extra IGBT, in case the other fails to operate;
the total IGBT count will still be significantly lower than that of a two level VSC
system. However, detailed comparison will be required before it can be claimed that
a system with a DC-DC boost converter is suitable for very high power applications.

rω gω
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Figure 4.13: Wind turbine with a synchronous generator, passive rectifier, DC-DC
boost converter and grid side VSC

A typical configuration of a full-scale wind turbine system is shown in Fig. 4.14.
The necessity of a gear-box is mainly determined by the generator type. For example,
some permanent magnet wind turbine generators are constructed with multiple-poles,
particularly to operate at lower rotational speed and henceeliminate the need of a
gear-box. Siemens wind power has adopted a full-scale wind turbine configuration
in its entire current product portfolio. A new development in direct-drive (gear-less)
permanent magnet wind turbine has also been recently announced. The study of full-
scale wind turbines have been presented in different literatures including [57–61].

In this work, a 3.6 [MVA] full-scale geared wind turbine based on an induction
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Figure 4.14: A full-scale wind turbine configuration

generator has been selected; being a standard product of Siemens wind power for off-
shore applications. The selection of wind turbine topologybased on full-converter
system for use with off-shore application is also based on the fact that many man-
ufacturers have such turbine types in their product portfolio including Siemens and
Enercon. Siemens has also experienced a great amount of success with such wind
turbine design in the off-shore conditions [62]. The wind turbine model is described
below in detail; while the LV-FRT validation of the wind turbine model against real
wind turbine experimental results are presented in [58].

4.4.1 Mechanical System

1. Aerodynamic model - including power coefficient (Cp), TSR (λ ) and the pitch
angle (β ) representation,

2. Shaft model - with inertia and damping of two mass rotor, gear-box and gen-
erator,

3. Turbine controller - including three stage speed/pitch control (changing be-
tween modes as determined by the generator speed and power reference), and
active damping of the drive train.

The aerodynamic model of the wind turbine calculates the aerodynamic torque (τaero)
based on wind speed (vwind), rotor speed (ωr ), pitch angle (β ) and power coefficient
(Cp). The power coefficient is calculated from theCp−λ −β look-up table.

τaero =
1

ωr
·Cp ·

(

ρ ·Ar ·v3
wind

2

)

(4.75)
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4.4. Wind Turbine Model

The aerodynamic torque is then passed on to the shaft model (shown in Fig. 4.15),
which is represented by a two mass model. The shaft model includes the inertia of
the rotor (Jr ) and the generator (Jg), damping (Ds) and stiffness (Ks) of the shaft.

sK

sD

eτ

gω
rω

aeroτ

gJ

rJ

Figure 4.15: Two mass model of the wind turbine drive train

The control of the wind turbine is achieved in three stages - via the wind turbine
controller. At low wind speed, the rotor blades pitch angle is maintained at a constant
optimum value. The wind turbine is run at a speed that corresponds to an optimum
TSR such that the highest power coefficient (Cp) is achieved. The speed/power con-
trol of a wind turbine during this low wind speed region is done via the generator
side VSC control by applying an equivalent breaking torque through the genera-
tor. At medium wind speed, the control is set to maintain the rotor speed constant,
ωr = ωr,rated. The pitch angle is still kept constant at the optimum value.However,
at higher wind speed when the wind turbine active power equals the nominal value,
the rotor speed is controlled by adjusting the pitch angle and, hereby, the mechanical
torque.

4.4.2 Electrical system

1. Converters - grid side and generator side converters,

2. Control system - to regulate the active and reactive poweras well as the DC
link voltage,

3. A DC link - including the DC link capacitance,

4. FRT limiter - limiting active current injection to the network upon fault detec-
tion,

5. Unbalanced control - including the injection of zero negative sequence current
during normal voltage unbalances and unbalanced faults.

The wind turbine induction generator and the generator sideVSC are represented by
an equivalent zero order/reduced order model. It has been shown in many work, in-
cluding [61] and the working group report on specifications for generic WTG (wind
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4. DYNAMIC SIMULATION MODEL

turbine generator) models [63], that any transients at the generator side and the gener-
ator flux dynamics will be removed or eliminated by the DC linkand the fast response
of the grid end VSC (further confirmed through the experimental results presented in
the Chapter 6). The added accuracy of the system response by implementing a fully
detailed model is minimal compared to the added complexity.The equivalent zero
order model is divided into two sections, (i) power controller to control the DC link
voltage and the generator power and, (ii) calculation of generator electrical torque
from the generator power and speed.

The active power reference from the wind turbine controlleris sent to the grid side
VSC as shown in Fig. 4.14, which determines the active power delivery by the wind
turbine to the host power system. The control of the grid sideconverter is mainly
divided into two parts with active and reactive power controller. As in most VSC
control, the active power control is directly related to thecontrol of active current
(id) and reactive power control directly related to the controlof reactive current (iq).
The controller sets the wind turbine to export the active power as commanded by the
wind turbine controller. At the same time the grid side VSC can exchange reactive
power as determined by the AC voltage controller. In case a constant reactive current
is demanded by the host power system, the reactive power control can be switched to
a constantiq mode. The current control of the grid side VSC indq rotating reference
frame requires that the phase angle of the connecting AC gridbe measured; which is
done by using a PLL. Furthermore, two different wind turbinecurrent priority modes
are set depending upon the AC voltage retain value at the highvoltage side of the
wind turbine transformer. The current limit of the grid sideVSC is shown in Fig.
4.16.
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Figure 4.16: Current limits of the wind turbine grid side VSC
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4.4. Wind Turbine Model

The grid side VSC of the wind turbine is also set to control thenegative sequence
current during asymmetrical voltage condition at the collector network. Zero nega-
tive sequence current reference is applied (irdn = irqn = 0), such that the three phase
currents from the grid end VSC is symmetrical or balanced regardless of the collec-
tor network voltage unbalance. The response of the wind turbine model for different
fault voltages (Vretain) at the HV side of the wind turbine transformer is presented
in Fig. 4.17. Att = 1.0 [s], fault voltage of 0.15 [pu], 0.40 [pu] and 0.60 [pu] are
applied respectively and the resulting active power (Pwt), reactive power (Qwt), and
the generator speed (ωg) response are shown. The export of reactive current by the
wind turbine during fault condition is determined by the voltage magnitude of the
retain voltage and the applied voltage gain.
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Figure 4.17: Wind turbine performance during voltage dip atthe HV side of the wind
turbine transformer

4.4.3 Wind Power Plant and Collector Grid

An aggregate model of a WPP can be derived in different ways. An extremely accu-
rate way would be to utilize a detailed wind turbine model andinter-connecting cable
representation for each and every wind turbine in a wind farmarea. This makes it
is possible to model the internal WPP dynamics at the collector grid and also the
electrical behavior of the power plant at the PCC (off-shoresub-station in case of a
HVDC transmission system). However, in most dynamic studies it is the electrical
behavior of the power plant at the PCC which is of major importance.
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4. DYNAMIC SIMULATION MODEL

If it is assumed that the conditions at each wind turbines in aWPP are similar,
the total WPP can be represented as a single up-scaled wind turbine. The cables
inter-connecting individual wind turbines and cables connecting WPP feeder rows to
the off-shore sub-station can be represented as aπ equivalent model as explained in
section 2.3.2. It has also been presented in [64–66] that if no mutual interaction of
the control system between the wind turbines is indicated, aWPP based on variable
speed wind turbines can be represented by a single up-scaledwind turbine model for
dynamic and transient studies with tolerable electrical behavior accuracy. Among
other variables, such an up-scaled wind turbine representation of WPP does not take
into account the wake effect and the propagation delay of thewind along the WPP
length. Depending upon the direction of the wind in the givenWPP area and the
layout of the wind turbines, the total amount of active powergenerated by the entire
power plant differs by a factor ofcwakeas a result of wake effect.

cwake =
total active power with wake consideration

total active power without wake consideration
(4.76)

In this work, an aggregate model with single up-scaled wind turbine is imple-
mented withcwake= 1. As mentioned earlier, it is also assumed that the mutual in-
teraction between individual wind turbines is not present within the operation range
of interest of the WPP.
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FiveControl of VSC-HVDC Conne
ted to aWind Power Plant
This chapter introduces and validates via simulation results the different
control structures of a HVDC transmission connection from an off-shore
WPP. The start-up process, steady state operation, FRT response and the
negative sequence voltage compensation of a HVDC system connecting
WPP are evaluated. Different FRT options are analyzed and also a FRT
scheme for a WPP based on fixed-speed wind turbines is illustrated for
comparison.

In Chapter 2 and Chapter 3, different power transmission solutions for off-shore
WPPs were discussed. It was illustrated that a VSC-HVDC transmission system
with MVAC collector grid at the WPP provides an attractive solution in terms of total
energy losses and development of available components. Apart from the system effi-
ciency prospective, it is also necessary to validate the dynamic response of the system
in accordance to different requirements. A dynamic simulation model introduced in
Chapter 4 will be used to evaluate the electrical performance and behavior of such a
transmission system. In this chapter, different control structures for a VSC-HVDC
system will be evaluated based on the prepared simulation model.

5.1 System Start-up

Prior to the first grid connection, a HVDC transmission system needs to be energized.
The energizing process involves charging of the cable capacitors plus the VSC ca-
pacitors to a nominal HVDC value. VSCs are bi-directional; therefore, power can
be drawn from the grid during the start-up operation. Initially the WPP end VSC is
blocked, while the grid side VSC is grid connected. When the grid side VSC is di-
rectly connected to the grid with no control over the active switches, the anti-parallel
diode across the switching elements will provide a three phase AC-DC rectification.
As the rectifying action is uncontrolled, the HVDC side capacitors will be charged
to a level determined by the AC side voltage magnitude.

Vdc =
√

2·V0 (5.1)
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5. CONTROL OF VSC-HVDC CONNECTED TO AWIND POWER PLANT

WhereVdc is the HVDC voltage determined by the grid side AC voltage level andV0

is the AC side rated line-line voltage. However, uncontrolled rectification can result
in a very high inrush current. The magnitude of initial inrush current is determined
by the total of AC side impedance. It may be preferable to limit the charging current
during the start-up by using a three phase series resistance, which is later by-passed
upon the charging of the HVDC capacitors. After the HVDC cables are energized,
control signals may be applied to the grid side VSC. As the DC voltage dynamics
are let to settle down, the WPP side VSC can be un-blocked. Theassigned controller
will slowly ramp up the AC voltage magnitude at the WPP collector network as
shown in Fig. 5.1. The no-load active and reactive power demand of the collector
network is provided by the WPP side VSC. Once the collector network is energized,
synchronizing voltages are available to the wind turbines.The wind turbine DC link
voltage can be set up similarly. All the active power consumed during the start-up
sequence including those required changing the wind turbines blade pitch angle and
other auxiliary demands are drawn from the host power system.
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Figure 5.1: Start-up process of the WPP collector network

5.2 Steady state Operation

During normal operating conditions, active power from a WPPis mainly deter-
mined by the available wind velocity (vwind) in the WPP area. As discussed ear-
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5.2. Steady state Operation

lier, the WPP side VSC of the HVDC transmission line is controlled as an infinite
bus (V∠δ ◦ = constant ). This implies that the voltage magnitude and frequency at
the WPP collector network is kept tolerably constant. Wind turbines in the WPP
synchronize to the voltage set at the collector grid. As such, the total active power
delivered by the WPP is transmitted to the HVDC link by the WPPside VSC.

The reactive power compensation of the WPP collector network can either be
provided by individual wind turbines (if set at voltage control mode) or can be dis-
tributed between the wind turbines and the WPP side VSC. As the WPP side VSC
controls the collector network voltage magnitude, it may not be desirable to control
the same voltage from the wind turbine end as well. Therefore, the wind turbines can
be set to a constant reactive current (iq) mode instead. To optimize the sharing of re-
active power, an estimation of total requirement can be madefor the rated conditions
(or at average wind speed in the WPP area) and the known valuesof cable and trans-
former parameters. Based on the estimation, optimized reactive current command
can be set to each wind turbine control system. As for the WPP side VSC of the
HVDC transmission, it is not possible to set the reactive current command directly
as no direct current control is defined. However, an indirectcontrol can be achieved
by adjusting the reference voltage magnitude of the WPP sideVSC, such that the
required reactive current flow is achieved.

The distribution of reactive power between the wind turbines and the WPP side
VSC is shown in Fig. 5.2. The nomenclature of different parameters follows directly
from Fig. 4.1, where Agg side (agg) refers to the aggregated wind power plant side
and the WPP side (WPP) refers to the WPP side VSC. As an example, a constant
reactive current reference is applied to the wind turbinesirq = 0.1 [pu], where as
the voltage magnitude reference of the WPP side VSC is assignedvr

1kd = 1.01 [pu].
During the simulation, the wind velocity is changed from 15 [m/s] to 11 [m/s] and
the resulting drop in active power output (Pagg) of the aggregated WPP model can be
observed. However, the reactive power (Qagg) is relatively constant because of the
applied reactive current reference. The dynamic reactive power compensation of the
WPP collector network is provided by the WPP side VSC as shownin the Fig. 5.2
(middle plot). The AC voltage magnitude at the collector grid is, therefore, tolerably
constant.

The HVDC voltage is maintained by the grid end converter as ittransports the
available active power from the DC side to the host power system. The grid end VSC
independently provides voltage support at the PCC. This waya stable steady state
operation of a VSC-HVDC connected WPP is ensured.

The frequency response control demanded by the grid code requirements can
be fulfilled using communication signal. The grid side frequency measured by the
grid side PLL is transmitted to the WPP side VSC control system. As the WPP is an
isolated network, any frequency can be assigned to the collector network via the WPP
side VSC. Therefore, the grid side frequency can be imitatedat the collector network
at all time. Similarly to other modern wind farms, a high level park pilot control can
be used to command a new power reference to the individual wind turbines based
on the collector network frequency. In special conditions,an absolute production
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Figure 5.2: Reactive power compensation of the WPP collector network

constraint (limit active power production) may be necessary to avoid overloading of
the power grid, in which case a new power command can be directly communicated
to the park pilot control by the grid operator.

5.3 Low-voltage Fault-ride-through

Once a stable steady state operation is ensured, a large WPP connected to a grid or a
host power system is also required to fulfill different demands from the power system
operators. Some of these requirements are very strict and essential for the stability
and smooth operation of the power system. One of the major requirements is to
stay connected to the grid during a severe voltage dip or fault at least temporarily or
during a specified length of time.

When the host power system is subjected to a disturbance or a fault, the grid
voltage retain value at the PCC is reduced or in other words, avoltage dip is observed
by the grid side VCC. The level of the voltage dip will depend upon the nature of
the fault and the electrical distance from the fault to the grid side VSC. The grid side
VSC will respond by injecting more active current into the system in order to balance
the HVDC voltage (and hence the energy). However, if the gridvoltage dip is large
enough, the active power capacity of the grid side VSC will belimited because of
the applied current limits. Also the reactive current takesthe highest priority over the
active current as regulated by the grid code requirements, further reducing the active
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5.3. Low-voltage Fault-ride-through

current capability. To calculate the reference value of reactive current delivered to
the grid, the measured voltage (at the LV side of the grid transformer) is compared
against a reference value and a voltage gainKv,gain = 2 is applied to the difference
(see section 4.1.3).

As the active power transfer is reduced or limited, consequently the HVDC volt-
age will start to the rise if the WPP is producing the same amount of active power
as in the pre-fault condition. The rate of rise of the DC voltage (dvdc/dt) is mainly
determined by the amount of active power generated by the WPPand the equivalent
capacitors in the HVDC side. The AC-AC de-coupling between the WPP collector
network and the on-land transmission system or the host power system makes it im-
possible for the wind turbines to directly respond to the changes in the voltage at the
main grid without any external influence. If no action is taken, the HVDC system
will subsequently trip-off and the LV-FRT requirements arenot met. To avoid the
subsequent trip-off of the HVDC system, additional controlstructures are necessary.

There are some litterateurs [67–75] dealing with differentcontrol methods to
over-come the aforementioned problem related to LV-FRT. The choice of control
method is often affected or determined by the choice of generator and/or converters
equipped in each wind turbine of the WPP.

5.3.1 DC Chopper

A common solution to achieve the required LV-FRT criterion is by implementing a
DC chopper [69, 70]. A DC chopper is a power electronic devicewhich burns the
excess of energy in a resistor by means of a controlled electronic switch (usually
an IGBT for high power applications). A full-power rated DC chopper is generally
connected in the HVDC line close to the grid side VSC as shown in Fig. 5.3. When
the system is operating near its full capacity and a voltage dip occurs at the main
grid, the power delivered by the grid end VSC will be reduced.Consequently, the
DC voltage may rise and exceed a threshold value where the DC chopper is activated.
A hysteresis control can be applied to the DC chopper so the frequency of operation
during DC over voltage is determined by the size of the resistor and the dissipated
active power. Alternatively, a PWM (pulse width modulation) control method can
also be applied to control the breaking chopper [76].

Pdiss = I2
chRch (5.2)

Rch =
V2

dc,uth

PWPP
(5.3)

WhereIch is the chopper current andRch is the chopper resistor. The upper and the
lower voltage threshold value for the DC chopper control areset atvdc,uth = 1.1 [pu]
andvdc,lth = 1.05 [pu] respectively.

79



5. CONTROL OF VSC-HVDC CONNECTED TO AWIND POWER PLANT

chR

Figure 5.3: Representation of a grid side VSC and the DC chopper

5.3.1.1 Results

The role of a DC chopper to achieve LV-FRT is evaluated in thissection. A com-
plete three phase to ground short circuit is applied at the HVside of the grid side
transformer att = 0.05 [s] for a duration of∆t f ault = 250 [ms] and the grid strength
is set at theSCR= 5 and|Zg| = 160 [Ω]. A wind velocity of ≈ 10 [m/s] is applied
at the WPP. Simulated voltage response of the system at different locations during a
fault event is shown in Fig 5.4. The grid side instantaneous three phase voltages are
measured at the LV side of the transformer, therefore, they retain a non-zero value
based on the transformer impedance and the amount of reactive current export from
the grid end VSC. The grid side transformer has aXtrans= 12 [%] impedance in the
simulation model.
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Figure 5.4: Simulated voltage response during three-phasefault using a DC chopper
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5.3. Low-voltage Fault-ride-through

The simulated power and current response at different locations are illustrated
in Fig. 5.5a and 5.5b. The AC side active and reactive power are plotted as a mean
value over a periodTm= 1/ fm, while the DC side powers are plotted as instantaneous
values.

Pmean =
1
Tm

ˆ Tm

0
P(t)d(t) (5.4)

As seen in the plots, the active power and voltages at the WPP end are virtually
unaffected. In other words, the dynamics of fault at the gridend are completely
de-coupled from the WPP end. This implies that a DC chopper equipped HVDC
transmission system can be implemented to any wind turbine type in the WPP, even
though the simulation results presented here are based on full-scale wind turbines.
The total active power produced by the WPP is totally uninterrupted during any dis-
turbances occurring at the grid end. Therefore, mechanicalstresses on the wind
turbines are also significantly reduced.

As the fault is cleared, the grid side VSC can restore the active power back to the
pre-fault value. It should be noted that the DC voltage recovery is slightly delayed as
it does not recover instantaneously. The delay is caused by acombination of the grid
side VSC control recovery time and mainly due to the power gradient or the ramp
rate (dP/dt) applied during the post fault power recovery process.

The minimum permissible ramp rate during the power recoveryprocess is gen-
erally determined by the host power system requirements. However, in a relatively
weak grid, a very fast recovery of active power during the post fault recovery process
can result in an overshoot in the recovering voltage at the PCC or in worst cases,
the voltage may get unstable and a significant voltage back-swing can occur. Ex-
amples are shown in Fig. 5.6, where the grid strength is set at, SCR= 5 and the
WPP producing the maximum rated power atvwind = 15 [m/s] in both the cases. In
Fig. 5.6a, the post fault active power recovery is relatively fast as no ramp or power
gradient is applied. In the top plot, the three phase RMS (root mean square) grid
voltages at the PCC are shown and it can be observed that the voltages suffer from
higher over-voltage (and considerable back-swing) duringthe recovery process as
compared to the slow active power recovery in Fig. 5.6b. The recovering voltage
gets more depressed as the strength of the host power system decreases, which may
trigger consecutive FRT. On the other hand, a slower power recovery utilizes the DC
chopper for a longer period of time.

In the simulation model, the power gradient is applied by applying a ramp in the
active current reference. As the fault is cleared and the AC voltage at the PCC starts
to recover, a ramp function or the slope is activated (when the voltage dip flag switch
over from 1 to 0). The DC voltage controller sets the active current at the maximum
limit in order to recover the DC voltage. The active current reference from the DC
voltage controller is then compared against a ramp signal; the slope is given by the
selected value of constantA in eq. (5.5). The ramp signal is given an initial condition
(x0) based on the pre-calculated active current during the fault. The smaller value
among the two, slope reference or the active current reference from the DC voltage

81



5. CONTROL OF VSC-HVDC CONNECTED TO AWIND POWER PLANT

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

0

0.5

1

Grid side

P
,Q

 [p
u]

 

 

P
mean

Q
mean

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
−0.5

0

0.5

1

WPP side

P
,Q

 [p
u]

Time [s]

 

 

P
mean

Q
mean

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

0

0.5

1

DC side

P
(t

) 
[p

u]

 

 

P(t)
grid

P(t)
WPP

(a) Simulated power response

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
−1

0

1

Grid side

i ab
c(t

) 
[p

u]

 

 

i
a

i
b

i
c

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0

0.5

1

1.5
DC side

i dc
(t

) 
[p

u]

 

 

grid side
WPP side

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

−1

0

1

WPP side

i 1k
ab

c(t
) 

[p
u]

Time [s]

(b) Simulated current response

Figure 5.5: Simulated power and current response during three-phase fault using a
DC chopper
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Figure 5.6: Simulated active power recovery process

controller, is used asirkd for the current control. When the slope value reaches a
maximum limit (lim), it is held constant until the next trigger (dip flag switch over
from 1 to 0) is available.

slope =

{

x0+
´ in f

0 Ad(t)

lim

dip flag 1 to 0

else
(5.5)

irkd =

{

ird,dc

slope

slope≥ ird,dc

slope≤ ird,dc

(5.6)

Besides three phases to ground faults, the other commonly occurring fault types in a
power system are unbalanced in nature - line to ground or lineto line. Power, voltage
and current responses of the system under a single line to ground fault (applied at
the HV side of the grid side transformer) are shown in Fig. 5.7and 5.8. The grid
condition is set withSCR= 7 and the wind velocity at 15 [m/s]. The grid side
transformer utilizes a∆−Y configuration, so the three phase voltages at the LV side
of the transformer under one phase to ground at the HV side appears as shown in the
grid side voltage plot in Fig. 5.8a.

Under unbalanced voltage conditions at the PCC, the power delivered by the grid
side VSC is oscillating with twice the grid fundamental frequency (2· fm). During a
fault event, the negative sequence current references are assigned the lowest priority
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Figure 5.7: Simulated power response during single-phase fault using a DC chopper

to allow room for active and reactive power. In case of rated active power transport,
the condition will be equivalent to applying zero negative sequence current reference.
However, when the DC chopper is active, controlled negativesequence to eliminate
DC voltage oscillation is anyway irrelevant because the DC voltage oscillation is
suppressed by the chopper.

The control of reactive power during unbalanced condition require further con-
sideration as three phase voltages are not equal in magnitude. The amount of reactive
current support to the grid in the presented results is basedon the positive sequence
voltage dip as in the case of balanced three phase fault condition. This might in some
cases result in the highest phase over voltage. An alternative solution is to provide
reactive current support based on the highest of the three phase voltage magnitude.

The major advantage of using a DC chopper is that a reliable LV-FRT can be
achieved irrespective to the type of wind turbine used in theWPP. The DC chopper
can also be advantageous in other situations such as when a fast grid side power
regulation is required. During a short instance, the activepower transfer to the grid
can be reduced or the direction of the grid side active power flow can be reversed,
burning the excess of active power in the chopper resistor. This way a very fast active
power damping can be achieved. With all its advantages, the use of DC chopper are
being considered for HVDC connected WPPs. However, some major disadvantages
of a DC chopper are (i) the added cost of the DC chopper components and, (ii)
the amount of heat that needs to be removed during the fault event. It was also
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Figure 5.8: Simulated power and current response during three-phase fault using a
DC chopper
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verified from the simulation results that during a three phase fault at the grid end for
∆t f ault = 250 [ms], the total energy dissipated into the chopper resistor isEdiss≈ 45.0
[MWs]. The physical size of the required resistor (including heat sink) and the efforts
to remove the amount of the heat is enormous. The total power dissipated into the
chopper resistor is given by,

Pdis = hc ·Ach · (∆T) (5.7)

Wherehc is the hear transfer coefficient,Ach is the surface area of the chopper re-
sistor,∆T is the temperature difference between the chopper resistorsurface and the
ambient temperature. The required surface area of the resistor (Ach) to remove a
given amount of heat is determined by the type of fluid used to cool the surface area
(for e.g., in case of airhc = 10−100 [W/m2K]) . The heat removing capacity of the
chopper resistor is, therefore, determined by the surface area; higher the power to be
dissipated - bigger the required surface area.

5.3.2 Data Communication

In case a DC chopper is not desired, an alternative solution to achieve LV-FRT is to
lower the active power production from the WPP. As the host power system and the
WPP are AC-AC decoupled, conditions at the grid end during disturbances need to
be transported to the WPP end as data signals. One option to transport data signal
is by using light guides pre-installed in most modern cables. The communication
signal can be in the form of active power reference directly delivered to individual
wind turbine control system. The new active power referenceshould over-right the
local active power reference generated by the wind turbine controller. Alternatively,
the voltage magnitude at the grid end can be communicated to the WPP side VSC end
such that the voltage conditions at the grid end are directlymirrored at the collector
network, in which case the wind turbines are required to haveLV-FRT capability.

A HVDC power transmission from an off-shore WPP justifies itsadvantage only
if the transmission distance is relatively long. However, the speed and reliability of
data communication over such long distances is not very clear. The speed of data
communication is determined by the total time required for the grid side controller to
measure and calculate a reference signal plus the time for the signal to transmit over
the entire HVDC cable length plus the time for the WPP end controller to execute the
reference command. It is very essential to ensure that the total time delay involved
in the process is less than the time for the DC voltage to rise above the maximum
allowable limit at rated active power transmission. The total energy stored in the
HVDC link during a fault event is determined by the amount of active power that is
being transmitted, the size of equivalent DC capacitance and the duration of the fault.

ˆ

(PWPP−Pg) dt =
1
2
·C ·

(

V2
dc,max−V2

dc,rated

)

(5.8)

Fig. 5.9 illustrates the time taken by the HVDC voltage to rise to 5 [%], 10 [%],
15 [%] and 20 [%] over-voltage for different equivalent DC capacitance (Ceq) per
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pole at rated WPP active power production ofPWPP= 180 [MW], Pg = 0 and the
DC voltage of 100 [kV] per pole. If it is assumed that the system trip-off is set at
120 [%] of the DC nominal voltage and the average DC voltage during the fault to
be maintained at 110 [%] of the DC nominal voltage, the maximum available system
reaction time is≈ 3 [ms] for Ceq= 250 [µF]. By employing a larger DC capacitor,
more energy can be stored in the HVDC side and the reaction time can be effectively
increased. However, it can be seen in the plots in Fig. 5.9 that the increase in the
available reaction time is very small even for a large increase in DC link capacitance,
especially as the slope of the curves get steeper. While using data communication to
ride-through grid side faults provides a simple solution, reliability of such a system
over long distances should be realized first. Also it is oftennot practical to increase
the size of DC capacitance for high power and voltage applications.
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Figure 5.9: Calculated time for the HVDC voltage to reach maximum allowable limit
for different equivalent DC link capacitance per pole

5.3.3 Wind Power Plant Side Frequency Control

Although the WPP side collector grid is AC-AC decoupled fromthe host power sys-
tem, it should be noted that the state of HVDC voltage can provide a means for
estimating the fault at the grid end to the WPP side VSC control. If the main grid
undergoes a three phase to ground fault close to the grid sideVSC, the AC voltage
retain level is severely small. The grid end VSC is no longer able to control the DC

87



5. CONTROL OF VSC-HVDC CONNECTED TO AWIND POWER PLANT

voltage. If the increase in DC voltage is monitored from bothend of the HVDC
transmission system, a DC voltage control switch-over can be implemented between
the two VSCs. The DC voltage control switch-over is discussed in further detail in
the Chapter 6. As the DC voltage starts to rise and the grid endVSC relinquishes
the DC voltage control, the role of the grid end VSC will be to limit the current. At
the same time, the rise in DC voltage is monitored by the WPP end VSC control. If
the voltage rise exceeds a pre-defined DC voltage threshold level, the WPP side VSC
can be set to take-over the DC voltage control. The control objective of the WPP side
VSC during normal condition is to provide a regulated AC voltage and frequency
reference for the entire WPP as discussed earlier. However,during the FRT mode,
the control of the WPP side VSC can be assigned to control the collector network
frequency as a function of HVDC voltage, while still regulating a constant nominal
AC voltage magnitude. In case of full-scale wind turbines, active power drop can be
achieved according to the increase in AC side frequency.

On the other hand, the possibility to actively control the collector network fre-
quency introduces an opportunity to directly utilize fixed-speed wind turbines in the
WPP [67, 71, 75, 77]. Fixed-speed wind turbine has lesser number of components
compared to a variable speed wind turbine. Therefore, a fixed-speed wind turbine is
a less complex and a more robust system, which may be an advantage at off-shore
conditions. In most of the previously presented work in relation to FRT response of a
HVDC connected WPP based on fixed-speed wind turbines and frequency control, it
is not very clear how the wind turbines, specifically the drive train of the wind turbine
has been modeled. It is understood from earlier work in [53] that for various power
system studies including power system stability, short-term voltage stability and LV-
FRT, a single mass model does not properly represent the torsional oscillation of the
shaft. Hereby, the generator rotor speed and the active power are also not properly
represented.

The response of a fixed-speed wind turbine based WPP during collector network
frequency control is analyzed in this section. The total installed capacity (SWPP= 180
[MVA]) of the WPP, the number of turbines (N = 50) and the layout of the WPP are
considered to be the same as in case of the WPP discussed earlier with full-scale wind
turbines. The model of HVDC transmission system including the two VSCs, cables
and other components remain the same; only the full-scale wind turbines in the WPP
are replaced by fixed-speed wind turbines. The control structure of the WPP side
VSC during the FRT mode is shown in Fig. 5.10.

In a fixed-speed wind turbine, an induction generator is directly connected to the
AC grid without any power electronics interface. The response of induction genera-
tors to a change in AC grid frequency can be derived from the Thevenin equivalent
of an induction generator circuit model [78].

Te(s) =
3

s·ω ·
V2

s,th ·
(

R
′
r

)

(Rs,th+R′
r/s)2

+(Xs,th+X ′
r)

2 (5.9)

s =
ω −ωg

ω
(5.10)

88



5.3. Low-voltage Fault-ride-through

3-phase

voltage

m

dcv

r

dcv








 +
sT

K p

1
1

rf

s

1

~

�

LV-FRT

0

rv

�

�

�

�

Figure 5.10: Frequency control during LV-FRT

wheres is the slipω , ωg are the synchronous and generator shaft angular frequency,
Rs,th, R

′
r are the stator Thevenin equivalent and rotor resistance,Xs,th, X

′
r are the

stator Thevenin equivalent and rotor reactance andVth is the Thevenin equivalent
terminal voltage. As the electromagnetic torque of the induction generator decreases,
the generator shaft speed will slowly increase, storing theexcess of incoming wind
power as inertia in the rotating mass.

5.3.3.1 Aggregated Model of WPP with Fixed-speed Wind Turbines

The WPP is represented as an aggregated model. If it is assumed that all the wind
turbines and all the induction machines in the WPP are identical, a single machine
aggregated model of the WPP is possible by summing up all the individual machines
[53,61].

Sagg =
N

∑
i=1

Si (5.11)

WhereSagg is the rating of the aggregated generator, whereasSi is the rating of the
ith generator in the WPP withN number of wind turbines. Similarly the other ma-
jor components like transformers and capacitors of the WPP are also aggregated by
summing up all the individual component ratings. The inter-connecting cables and
the cables connecting the rows or the feeder to the off-shoreplatform are all modeled
as singleπ equivalent representation. The characteristics of the fixed-speed wind
turbine used in the simulation model is shown are Fig. 5.11.

The wind turbine aerodynamic model takes in the wind velocity and the speed of
the generator shaft as inputs and the mechanical torque as output back to the induc-
tion generator model. The drive train of the wind turbine caneither be modeled using
a simplified single mass model or a detailed two mass model. Ina simplified model,
the stiffness of the shaft is not included and the inertia constant of the generator shaft
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Figure 5.11: Characteristics of the wind turbine

and the rotor shaft are lumped together.

2· (Hr +Hg)
dωg

dt
= τm− τe−F ·ωg (5.12)

whereHr , Hg are the inertia constant of the rotor and the generator,ωg is the generator
shaft speed,τm, τe are the mechanical and electrical torque respectively andF is the
friction factor.

Whereas, a two mass model (also discussed in Chapter 4) takesinto account two
separate inertia’s of the generator shaft and the rotor shaft connected to each other
with proper damping and stiffness.

2·Hr
dωr

dt
= τr −Krθs−Drωr (5.13)

2·Hg
dωg

dt
= −τe+Kgθs−Dgωg (5.14)

dθs

dt
= (ωr −ωg) (5.15)

whereKr , Kg are the rotor and the generator shaft stiffness,Dr , Dg are the rotor and
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the generator shaft damping andθs is the torsional twist about the axis of rotation of
the shaft (for details see [53]).

In a full-scale wind turbine model, it was stated that the generator flux dynamics
can be eliminated due to the presence of DC link. However, in case of a fixed-speed
wind turbine, the generator is directly connected to the AC side. This implies that
the generator dynamics can no longer be neglected. In the simulation model, the
induction generator is represented by a fourth order state-space model as presented
in [79]. The electrical representation of the induction machine model indq reference
frame is shown in Fig. 5.12. The parameters of the induction generator used in the
simulation are presented in Table. 5.1.

Table 5.1: Induction generator parameters

Parameters Parameters
Snom 180 [MVA] fm 50 [Hz]
p 2 V0 690 [V]
Rs 0.0196 [pu] Lls 0.0397 [pu]
R′

r 0.01909 [pu] L′
lr 0.0397 [pu]

Lm 1.35 [pu] Hg+r 8 [s]
F 0.055 [pu]

The model equations of induction generators referred to thestator side are,

Vqs = Rs · iqs+
d
dt

φqs+ω ·φds (5.16)

Vdc = Rs · ids+
d
dt

φds−ω ·φqs (5.17)

V
′
qr = R

′
r · i

′
qr +

d
dt

φ
′
qr +(ω −ωe) ·φ

′
dr (5.18)

V
′
dr = R

′
r · i

′
dr +

d
dt

φ
′
dr − (ω −ωe) ·φ

′
qr (5.19)

Te =
3
2
· p· (φds· iqs−φqs· ids) (5.20)

whereVds, Vqs are the terminal voltages,V
′
dr, V

′
qr are the rotor voltages,ids, iqs, i

′
dr,

i
′
qr are the terminal and rotor currents,φds, φqs, φ ′

dr, φ ′
qr are stator and rotor fluxes,ω

is the synchronous frequency,ωe is the electrical angular frequency,p is the number
of poles,Rs, R

′
r are stator and rotor resistances.

5.3.3.2 Results

To test the LV-FRT capability of the system under study, a three phase voltage dip is
introduced at the grid end for a period of∆t f ault = 150 [ms]. The grid strength is set
atSCR= 10 with |Zg|= 80 [Ω] and the applied wind velocityvwind = 10 [m/s].
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Figure 5.12: Electrical representation of the induction machine in dq reference frame

Case I: In the first case, the drive train of the wind turbine isrepresented using
a single mass model. The simulated voltage response of the system at different lo-
cations is shown in Fig. 5.13. It should be noted that the voltage magnitude at the
WPP side is relatively constant during the fault event; while only the frequency is
altered. The WPP side VSC has been taken into frequency control mode; hence the
production of active power from the wind turbines has been reduced as shown in Fig.
5.14a. The DC voltage has been controlled and maintained within tolerable limits.
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Figure 5.13: Simulated voltage response during three-phase fault of a fixed-speed
wind turbines based WPP

The HVDC voltage control switch-over between the grid side VSC and the WPP
side VSC takes place when the DC voltage exceeds a pre-definedthreshold level. At
this point the measured HVDC voltage is higher than the assigned reference value;
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therefore, the change in collector network frequency at thebeginning of the control
mode is much faster as shown in Fig. 5.15a, while the production of active power by
the wind turbines also follows the frequency response to reduce accordingly. When
the implemented controller maintains the HVDC voltage level, a controlled change
in frequency can be observed. As the fault is cleared, the grid side VSC starts to
deliver the active power. The HVDC voltage drop is monitoredfrom both ends and
when the voltage level drops below a pre-defined lower threshold level, the control
action is reverted to the normal situation. However, it has to be taken into account
that a very fast jump in AC frequency at the collector networkcan provoke speed
instability or lead to an unstable condition for the induction generators as a large
change in slip value will be experienced. The value of collector network frequency
is, therefore, ramped back to the normal operating point of 50 [Hz] as shown in Fig.
5.15. During the fault, a large amount of input wind power is stored in the rotating
mass. The ramp applied to the frequency also controls the rate of increase of active
power during the immediate post fault recovery. However, ifthe slope of the ramp
is too small, the induction generators will be able to followthe frequency change
and any control over the active power increase rate is lost. In Fig. 5.14a, it can be
observed that att ≈ 0.6 [s], the frequency ramp is equal to 50 [Hz] and the normal
conditions of voltage magnitude and frequency are maintained hereafter.

Case II: It has also been mentioned earlier that the shaft torsional bending is
not modeled by a single mass representation of the wind turbine drive train. This is
mainly due to the fact that both the high speed and low speed shaft on either side of
the gear-box are lumped into one mass, ignoring the stiffness of the shaft. As a result
the speed of the generator shaft and rotor shaft are represented as one. In a two mass
model an appropriate value of stiffness,Ks, and damping,Ds, are included, which
implies that the ‘soft’ shaft oscillations are not neglected. Therefore, the predicted
speed of the wind turbine generator shaft for the same systembut represented by two
different mass models are not identical as shown in 5.15. In other words, it can be
said that the system dynamics predicted by a single mass model is very optimistic
because only a small deviation of generator speed and power are estimated.

The simulated power response of the system at different locations with a two
mass model representation of the drive train is shown in Fig.5.16. As illustrated in
the figure, a large amount of oscillating active power is released during the immediate
post fault recovery, even under controlled frequency ramp down. In many sense, a
fixed-speed wind turbine is more difficult to control. A largeamount of active power
oscillation during the post fault recovery means that the WPP side VSC and the grid
side VSC need to be considerably over-sized in terms of current rating. Apart from
the active power, it is also illustrated in the power plot that induction generators con-
sume a large amount of reactive power during the post fault recovery. If no variable
reactive power source for e.g., SVC or ASVC (advanced staticVAR compensator) is
installed, the WPP side VSC needs to deliver the required reactive power demand.
The over-sizing factor of the WPP side VSC is even further increased due to the
requirement of added reactive current.

It is not very clear how the variation in the wind velocity across the WPP area
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Figure 5.14: Simulated power and current response during three-phase fault of a
fixed-speed wind turbines based WPP
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Figure 5.15: Collector network frequency and the wind turbine generator speed
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will affect the FRT event. In a large WPP area, the differencein wind velocity seen
by different wind turbines can be significant. The difference in wind velocity can
be due to wind turbulence, propagation time of wind across the WPP area, and also
due to wake effects. Fixed-speed wind turbines definitely provide a relatively cheap
solution, however, the centralized frequency control of all wind turbines in a WPP
via the WPP side VSC needs to be carefully analyzed. The othermajor drawbacks
of a fixed-speed wind turbine are: (i) lower annual energy production, (ii) higher
mechanical stresses in the gear box, (iii) less control-ability.

5.3.4 Wind Power Plant Side AC Voltage Control

In the earlier section, a centralized frequency control of the WPP assigned to lower
the active power production during grid side fault was discussed. Alternatively, it is
proposed and investigated in this report that a centralizedAC voltage control at the
WPP collector network can provide a controlled response from the system, including
the wind turbines and the VSCs in the HVDC transmission system. The investigated
system is mainly based on full-scale wind turbines. Majority of modern state-of-
the-art full-scale wind turbines are already facilitated with LV-FRT control. If the
voltage conditions at the grid end can be imitated at the WPP collector grid during
events concerning faults, the WPP can actively participateand lower the active power
production; eliminating the need of a common DC chopper. Theoccurrence of the
grid end fault is indirectly communicated by the physical state of the HVDC voltage;
hence no data signal is required to be transmitted. The excess of active power in an
individual wind turbine system is either stored in the mechanical system (as inertia
in the rotating mass of the rotor blades) or dissipated into the wind turbine DC link
chopper resistor. The choice is determined the type of FRT strategy implemented
in the wind turbine. However, even though a DC chopper is utilized to dissipate
the excess of energy during the ride-through sequence, the amount of energy to be
removed and the corresponding efforts in a single wind turbine is significantly lower
compared to the total energy in a common DC chopper at the HVDClink. Detailed
analysis and results are further presented in Chapter 6.

5.4 Negative Sequence Current Control

The control of negative sequence current to eliminate the DCvoltage and active
power ripple was discussed earlier in Chapter 4. The need fornegative sequence
control arises when the three phase voltages at the PCC are unbalanced. It has been
mentioned earlier that the available room for negative sequence currents during asym-
metrical voltages at the PCC maybe very small or mostly null based on the unbalance
factor. The voltage unbalance is commonly measured by an unbalance factor, and the
definition used in this work is,

uu[%] =
vn

vp1
×100 (5.21)
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Wherevn is the negative sequence voltage,vp1 is the nominal positive sequence volt-
age. It was discussed earlier that the available room for negative sequence current
may be restricted in a HVDC system when the amount of active power transport is
at the rated value. The range of negative sequence control can, however, be further
increased given the following conditions,

1. If the WPP is producing lower than the rated power due to lower available
wind velocity. This can be generally possible as wind turbines are rated at or
higher than 12 [m/s] wind velocity, while the average wind velocity in off-
shore conditions is around 10 [m/s] - based on the example of Horns Rev
wind-farm of similar size considered in this work [11].

2. If the current rating of the VSC is increased. For a very large WPP, this con-
dition may not provide enough economic advantage, but is definitely open to
further detailed optimization.

3. If the active power export is reduced to create room for negative sequence
current.

Small unbalance in three phase voltages (uu < 5 [%]) in a power system is generally
caused by unbalanced loads, uneven impedance in the transmission line etc. A more
detailed assessment of voltage unbalance in a power system is presented in [80, 81].
Whereas, large unbalance in three phase voltages in a power system is generally
caused by an asymmetrical fault (for e.g., single phase to ground fault). From the
prospective of the VSC, it maybe more practical to avoid highpeak-to-peak DC volt-
age oscillations and preserve system control stability under an unbalanced voltage
situation. However, it may also be on the interest of the hostpower system to receive
support with negative sequence currents to compensate the unbalance in the three
phase voltages. In many cases, it is possible that the HVDC link is terminated in
a part of a power system connected to one or more industrial plants with induction
machines. The ability of a VSC-HVDC system to participate inthe compensation
of voltage unbalance could provide technical and economical benefits to the WPP
owner or the grid operator or both.

If the unbalance factor is small, the level of negative sequence demand is also
small and hence the current capability of the VSC maybe sufficient to export the nec-
essary negative sequence current. On the other hand, if the unbalance factor is large,
it becomes necessary to reduce active current export in order to make room for neg-
ative sequence currents. In this section it will be assumed that the grid requirements
allow for the reduction in active power export during fault events. Based on these as-
sumptions, four different negative sequence current control strategy will be analyzed
in terms of DC voltage oscillation and AC voltage unbalance compensation; Case
I: Zero negative sequence current control, Case II: DC voltage oscillation control,
Case III: Negative sequence voltage compensation control,and Case IV: Negative
sequence reactive current control.
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Among the four strategies mentioned above, Case I and Case IIhave already been
discussed earlier. The analysis of negative sequence voltage compensation (Case III)
can follow directly from the inner current control equations of the grid side VSC.

0= Rk · ikdn(t)+Lk ·
dikdn(t)

dt
+ω ·Lk · ikqn(t)+vdn(t) (5.22)

0= Rk · ikqn(t)+Lk ·
dikqn(t)

dt
−ω ·Lk · ikdn(t)+vqn(t) (5.23)

During AC voltage unbalances, the VSC can be set to eliminatethe negative se-
quence voltages from its terminals by exchanging an appropriate amount of negative
sequence currents. It is possible to solve these equations for ikdn and ikqn, and use
them as reference values for the negative sequence current control loop (irkdn, irkqn).
To ensure the stability of the system, the AC voltage compensation control needs
to be relatively slower than the inner current control. For this reason all the fast
variations in the negative sequence voltage needs to be deliberately ignored (imple-
menting a low pass filter), which further simplifies the aboveequations by justifying
the elimination of the current derivatives. In most cases, it can also be verified that
the resistanceRk is relatively very small and hence neglected.

irkqn=
−Rkikdn−vdn

ω ·Lk
(5.24)

irkdn=
Rkikqn+vqn

ω ·Lk
(5.25)

Implementing an open-loop control with the above derived current references in (5.24
& 5.25) for the negative sequence current control loop provides a simple control de-
sign. However, this requires that, (i) the equivalent impedance value between the
converter terminals and the PCC point are accurately known,and (ii) the PCC is
close to the VSC terminals. The level of voltage compensation with such an open-
loop control is also somewhat restricted as the converter negative sequence voltage
is maintained constant at zero. Nevertheless, a combination of open-loop control to-
gether with feed-back control (implementing PI regulators) can be used to improve
and broaden the performance of the unbalance compensator. If the PCC is further
away from the VSC terminals, feedback control of the PCC sidenegative sequence
voltage will provide better accuracy. For the purpose of system evaluation and com-
parison in this work , the control philosophy implemented separately ford− andq−
axis is as follows,

irkn = Gc(v
r
n−vn(n)) (5.26)

Where,Gc is a function of error ˜e= (vr
n−vn(n)) representing a PI controller.

Finally, the last strategy (Case IV) with negative sequencereactive current con-
trol is simply a proportional gain applied to the negative sequence voltage error
ẽ= (vr

n−vn(n)). In this case the reference negative sequence active current (irdn)
is set to be zero and the reference negative sequence reactive currentirqn = 5· ẽ.
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To analyze the four different negative sequence current control structures, a neg-
ative sequence voltage dip or an unbalance factor ofuu = 5 [%] is applied to the
grid voltage att = 0.98 [s]. The simulated response of the three phase currents and
the corresponding negative sequence voltage at the PCC for each control philoso-
phy is illustrated in Fig. 5.17. The strength of the host power systemSCR= 5 and
|Zg|= 160 [Ω] is applied to all the cases. The steady state active power transmission
prior to the applied negative sequence voltage is 0.76 [pu].

1 1.2 1.4 1.6 1.8
0

0.05

Case I

|v
n| [

pu
]

0.95 1 1.05 1.1 1.15

0.6

0.8

Case I

i ab
c(t

) 
[p

u]

1 1.2 1.4 1.6 1.8
0

0.05

Case II

|v
n| [

pu
]

0.95 1 1.05 1.1 1.15

0.6

0.8

Case II

i ab
c(t

) 
[p

u]

1 1.2 1.4 1.6 1.8
0

0.05

Case III

|v
n| [

pu
]

0.95 1 1.05 1.1 1.15

0.6

0.8

Case III

i ab
c(t

) 
[p

u]

1 1.2 1.4 1.6 1.8
0

0.05

Case IV

|v
n| [

pu
]

Time [s]
0.95 1 1.05 1.1 1.15

0.6

0.8

Case IV

i ab
c(t

) 
[p

u]

Time [s]

Figure 5.17: Comparison of different negative sequence current control strategies

In Table 5.2 numerical results of the comparison are presented, including peak-
to-peak active power and peak-to-peak DC voltage ripples for each of the four control
methods in percentage of the average value prior to the applied unbalance.

Table 5.2: Comparison results of different negative sequence current control strate-

gies;|vn|=
√

v2
dn+v2

qn, |in|=
√

i2dn+ i2qn

|vn| [pu] |in| [pu] P̃g [%] Ṽdc [%]
Case I 0.05 ≈ 0.0 ±5.04 ±0.345
Case II 0.0475 0.037 ≈±0.0 ≈±0.0
Case III 5.65e−3 0.175 ±23 ±1.56
Case IV 0.0417 0.064 ±11.6 ±0.83
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Case I with zero negative sequence control - obviously does not provide any com-
pensation to the the negative sequence voltage at the PCC. Onthe positive side, the
three phase currents are balanced and the peak-to-peak ripple in both active power
and DC voltage are relatively small compared to Case III and Case IV and also com-
pared to a case with no negative sequence control. Therefore, it provides a perfect
solution when there is no room for negative sequence current.

Case II with DC voltage oscillation control - is the best adapted control during
network voltage unbalances. It provides no or a very small amount of negative se-
quence compensation of the voltage at the PCC. However, the DC voltage oscillation
is removed and is best suited from the VSC point of view.

Case III with negative sequence voltage compensation control - provides a very
good compensation to the negative sequence voltage at the PCC. However, this is
achieved in the expense of higher negative sequence currentand higher DC voltage
and active power oscillation. It is evident that higher the strength of the host power
system, higher will be the required negative sequence current (DC voltage ripple will
increase accordingly) to compensate for the same amount of unbalance factor. On a
positive note, it is illustrated that a HVDC transmission system is able to compensate
for small voltage unbalances in a power system. In most of theEuropean Union
countries, the regulation to keep the unbalance factor below 2 [%] is imposed [82].
The maximum unbalance factor that can be compensated by a HVDC transmission
system clearly depends upon the current limits of the VSC, maximum tolerable level
of DC voltage peak-to-peak ripple and the strength of the host power system.

Case IV with negative sequence reactive current control - issuitable for large
voltage unbalances or during asymmetrical faults. During an asymmetrical fault, the
reactive current export from the VSC is usually based on the highest voltage among
the three phases in order to avoid over-voltages. This meansthat the faulty phase
is not compensated with any reactive current. Therefore, itmight be an option to
provide a negative sequence reactive current control during unbalanced faults. In this
way, the problem of over-voltage is not just avoided but improved by drawing reactive
current from the particular high voltage phase and at the same time considerable
support is provided to the faulty phase(s). The applied negative sequence voltage
gain can be fully based on the capacity of the VSC and the tolerable limit of the DC
voltage oscillation.
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SixWind Power Plant AC Voltage Controlfor Fault Handling
In this chapter a controlled voltage dip method applied at the WPP col-
lector network to ride through grid side faults will be discussed. It is
shown that the proposed control philosophy ensures a satisfactory re-
sponse from the entire HVDC system including the WPP during various
types of fault. Faults occurring at the WPP collector network are also
discussed. Finally, hardware-in-the-loop test results ofa full-scale wind
turbine connected to a physical VSC representing a WPP side VSC of a
HVDC system are presented.

LV-FRT is one of the most challenging requirements to fulfill, and more so in case
of a long HVDC transmission system with one end connected to aWPP. A HVDC
transmission system is composed of power electronic devices, whereas, the WPP
collector grid is fully governed by power electronics (in the form of wind turbine
VSCs and WPP side VSC). Unlike electrical machines, power electronic devices
have very strict current and voltage limits. It is possible to extend the limits of the
VSCs, but in the expense of added components and cost.

In this chapter the control of AC voltage (controlled voltage dip) at the WPP col-
lector network in relation to LV-FRT will be presented. Manyexisting large WPPs
are grid connected via HVAC transmission line. On demand from the grid require-
ments, most of the modern wind turbines have LV-FRT capabilities. The experience
of riding-through low voltage faults is ever maturing within the wind turbine industry
and the option to allow the same wind turbine type for different transmission options
(HVAC or HVDC) would provide an enormous benefit.

6.1 WPP side AC voltage Control

Similar to frequency control, AC voltage control also requires a switch-over of HVDC
voltage control between the two end VSCs after a fault is detected at the host power
system. The main principle behind HVDC voltage control is toprovide an energy
balance between the sending end (WPP end) and the receiving end (grid end). When
the active power export to the host power system is restricted, the task to provide
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energy balance in the HVDC transmission system is assigned to the WPP side VSC.
The WPP side VSC executes a collector network AC voltage control philosophy
(controlled voltage dip), hereby, reducing the total active power generation from the
WPP. The control of AC voltage at the WPP directly follows a similar procedure that
was discussed in Chapter 4 during the evaluation of HVDC voltage control method
for the grid side VSC. A fundamental difference is in the factthat the grid side VSC
is connected to a power system and is able to synchronize to the available three phase
voltages at the PCC. The control of DC voltage is achieved directly by controlling the
amount of active current exported to the connecting grid. However, in case of WPP
side VSC, there are no synchronous generators or any synchronizing voltage sources
available. It is the responsibility of the WPP side VSC to provide three phase syn-
chronizing voltages to the entire WPP during normal operating conditions and also
during the fault event if possible. Based on the fact that wind turbines are equipped
with a full-scale back-to-back VSC system, they are capableof controlling active and
reactive power as a function of available voltage at the collector network. As such, a
WPP represent a current source and the response of the current source to the change
in collector network voltage is very fast. A single line layout of the electrical system
at the WPP is shown in Fig. 6.1.

wppdcv ,

dcC

wppdci , wppouti ,

aggi kdpv1

kdpi1

kX1cneqZ ,

2
,cneqC

WPPPaggP

Figure 6.1: Single line representation of the WPP and the WPPside HVDC VSC

The main control objective is to provide a power balance between the collector
network AC power and the HVDC side power during the fault event. If a sustained
power balance is achieved during all conditions where the system needs to stay con-
nected to the host power system , the magnitude of the HVDC voltage can be con-
trolled within tolerable limits.

Pwpp= Pdc,wpp (6.1)

The above expression neglects any losses in the WPP side VSC or the losses in the
inductor, therefore the DC side current can be derived as,

idc(t) =
3·
(

vr
1kdp(t) · i1kdp(t)

)

2·vdc,wpp(t)
(6.2)

In eq. (6.2), currenti1kdp(t) is given by the WPP. The collector network voltage is set
by the WPP side VSC, so the AC voltagev1kdp(t) is also the reference value for the
converter AC voltage controller. During the normal operating condition, the value of
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vr
1kdp(t) is equal to its 1.0 [pu] value or a value corresponding to optimized reactive

power compensation of the WPP collector network. During a FRT, the WPP side
VSC is assigned to control the collector network AC voltage and consequently the
DC voltage at the HVDC transmission side. A properly implemented DC voltage
control maintains the energy balance over the DC capacitor,and any imbalance will
lead to an increase in the DC voltage level given by the expression below (refer Fig.
6.1).

idc,wpp(t)− iout,wpp(t) =Cdc ·
dvdc,wpp(t)

dt
(6.3)

Integrating the above equation over the sampling periodn·Ts to (n+1) ·Ts, the fol-
lowing expression can be derived,

idc,wpp(n)− iout,wpp(n) =Cdc·
1
Ts

·
(

vdc,wpp(n+1)−vdc,wpp(n)
)

(6.4)

vdc(n+1) is the DC voltage reference,vr
dc(n). Substituting eq. (6.2), the following

expression can be derived.

vr
1kdp(n) =

2
3
· vdc,wpp(n)

i1kdp(n)
· Cdc

Ts
·
(

vr
dc,wpp(n)−vdc,wpp(n)

)

+
2
3
· vdc,wpp(n)

i1kdp(n)
· iout,wpp(k) (6.5)

Therefore, the control of the WPP side VSC during a FRT event can be established
based on the above expression. Compared to the response timeof the HVDC voltage
controller, the response time of the current control in windturbines is relatively fast
and, therefore, can be considered as ideal. The design of HVDC voltage control can
follow standard procedure with plant transfer function given as(Cdc ·Ts)/(z−1).

Apart from the main control philosophy, in order to allow theWPP side VSC to
control the DC voltage, it is also necessary to ensure a smooth transition during the
exchange of control between the two end VSCs. As no data communication between
the WPP side and the grid side VSC is used due to the reasons involving delay and
data reliability, the process of transition is fully based on DC voltage measurements
at both ends of the transmission line. Following a grid side fault, the grid side VSC
active power transfer can be restricted by the applied current limits. Beyond this
point and until the fault is cleared, the grid side VSC will operate under current
limit mode. This implies that the grid side VSC relinquishesthe HVDC voltage
control when operating under current limit mode. At the WPP end, wind turbines
may continue to produce the same amount of active power as in the pre-fault. The
difference in the active power will thus be stored in the HVDCcapacitors (including
VSC capacitors and cable capacitors) ultimately increasing the HVDC voltage level.
The WPP side VSC control unit is assigned to monitor the HVDC voltage at all time.
When the DC voltage level exceeds an upper threshold limitvdc,uth = 1.05 [%] of the
rated value, the WPP side VSC is set to take-over the control of HVDC voltage.
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However, the levels of HVDC voltage at the two ends of a transmission line are
not equal because of the long HVDC cable parameters as illustrated in Fig. 6.2. The
grid end voltage can be predicted (vdc,calc) at the WPP end from the known value of
cable resistance and the measured WPP end DC current,idc,W PP. This is, however,
only correct during steady state operating conditions, butfollowing a disturbance, the
predicted DC voltage is not equal to the actual value until a new steady state value
is reached. This can be explained because the WPP side DC current cannot be used
to predict the grid side DC voltage dynamics precisely. On the other hand, the grid
side DC current values are unknown at the WPP end unless data communication is
utilized. Therefore, one should pay careful attention thatthe grid side HVDC voltage
does not exceed critical upper limit while the WPP side controller detects and reacts
to the DC over-voltage. In this case it becomes necessary that the upper threshold
limit, vdc,uth, is carefully chosen. However, if the upper threshold levelis too small, it
may trigger a false FRT mode during other events or disturbances causing DC voltage
change.
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Figure 6.2: HVDC voltage and current level at different locations during grid side
fault

As the grid fault is cleared, the grid side AC voltage starts to recover. The total
reactive current export decreases, allowing more room for active current. During the
fault, a large amount of energy is stored in the HVDC capacitors. The current limit
mode of the grid side VSC is turned off only when the HVDC voltage jumps back
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to the rated value,vdc.lth = 1.0 [pu]. Therefore, this allows for the energy stored
in the capacitors to dissipate or the DC voltage to return back to the rated value as
fast as possible by exporting momentary inrush active current out to the grid. The
simulated response of the reference current and the actual current at the grid side
VSC during a fault is shown in Fig. 6.3. Simultaneously, the decrease in HVDC
voltage is also monitored from the WPP end, and the WPP end controller allows
collector network AC voltage to increase back to its nominalvalue. This also causes
a sudden momentary inrush of active power from the WPP to the HVDC link. Once
the collector network AC voltage fully recovers, the wind turbine controller applies a
ramp to the recovering active power, which is also followed by active power damping
control in individual wind turbines. It is, therefore, verified that a smooth exchange
of DC voltage control between the two end VSCs is possible based on the state of the
DC voltage measured independently at each end.
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Figure 6.3: Grid side VSC current indq rotating reference frame during fault

6.1.1 Balanced faults

In this section different balanced fault conditions at the main grid will be discussed.

Case I: Three Phase to Ground Fault

A three phase to ground fault close to the grid side VSC provides the most challeng-
ing requirements in terms of LV-FRT. In Case I, a complete three phase to ground at
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the HV side of the grid transformer is simulated. It is assumed that the fault is cleared
after ∆t f ault = 250 [ms]. The majority of the highlighted results are taken from the
LV side of the grid transformer and the HV side of the WPP park transformer. A
grid side transformer with aXtrans= 12 [%] impedance value is used in the simula-
tion model. A SCR of 7 between the host power system and the WPPis used with
Zg = 114.28 [Ω] andX/R= 7. The wind velocity at the WPP is set to bevwind = 15
[m/s], which ensures that maximum power is delivered by the WPP. Asituation with
maximum power delivered by the WPP represents a worst case scenario for the FRT
test. The simulated voltage response of the system is shown in Fig. 6.4.
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Figure 6.4: Simulated voltage response during a three-phase to ground fault

Following a grid side fault, the DC voltage control switch-over takes place to
provide a controlled voltage dip at the collector network. The DC voltage reference
during the fault is set to beVr

dc, f rt = 1.05 [pu]. However, it can be observed that the
steady-state error between the measured and the reference DC voltage is not zero.
When a complete short circuit occurs at the HV side of the gridtransformer, the
active power delivered to the grid is minimum,Pg ≈ 0.0, as shown in Fig. 6.5a. The
only available active power sink in the system is the system losses. Even though
the active power produced by the WPP is zero, the HVDC voltagecan not be fast
adjusted to the reference value via the control system. Whenthe fault is so severe,
the WPP side VSC goes into the state of short-circuit or a verylow AC voltage level
(lower limit of the collector network AC voltage control). The total energy stored
in the HVDC capacitors during the reaction time of the over-all controller (plus the
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time required to allow for the control switch-over) cannot be dissipated elsewhere
except for the system losses, hence the DC voltage steady-state error is non-zero.
However, as shown in the voltage HVDC plots, by carefully selecting a proper value
of DC voltage upper threshold limit,vdc,uth, it can be ensured that the HVDC voltage
remains within a safe limit during a severe fault. It is assumed that the DC over-
voltage trip-off limit of the the VSC-HVDC isvdc,trip = 1.2 [pu] or 20 [%] higher
than the nominal value.

A slight difference in the DC side power plots, prior to the applied fault, between
the grid side and the WPP side can be noticed in Fig. 6.5a. The difference is due to
the losses in the transmission cables. During the FRT event when the active power
transfer is reduced, there is no current flow in the DC side andhence the active power
at both ends drop to a very small level. The excess of energy isstored in the rotating
mass of the wind turbine. The model of full-scale wind turbine described in Chapter
4 is used in these simulations. As individual wind turbines actively participate in
storing the excess of energy, there is no need for a centralized storage or power
dissipation unit. The post fault active power recovery is also governed by the wind
turbine controller.

The response of the wind turbine during the process of controlled voltage dip in
the WPP collector network is illustrated in Fig. 6.7. The wind turbine RMS voltage,
Vwt, is taken from LV side of the wind turbine transformer. As thewind turbine ex-
ports a large amount of reactive current during the controlled voltage dip created by
the WPP side VSC, the level of wind turbine LV side voltage is relatively higher than
the voltage dip introduced at the output of the WPP side VSC. The difference is deter-
mined by the total impedance in the collector network including the cable impedance
and transformers impedances. The wind turbine transformerhas aXtrans = 6 [%]
impedance and the park transformer has aXtrans= 12 [%] impedance in the simula-
tion model. The level of reactive current export is determined by the available voltage
level at the wind turbine terminals. However, it is at all time ensured by the wind tur-
bine VSC controller that the modulus of the total reference current is limited within
1.1 [pu]. Therefore, the WPP side VSC does not encounter any risk of over-current
while its terminal voltage is lowered as illustrated in Fig.6.6.

The wind turbine DC link voltage is not so much affected during the FRT se-
quence, as the excess of input power is stored in the mechanical system. After the
dip is removed, the stored energy is slowly released which results in the wind turbine
generator shaft oscillation. The oscillation in speed is also observed in the active
power output plot. Nevertheless, it may also be an option to utilize the wind turbine
DC link capacitor to store all or part of excess power. This may reduce the amount of
mechanical stress on the wind turbine shaft and gear-box in particular during voltage
dips, but on the other hand, the size of wind turbine DC link capacitor will increase.
Alternatively, a DC chopper can also be used.
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Figure 6.5: Simulated power and current response during a three-phase to ground
fault
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Case II: Multiple Voltage Dips

Multiple voltage dips or extended dips are also a common phenomenon in the power
system and it is a requirement for the WPP to ride-through or stay connected tem-
porarily. It is illustrated via simulation results that thepresented control philosophy
has the ability to control the HVDC voltage under such conditions.

In Fig. 6.8, a case with a complete three phase to ground (vretain ≈ 0.0 [pu]) fol-
lowed by a voltage dip of (vretain = 0.6 [pu]) at the HV side of the grid transformer
is illustrated. After∆t f ault = 200 [ms], the three phase to ground fault is cleared but
is followed by another voltage dip for∆t f ault = 300 [ms] immediately. Due to the
follow-up dip, the grid side fault is not completely over. However, the retain voltage
at the HV side is much higher after the three phase to ground fault is cleared. This
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creates some room for active power transfer towards the gridas the level of reactive
current export to the grid is reduced. As a result, a sudden drop in DC voltage oc-
curs at the grid side because the grid side VSC is still working under current limit
mode (exporting maximum possible active current). The dropin DC voltage is also
observed by the WPP side controller and as it is seen in the figure, the DC voltage is
slowly pulled down to its reference valueVr

dc, f rt until the steady state error is zero.
Unlike during a complete three phase to ground fault, it is now possible for the as-
signed controller to freely manipulate the DC voltage. The control of HVDC voltage
is done by indirectly controlling the collector network AC voltage; the corresponding
simulated response of the collector network AC voltage is asshown in Fig. 6.8a. It
is also confirmed from the current response (not shown in the report), that the total
current amplitude running through the WPP side VSC does not exceed beyond set
limits of 1.1 [pu].

Case III: Response to Weak Grid Connection

The response of the collector network AC voltage controllerapplied to different grid
strength (SCR= 3, and 10) is illustrated in Fig. 6.9. It can be observed that theover-
all control of the HVDC voltage during the grid side fault is not so much affected by
the strength of the host power system. However, some differences can be observed
when the fault is cleared. A small difference can be noticed in the active and reactive
power plots during the post fault recovery of the HVDC voltage. In case of a weak
power system, the export of inrush active power to allow for the HVDC voltage to
discharge quickly constrains the recovery of grid side AC voltage slightly. The only
other major difference is seen on the dynamics of the AC voltage and reactive power
after the fault is cleared. This is because - the weaker the host power system is,
the more sensitive is the AC voltage at the PCC to the active power variation from
the grid side VSC. For a very weak grid (SCR< 3) connection of a VSC-HVDC
transmission system, all the grid side VSC controllers needto be less dependent on
the stiffness of the voltage at the PCC and the control parameters tuned accordingly.
Analysis of very weak grid connection is not included in thisreport. However, it is
demonstrated that the implemented AC voltage control at theWPP collector network
is capable of controlling the HVDC voltage and riding-through different levels of
balanced faults in the grid irrespective to the strength (weak or strong) of the host
power system.

6.1.2 Unbalanced faults

The most common type of faults in a power system is unbalancedin nature [83]. As
with balanced faults, a VSC-HVDC connecting an off-shore WPP to a host power
system needs to ride-through unbalanced faults. During an unbalanced fault, e.g.,
a line-to ground fault, the grid side VSC has to accommodate the imbalance in the
PCC voltages and continue its operation at-least temporarily.
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Figure 6.8: Simulated voltage and power response during a multiple voltage dip
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Figure 6.9: Simulated voltage and power response during a three-phase to ground
fault for different grid strength

Provided that a sufficient room for the controlled negative sequence currents is
available, the HVDC voltage can be set free from 2· fm oscillation. In this situa-
tion, the control of HVDC voltage by the WPP side VSC providesno further added
complications. Assuming that no room for controlled negative sequence current is
available, the oscillation in the active power is directly reflected onto the HVDC volt-
age, because the AC side active power and DC power should equal each other except
for the losses. Oscillating power in the DC side means that the voltage and the cur-
rent also possess the 2· fm ripple. Even though the HVDC transmission cables are
long, some or part of these oscillations in the HVDC voltage and current are reflected
at the WPP end. The control of DC voltage at the WPP end during aFRT mode re-
quires both, DC voltage and current, as inputs. When such oscillating parameters are
applied to the control equation (6.5), the resulting AC voltage peak reference (vr

1kd)
for the WPP side VSC is also oscillating. The transformationof this reference volt-
age intoabc stationary reference frame will generate an unbalanced voltage in the
collector grid. The full-scale wind turbine used in the simulation model is already
equipped with negative sequence control or FRT capability during unbalanced faults.
The WPP will, therefore, act accordingly by injecting balanced three phase currents,
irrespective to the unbalance in the collector network AC voltage.

However, it has to be noted that a third order harmonic voltage will be super-
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imposed on the fundamental frequency voltage due to the transformation of oscil-
latory reference indq rotating reference frame intoabc stationary reference frame.
Following the reference frame transformation, a 100 [Hz] signal with a DC offset gets
resolved into 50 [Hz] fundamental plus a small fraction is resolved into 150 [Hz] har-
monics. This is revealed by the Fourier transform of the resulting three phase voltage
waveforms as shown in Fig. 6.10. The presence of such harmonics is only temporary
or short lived during the period of FRT sequence time frame.
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Figure 6.10: Harmonic presence in the WPP collector AC voltage during unbalance
fault in the host power system

The simulated voltage response at different locations following a single line to
ground fault at the HV side of the grid side transformer is illustrated in Fig. 6.11.
A SCR of 7 between the host power system and the WPP is used,Zg = 114.28 [Ω]
andX/R= 7. The duration of fault is∆t f ault = 250 [ms]. The resulting AC voltage
unbalance in the off-shore collector network is shown in thebottom plot of Fig. 6.11.

The simulated power and current response at different locations following the
single line to ground fault at the HV side of the grid side transformer is shown in
Fig. 6.12. As the collector network is unbalanced, the WPP side VSC draws an
oscillating active power from the WPP. It shall be noticed that the unbalance factor
of the three phase AC voltage at the collector network is relatively smaller than that
at the grid end. This is because the peak-to-peak ripple on the DC voltage at the
WPP end is reduced due to the long cable parameters. Therefore, the active power
peak-to-peak ripple at the WPP end is relatively lower than at the grid end, however,
the DC component of the active powers are equal except for thecable losses.

It is in practice possible to get rid of the third harmonics content at the WPP
collector network by adding third harmonic compensation terms to the modulation
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Figure 6.11: Simulated voltage response during a single line to ground fault

signals. Alternatively, a large gain drop at frequency 2· fm (for e.g., a notch filter)
can be directly applied to the collector network AC voltage control reference (vr

1kd)
or to the feed-forward termsvdc,wpp and iout,wpp. If this condition is satisfied, the
three phase voltages at the collector network can be considerably balanced. An ideal
notch filter is practically not possible to achieve, therefore, a considerable drop in
gain for a narrow band of frequency around 2· fm will have to be accommodated.
Therefore, one should also make sure that the important dynamics of the controller
are not affected by the implemented filter response. The simulated voltage and power
response of the system with notch filters applied to the feed-forward terms are shown
in Fig. 6.13. As expected, the active power at the WPP end is considerably free from
sinusoidal ripples, and at the same time, the WPP side AC voltage is also balanced.
The HVDC voltage control is achieved because the DC component of the active
power at the WPP end and the grid end are equal except for the losses. Although not
shown in the report, the control of collector network AC voltage during other kind of
unbalanced faults (double line to ground and line to line faults) were also confirmed
from the simulation results.

6.1.3 WPP Side Faults

The most typical faults in an on-land transmission system are due to natural causes
like falling of tree branches, conductor clashes due to windor water, lightning strikes
etc. These fault causes are almost irrelevant in the sub-marine cable systems but
faults originating from other different technical causes can occur. On the other hand,
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Figure 6.12: Simulated voltage and power response during a single line to ground
fault
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Figure 6.13: Simulated voltage and power response during a single line to ground
fault at the grid end with notch filters applied
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most of the faults in a stand-alone off-shore WPP will be difficult to clear. The system
will have to eventually trip-off following a severe fault until the maintenance crew
repairs the damage. However, some faults may be localized toan individual wind
turbine or a single feeder (row in the collection grid) as shown in Fig. 6.14. In case
of a very large WPP, there may be more than one park transformers, each allocated
to a certain number of feeders. In such a situation, the particular feeder or the circuit
consisting of the faulty transformer can be isolated from the WPP and the normal
services may be resumed after a temporary disturbance.

B1

B2

B3

Figure 6.14: An example of off-shore WPP layout

When a fault occurs in the WPP area, the wind turbines respondto the collector
network voltage dip by limiting the active current injection. This is one of the direct
advantages of having an AC voltage control in the WPP collector network. But the
WPP side VSC is not equipped with a direct current vector control. In such a situ-
ation, the WPP side VSC may be over-loaded with the fault current determined by,
(i) the fault resistance, (ii) the equivalent system impedance between the WPP side
VSC and location of the fault, and (iii) the WPP side VSC voltage level. To prevent
the over-current, an indirect current control is implemented. The fault current can be
limited by limiting the WPP VSC voltage - there always existsa minimum voltage
level based on the equivalent system impedance which will ensure that the total cur-
rent does not exceed safe limits. When the current through the WPP VSC exceeds
the pre-defined upper threshold, the AC voltage limit mode isapplied. The current
feedback is derived from the three phase currents measured at the terminals of the
WPP side VSC which can be transformed intodq reference frame. The VSC voltage
is suddenly reduced to a level such that current from the WPP side VSC is restricted
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within its maximum limit (see Fig. 6.15). Provided that the fault is cleared by the
timer set on the circuit breaker, the fault current will stopand the nominal voltage
can be re-established.
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Figure 6.15: WPP side converter current indq reference frame. A severe fault occurs
at the LV side of the park transformer and the current is limited by the implemented

voltage limit mode;|i1k|=
√

i21kd+ i21kq

In Fig. 6.16 and Fig. 6.17 a case with a three phase fault at theWPP applied at
the LV side of the park transformer is shown. The considered fault presents the most
harsh fault situation in the WPP, which may or may not be possible to clear in the real
world. However, to test the system response, it is assumed that the fault is cleared
after ∆t f ault = 250 [ms]. When the fault occurs, the WPP VSC starts to deliver the
fault current. The voltage limit mode is set on so as to limit the current within safe
limits by lowering the WPP VSC voltage level. During this sequence, the losses in
the WPP VSC and the components within the location of the fault is delivered by
the HVDC side, so the WPP side active power is slightly negative. As a result, a
drop in the HVDC voltage can be observed. To maintain the HVDCvoltage level,
the grid end VSC is also required to send the active power in the opposite direction;
compensating the losses in the converters and the HVDC cables. When the fault is
cleared, the current through the WPP VSC decreases rapidly and as it drops below a
pre-defined lower threshold, the nominal voltage is re-set.

It is, therefore, possible to indirectly imitate the voltage conditions at the PCC
during fault events by the WPP side collector network such that the wind turbines
can actively participate during the required FRT operations. This has been verified
for all the fault cases that can occur in the main grid. Some major advantages of
having such a control option during LV-FRT are summarized below.

1. The commercially available wind turbine topology (including the generator
and the back-to-back VSC) and its control system do not require any modifi-
cation or changes (including all the control systems) should they connect to an
HVAC transmission system or a HVDC transmission system.

2. The system does not need to rely on data communication for cases like FRT
control when very fast and reliable response is required. Rather, the commu-
nication of the fault is done via a physical signal (HVDC voltage level in this
case).
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Figure 6.16: Simulated voltage and power response during a WPP collector network
fault
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Figure 6.17: Simulated current response and the response from the aggregated WPP
model during a WPP collector network fault
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3. It is not necessary to implement two different detection and control techniques
for the main grid fault and the WPP collector network fault. During both the
cases, wind turbines in the WPP respond according to the change in voltage
level in the AC collector grid.

Any faults occurring at the HVDC transmission cables are notincluded in this report.
As with WPP side faults, the probability of fault occurrencein the HVDC transmis-
sion cables is very small and in most cases, it will not be possible to ride-through
such faults and the HVDC system shut-down will be necessary.

6.2 Power-Hardware-in-The-Loop Test

HIL (hardware-in-the-loop) simulation is a technique usedto understand the behav-
ior of a new device, or to develop and test complex systems, orto predict an outcome
under different system conditions. A HIL simulation often refers to a system in which
part of a full simulation has been replaced with actual physical components [84,85].
Based on the inter-connection method of actual physical components with the simula-
tion part in HIL; HIL can generally be classified into two categories. CHIL (control-
hardware-in-the-loop) simulation is a scenario where there is no power transfer to
or from the hardware being tested, in contrast to the more challenging case in PHIL
(power-hardware-in-the-loop) simulation, where the interface point involves conser-
vation of energy so that real power is virtually exchanged between the simulation
software and the actual hardware. Appropriate power amplification and conversion
apparatuses must be included. The closed-loop PHIL of the device and the network
model provides insight on both the performance of the control scheme as well as its
effect on the power system. Hence, PHIL simulation is an effective method to test
or verify the functionality of new control systems and different power components
interactions [86,87].

The WPP collector network, as discussed earlier, is fully governed by power
electronic devices. Therefore, the interaction between WPP based on full-scale wind
turbines and the WPP collector grid becomes increasingly important. For example,
the WPP collector grid’s dynamic response to transient events will be influenced by
the VSC-HVDC link controls. Hence, the relevant influences on the VSC-HVDC and
the WPP need to be carefully investigated. This section focuses at what can be con-
sidered a first step into the development of a PHIL system to test functions of control
and operation of a VSC-HVDC transmission-link. In PHIL testsetup the wind tur-
bine and the AC collector grid is built in the RSCAD simulation program, modeling
the full-scale wind turbines with correct aerodynamics, VSCs and control systems.
A single wind turbine model is used to represent a WPP. The WPPside VSC-HVDC
connection is represented by a down scaled two-level converter and the power termi-
nation is done through a DC chopper. The control algorithms of the VSC are coded
and downloaded to a dedicated DSP/micro-controllers. Thisparticular experiment
contribute towards building an in-depth knowledge on the steady-state and dynamic
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behavior of WPPs connected through VSC-HVDC links, and in order to provide rec-
ommendation for future developments. A picture of the setupimplemented during
the project is shown in Fig. 6.18.

Figure 6.18: Picture showing the different components of the implemented PHIL test
experiment

6.2.1 PHIL Implementation Setup

The block diagram of the experimental test setup that has been developed is shown
in Fig. 6.19. The PHIL test platform is comprised of a RTDS (Real time digital sim-
ulator) [88], a Spitzenberger Spies three phase 7.5 [kW] power amplifier [89] with
frequency range from DC to 5 [kHz] large signal bandwidth (−3dB), a VSC and
a DC chopper. The top half of the Fig. 6.19 presents the wind turbine model im-
plemented in the RTDS platform and the bottom half represents the hardware setup.
The communication between the RTDS and the external hardware components is
done via input/output AD/DA cards. A slight time delay (around four time steps)
in the system was observed between the input and the output signals, which has not
been resolved during this work but has been taken into consideration for future im-
provement. A proper scaling factor is implemented in the simulation to accurately
amplify the voltage magnitude to and from the external channels. The HV side of
the wind turbine transformer is connected via an impedance to a controlled voltage
source with rated voltage at 33 [kV], a standard MV level at the WPP collector grid.
The control signal for the voltage source is the input from the measurements done
at the output bus (BH1) of the external VSC. The external VSC represents the WPP
side VSC of a HVDC line.
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Figure 6.19: Block diagram of the PHIL test setup

The DC voltage of the external VSC is terminated through a DC chopper. The
role of the DC chopper is to maintain a tolerably constant DC voltage. The DC
chopper emulates the role of the grid end VSC (not to be confused for a HVDC
chopper implemented for FRT) as it has not been possible at this time to implement a
proper grid end VSC. For what is being evaluated, the use of the chopper to emulate
the grid end VSC is fully justifiable because the DC chopper can maintain the DC
voltage to a given value and the other responsibilities of the grid end VSC does not
affect the DC side anyways. The DC voltage in the hardware is set at 500 [V] and the
AC voltageV0 = 300 [V]. The rated power of the wind turbine model isPwt,rated= 2.5
[MW], therefore, by selecting an appropriate power rating for the external system
Phw,rated = 2.0 [kVA] the per unit ratio between the impedance in the hardware and
the model can be calculated. The value of the impedance in themodel can be set to
represent any given condition, for e.g. if the WPP is modeledas a single up-scaled
wind turbine (aggregate WPP model), the impedance value canbe calculated from
theπ equivalent model of the WPP collector grid.

6.2.2 Voltage Sourced Converter

The VSC in the setup representing the WPP end VSC is a two-level IGBT based con-
verter with a switching frequencyfs = 4.0 [kHz] and the switches are hard switched
based on PWM signals. The AC terminals of the VSC is connectedto a LC fil-
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ter to eliminate the PWM generated harmonics (L = 5.5 [mH], C = 20 [µF ] and
R= 1[Ω] damping resistor in series with the capacitors). As explained earlier, the
main function of the WPP end VSC of a HVDC transmission systemis to maintain
the AC voltage and frequency constant at the WPP. The constant frequency reference
( f = 50 [Hz]) is generated via a virtual PLL in the controller. To maintain the AC
voltage magnitude, a DC voltage feedback loop is implemented. The DC link of
the VSC is initially energized directly from a three phase variable transformer and a
diode bridge rectifier. For DC voltage below the rated value (Vdc ≤ Vdc,rated = 500
[V]), the modulation index between the AC and the DC side of the VSC is maintained
constant atm= 0.98. The modulation index is defined as the ratio between the mean
value of the DC and peak value of the per phase AC voltage (m= 2· v̂a/V̄dc). When
the WPP is connected, the flow of active power will cause some fluctuation on the DC
voltage magnitude. Also the sending end voltage is slightlyhigher than the receiving
end DC voltage due to the resistance along the transmission cable and the variation is
determined by the amount of active power transmitted. In theimplemented lab setup,
a small variation in DC voltage is possible due to the hysteresis control action of the
DC chopper. The DC voltage feedback loop thus compensates all these variations
by constantly updating the required modulation index to achieve a fixed AC voltage
magnitude.

vr
a = m·sin(ω · t) (6.6)

vr
b = m·sin

(

ω · t + 2·π
3

)

(6.7)

vr
c = m·sin

(

ω · t + 4·π
3

)

(6.8)

This provides a simple and robust voltage regulation at the WPP AC collector grid.
The response of the VSC during a DC voltage sweep from 1.0 pu to 1.1 pu is shown
in Fig. 6.20. For a 10 % increase in the DC voltage, the AC RMS voltage is tolerably
constant;≈ 1.0 % change. The small change is observed because of the variation
in the AC voltage harmonics (which is caused by the decrease in the modulation
depth) as shown in the bottom two plot of Fig. 6.20. However, in reality DC voltage
change of such high magnitude cannot be expected in a HVDC system under normal
conditions. A slightly better response should be possible in case of a more precisely
tuned filter.

6.2.3 Wind turbine model

The wind turbine model is prepared in a real time simulation platform, RTDS. The
implemented wind turbine model includes the following; (i)the mechanical parts as
rotor blades inertia and associated pitch control, (ii) a PMSG (Permanent magnet
synchronous generator), (iii) a back-to-back VSC and the control system, (iv) a wind
turbine transformer, (v) an AC side filter and (vi) a DC chopper at the DC link for
LV-FRT. The system diagram of the wind turbine model is presented in Fig. 6.21.

124



6.2. Power-Hardware-in-The-Loop Test

0 1 2 3 4 5 6
400

500

600

v dc
(t

) 
[V

]

0 1 2 3 4 5 6
0.8

1

V
ac

,r
m

s [V
]

0 0.02 0.04 0.06 0.08
−1

0

1

v ab
c(t

) 
[V

]

Time [s]
6 6.02 6.04 6.06 6.08

−1

0

1

v ab
c(t

) 
[V

]

Time [s]

Figure 6.20: VSC response under DC Voltage sweep test
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The back-to-back VSC of a wind turbine and its control systemcan be divided
into two parts, (i) the generator side VSC and its control, (ii) the grid side VSC and its
control. A detailed discussion on variable speed direct drive PM wind turbine system
can be found on [90–92]. The function of the generator side VSC is to optimize
the generator speed to maintain the maximum power tracking.The control of rotor
speed is achieved by controlling the stator currents indq rotating reference frame.
The signals that are controlled are the voltage references for the PWM modulation,
vr

kmd and vr
kmq. A dynamic model of PM generator (without damper winding) in

synchronously rotating rotor angle (θr ) aligned reference frame is given by,

vsd = −Rs · isd− (Ls+Lmd) ·
disd

dt
+(Ls+Lmq) ·ωe · isq (6.9)

vsq = −Rs · isq− (Ls+Lmq) ·
disq

dt
− (Ls+Lmd) ·ωe · isd+ωe ·Ψ (6.10)

Where,Rs andLs are the generator resistance and inductance,Lm is the mutual in-
ductance,ωr is the generator shaft speed,Ψ is the magnet flux. The control of stator
current inq- axis is used to control the generator electromagnetic torque (τe), which
ultimately controls the speed of the generator or rotor shaft. The control ofd− axis
current is used to control the generator terminal voltage.

τe =
3
2
· p·Ψ · isq (6.11)

Where,p is the number of poles. In order to achieve the speed control,an optimum
rotor speed (ωr,opt) is derived based on the measured generator active power and
maximum power point tracking characteristics of the wind turbine. A general block
diagram of the generator side controller is shown in Fig. 6.22.

The function of the grid side VSC is to maintain the energy balance in the DC
link by exchanging active power at the PCC and provide reactive power support. The
general equations describing a grid side VSC indqsynchronously rotating reference
frame aligned to the PCC voltage vector are,

vkwd = vwd+Rtrans· ikwd−ωm ·Ltrans· ikwq+Ltrans·
dikwd

dt
(6.12)

vkwq = vwq+Rtrans· ikwq+ωm ·Ltrans· ikwd+Ltrans·
dikwq

dt
(6.13)

Where,Rtrans andLtrans are the transformer equivalent resistance and inductance re-
spectively,ωm is the AC voltage fundamental frequency. The active currentcontrol
(id) is achieved by controlling the DC side voltage and the reactive current control
(iq) is achieved by controlling the AC voltage. As already discussed earlier, during
the grid side VSC control of the HVDC transmission system, the VSC control ref-
erence frame is aligned to the voltage vector at the PCC by useof a PLL, which
implies thatvwq = 0. The AC voltage at the collector grid is controlled by the WPP
side HVDC VSC, so individual wind turbines do not apply direct AC voltage control
mode to avoid any possible control interactions between thetwo control systems.
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Figure 6.22: Generator side VSC control

Alternatively, a proportional AC voltage control is applied in the wind turbine grid
side VSC. The grid side controller diagram in shown in Fig. 6.23.

e(t) = (vr
ac−vwac(t)) (6.14)

irkwq = kv ·e(t) (6.15)
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Figure 6.23: Grid side VSC control

To fulfill the criteria of wind turbine staying connected to the AC collector net-
work during a fault event, a DC chopper is implemented. The excess of energy be-

127



6. WIND POWER PLANT AC VOLTAGE CONTROL FORFAULT HANDLING

tween the input power from the wind and the output electricalactive power to the grid
is slightly stored in the DC link capacitor and the rest is dissipated into the chopper
resistor. Therefore, in this model the speed of the generator shaft remains relatively
constant during the grid side voltage dip events as no power is stored in the rotating
mass of the rotor blades. The current limit of the wind turbine VSC is applied in two
parts; (i) 1.1 [pu] during voltage dips or faults, (ii) 1.2 [pu] during normal voltage
conditions. Some major parameters of the wind turbine modelare listed in Table 6.1.

Table 6.1: Wind turbine parameters

Parameters Parameters
Snom 2.5 [MVA] fm 50 [Hz]
Vdc 6.8 [kV] V0 4 [kV]
fg 3.82 [Hz] Xls 0.1 [pu]
Rs 0.01 [pu] Xmd 1 [pu]
Xmq 0.65 [pu] Hg 4 [s]
Ψ 1.2 [pu]

6.2.4 Results and Discussion

In this section some major test results are presented, specifically the co-ordination
between the WPP end VSC of the HVDC system and the wind turbine. Before
connecting the wind turbine model prepared in the real time simulator to the external
hardware requires an orderly start-up procedure. The experimental setup start-up
procedure is listed below.

1. The DC side of the VSC is energized to a nominal DC voltage level directly
from a 400 [V] AC grid via a transformer and a three phase diode rectifier.

2. Once the DC side is energized, the DC chopper and the VSC gate pulses are
unblocked. However, the upper threshold level of the DC chopper is set slightly
higher than the nominal DC voltage level. Therefore, the DC chopper is not
activated until the wind turbine amplifier starts to deliveractive power to the
VSC.

3. The AC side output breaker of the VSC is closed and the threephase AC volt-
ages appear across the capacitors of the VSC LC filter at the terminals. The
magnitude of the output AC voltage is determined by the implemented modu-
lation index.

4. The three phase voltages across the filter capacitors are measured via a voltage
measurement board, which applies an amplification gain suchthat the peak
voltage measurement is less than 10 [V]. The maximum voltage that the I/O
cards can handle is±10 [V ].
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5. The voltage measurements are fed to the wind turbine modelin RTDS with
appropriate scaling factor via GTAI (analogue input) card.These signals con-
stantly update (every 50 [µs]) the controlled voltage source representing the
WPP side VSC in the model. The nominal voltage level of the controlled volt-
age source is 33 [kV].

6. The voltage measurements at the output terminal of the wind turbine at bus B2
(Fig. 6.19) are fed to the the amplifier input channels after applying proper
scaling factor via GTAO (analogue output) card.

7. The wind turbine model in RTDS is initiated.

Consequently, the controller of the grid side VSC of the windturbine synchronizes
to the available voltage at the PCC. The exchange of active and reactive power is
determined by the applied wind velocity and the amplitude ofthe AC voltage at
the PCC. In the main hardware loop, the power amplifier emulates the wind turbine
response and delivers the scaled down active and reactive power to the VSC. In the
simulation model the controlled voltage source emulates the HVDC WPP side VSC.
Any reactions from the VSC are immediately communicated to the simulation model
in real time.

The wind turbine model and the experimental setup is first rununtil a steady state
condition is maintained (completing the wind turbine start-up process). Before the
first run, it is necessary that the model is properly initialized. The DC capacitors
are initialized to the nominal DC voltage level, the generator speed at 1 [pu] and
the turbine blades running freely with no electromagnetic torque applied from the
generator. As the wind turbine is connected to the AC network, the exchange of
active power takes place. The speed of the generator slightly reduces because of the
applied electromagnetic torque. The generator shaft speed, active power and reactive
power slowly build up to a steady state value determined by the maximum power
tracking characteristics of the wind turbine system and thevoltage level at the PCC.
A satisfactory operation of the system at the steady state isverified. The active and
reactive power during the start-up is illustrated in Fig. 6.24.

In order to verify a well coordinated response during AC voltage dip situations,
the control system of the WPP end VSC is triggered into FRT mode, such that the
VSC responds by lowering its retain voltage level. Two different voltage retain levels
were evaluated atvretain = 0.5 [pu] and vretain = 0.2 [pu] with ∆t f ault = 150 ms.
The voltage and current response of the system at the HV side of the wind turbine
transformer are shown in Fig. 6.25a. After the fault is detected, the wind turbine
control limits the exchange of active power while the reactive power is determined by
the level of voltage dip. The limitation of the active current is given by the following
expression, except that a peak surge current can be observedimmediately after the
fault is detected.

ikwd =
√

i2lim,wt − i2kwq (6.16)
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Figure 6.24: Start-up sequence of the wind turbine

After the fault is detected, the modulus of the reference current limit is applied at

|i lim,wt | =
√

i2kwd+ i2kwq = 1.1 [pu]. Apart from the reference current limitation and

control philosophy, a low-level hardware protection is always implemented on a VSC
to protect the switching devices from excessive over-current, which is often activated
when the high level protection fails to control the current.However, the peak surge
current (half sine-wave) carrying capacity fortsurge< 10 [ms] of general IGBTs are
much higher than the nominal current capacity. Therefore, the current spike seen in
the plots will neither affect the wind turbine VSC nor the WPPside VSC nor will it
trigger the low level hardware protection.

The active and reactive power outputs from the wind turbine are shown in Fig.
6.25b for the two different voltage dip levels. The convention used is such that the
direction of active and reactive power from the wind turbinetowards the collector
grid is taken as negative. The difference in the active powerbetween the generator
side VSC and the grid end VSC is slightly stored in the DC link capacitor and mainly
dissipated in the chopper resistor. When the voltage dip is cleared, the active power
from the generator end VSC plus the energy stored in the DC capacitor is suddenly
released in to the collector grid. What is implemented in this work is a very harsh
power recovery condition for the wind turbine and collectornetwork during the post
fault period. In many cases, it is common to implement a soft power recovery by
utilizing a power slope (dP/dt) or gradient. This implies that the total energy dis-
sipated by the DC chopper will slightly increase, but the sudden jump in the active
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power output and the DC voltage can be eliminated, ensuring avery smooth AC
voltage recovery after fault.

The total active power delivered by the power amplifier measured at the hardware
side at steady state prior to the applied voltage dip isPwt,hw ≈ 1.8 [kW]. A compari-
son of currents measured in the simulation and in the external experiment during the
applied voltage dip ofvretain = 0.5 [pu] is presented in Fig. 6.26. It can be observed
that the simulated currents show a good agreement with the measured currents dur-
ing the steady state condition. However, the amplitude of the measured currents in
the external setup is slightly higher during the transient and voltage dip situations. It
was also briefly mentioned earlier that a delay of four sampling time is introduced
between the voltage measurements at the output of the external VSC and the voltage
references that is sent to the power amplifier. During the steady state operation, the
effect of the delay will simply reduce the voltage angle between the power ampli-
fier output and the external VSC terminal as compared to the voltage angle between
the wind turbine terminal and the controlled voltage sourcein the real time simu-
lation. The effect of this reduced voltage angle can be compensated or re-adjusted
by manipulating the size of the external inductance betweenthe two end voltages
in the external setup. However, the voltage angle will be in arelatively dynamic
state (adjusted by the implemented current control of the wind turbine VSC) during a
voltage dip situation, the system delay cannot be compensated (or is very complicate
to compensate) and the resulting currents in the external system is different from
what is desired. The main purpose of the experiment is to study the co-ordination
between the wind turbine VSC and the external VSC when physically connected to
each other. This has been, nevertheless, achieved within a fairly reasonable accuracy
despite some differences from the delay.

The response of the DC voltage during the introduced voltagedip is shown in Fig.
6.27. Once the AC voltage recovers, the DC voltage is controlled back to the nominal
value and as such the wind turbine is able to provide a FRT response during the grid
side voltage dips. As a DC chopper is implemented in this work, the mechanical side
of the wind turbine remains relatively undisturbed during the disturbance and hence
the mechanical oscillation and time constants are not observed in the power curve.
This is also verified from the speed plot in Fig.6.27. Only a small insignificant change
in the generator speed can be noticed which is due to the sudden slump in the DC
voltage level as seen in the DC voltage plot, otherwise the mechanical side remains
unaffected.

The results presented above provide a positive overall picture on this first step of
development. These results confirm a good co-ordination between the wind turbine
and the WPP side VSC. The response from the wind turbine is very identical to the
situation when it is connected to a strong AC super grid, as the WPP side VSC is able
to provide a stable voltage regulation at the collector network. The performance of
the wind turbine and the external VSC was as expected. In an all, two different full-
scale wind turbine systems were tested. The simulation results presented earlier was
based on full-scale wind turbines with induction generatorwhile the results presented
from the experimental work is based on direct drive full-scale wind turbines with
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(a) Voltage and current at the HV side of the wind turbine transformer
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Figure 6.25: Response from the wind turbine during applied voltage dips
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Figure 6.26: Comparison of currents measured at the HV side of the transformer in
the simulation model and the output of the amplifier in the external hardware
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Figure 6.27: Wind turbine generator speed and DC link voltage,vretain = 0.2 pu
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PM generator. There were also two different FRT schemes implemented in the two
separate wind turbine models. One of them utilized a DC chopper and the other used
mechanical inertia as power storage during voltage dips. Therefore, among all the
presently available full-scale wind turbine systems, the concept of controlled voltage
dip at the collector network to ride through grid side faultshas been verified.
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Seven Con
lusion
The work reported in this dissertation can be divided into three main parts. The first
part was mainly focused on the comparison of different powertransmission solu-
tions for an off-shore WPP including HVAC transmission, HVDC transmission with
MVAC collector network and HVDC transmission with MVDC collector network.
The second part was focused on the development of a dynamic simulation model
including a proper WPP model, VSC and its control, cables andall other compo-
nents required for a HVDC transmission system. In the last part, different control
solutions were discussed and results were presented to verify how the implemented
control would allow for the HVDC system to meet different grid code requirements.
A partial solution was also tested and verified in the laboratory.

7.1 Summary of the Work

The global wind power generation is experiencing a rapid growth. With the growing
size of wind turbines and the total installed capacity of theWPPs, it is a trend now
and for the future to locate them in the off-shore conditions. As the transmission
distance increases, so does the efforts required to transport the bulk power to the
near-by power system. Until recently, the power transmission is done via HVAC
sub-marine sea cables. However, cables have higher capacitance per unit length. All
cables have a limit current carrying capacity. The surplus of reactive power due to
cable charging, therefore, reduces the total active power transmission capability of a
HVAC cable system. On the other hand, the charging current also adds to the total
losses in the system. It is verified in the report that the total system losses become
more and more significant with the increase in transmission length as the losses in
the cables completely dominate. For a medium sized WPP, the main limitation is
imposed by the current capacity of the cables and not by the voltage angle or the
transmission mid point voltage rise.

In comparison, a HVDC transmission system does not have any limitations over
the transmission distance. There are two different types ofHVDC transmission sys-
tem discussed in the report. One of them is composed of MVAC collector network
and the other with MVDC collector network. A detailed comparison of total sys-
tem losses between the HVAC system and the two HVDC systems are presented.
It is illustrated that for a medium sized WPP, HVAC solution obviously provides a
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more efficient system for short distances below 90 [km]. However, the efficiency of
a HVAC system deteriorates much faster for distances longerthan 100 [km], and the
corresponding HVDC transmission system provides a better solution. Among the
two HVDC systems studied in this work, there is very little difference in terms of
losses comparison. The VSC used for a HVDC system is based on MMC topology
whereas the DC-DC converter is based on a full-bridge topology. The main advan-
tage of a DC collector network is the reduced size and weight of the transformer in
the off-shore sub-station and the wind turbine. This is because a standard 50 [Hz]
transformer can be replaced by a MF transformer of the DC-DC converter. On the
other hand, the main component of a DC collector network, which is a DC-DC con-
verter, is not fully tested for such high power applications. Most importantly, DC
circuit breakers for such applications are not totally convincing. With due consider-
ation to these issues, it is safe to assume that WPPs in the near future will adopt AC
collector network and, therefore, a system as such is investigated in more detail.

In order to study various dynamic behavior of a HVDC transmission system con-
necting a WPP, a dynamic simulation model is developed. The model includes wind
turbine, collector network, transformers, VSCs, cables and other major components
of the system. The performance of the system under normal operating condition is
first analyzed. At the WPP collector network the total reactive power requirement
is optimally divided between the wind turbines and the WPP side VSC. The WPP
side VSC is assigned to operate as an infinite bus. This way thecontrol system of
the WPP side VSC can be designed with minimum complexity. Thecurrent limit at
the collector network is provided by the wind turbine (collector network side VSC)
control system. The grid side VSC of the HVDC system is set to control the HVDC
voltage and hereby provide energy balance to the system. Thegrid side VSC has the
ability to control the AC voltage at the PCC independently. Unlike HVAC transmis-
sion, the reactive current need not be transported the entire transmission length. The
requirements of frequency control of the main grid are fulfilled by use of a telecom-
munication signal. The frequency measurement at the PCC is communicated to the
WPP side VSC. As the WPP is an isolated system the choice of frequency at the
WPP is solely determined by the WPP side VSC. The high level park controller can
be used to detect the change in frequency and adopt a frequency droop control. A
new power reference is then communicated to individual windturbines.

The most challenging requirements, however, is related to LV-FRT. Different FRT
options are investigated in this report. The first option includes frequency control
at the collector network. This option is considered very suitable to be used with
fixed speed wind turbines. As a fault occur at the grid side, the HVDC voltage
level increases. Based on the detected HVDC over-voltage atthe WPP end, the
WPP side VSC is set to take over the DC voltage control while the gird side VSC
enters current limit mode. The difference between the measured DC voltage and an
allocated reference value is used as an error signal to allowthe control of the collector
network frequency. The wind turbines based on induction generators respond by
decreasing the output active power. A well co-ordinated performance during the
fault event was observed. However, it was also observed thatthe immediate post
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fault response from the wind turbine is rather difficult to control and that leads to
considerable over current requirement for the WPP side VSC.

A commonly discussed option for LV-FRT is to implement a DC chopper in
order to dissipate the excess of power during a fault event. However, the required
size of DC chopper and the efforts to remove the heat is enormous. Therefore, an
indirect control method to imitate the grid side voltage dipat the WPP side collector
network based on full-scale wind turbines is derived and investigated in this report.
Based on the measured HVDC voltage rise at the WPP end, the collector network AC
voltage is reduced in a controlled way. The full-scale wind turbines installed in the
WPP are already equipped with low voltage FRT capability. Therefore, the excess of
energy during grid end faults are stored in the rotating massof the wind turbine blades
and there is no need for power dissipation. Although not investigated in this report,
the proposed control structure can also be applied to doublyfed induction generator
based wind turbines. Any fault at the collector network is also dealt in the same way.
The only difference is that an additional current limit modeis required for the WPP
side VSC to protect itself against fault current. This is achieved by implementing
a voltage magnitude control. Therefore, no separate detection and control option is
required for faults occurring at the grid end or the WPP end. This provides a big
advantage of being able to use a similar wind turbine regardless of HVAC or HVDC
transmission system.

Finally an experimental setup is prepared to test and validate a proper co-ordination
between the WPP side VSC and a full-scale wind turbine. In theexperimental setup,
the wind turbine model is prepared in RTDS and the simulated terminal voltages of
the wind turbine are amplified by a power amplifier. Therefore, the power amplifier
acts as a wind turbine and is connected to a VSC. The VSC is controlled to setup a
required AC voltage magnitude and frequency at its terminal. It is verified that the
response of the wind turbine and the WPP side VSC during controlled voltage dip
is as predicted and no unexpected behaviors were recorded. The electrical structure
and control of future off-shore WPPs are analyzed in this report.

7.1.1 List of Major Findings

1. Based on the present scenario, HVDC transmission system with MVAC col-
lector network provides most efficient solution for long distance power trans-
mission system from an off-shore WPP.

2. By directly immitating grid side frequency condition at the collector network,
known components and control can be applied at the WPP level (for example
park pilot control for different frequency control requirements).

3. Reactive power compensation of the MVAC collector network can be opti-
mally distributed among the HVDC WPP side VSC and individualwind tur-
bines.
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4. Besides the regular control schemes, the grid side VSC of aHVDC link can be
used to provide negative sequence control. However, any concrete answers in
relation to negative sequence control does not exist yet as they would be more
determined by the grid code requirements. Some suggestionsare outlined,

a) HVDC VSC can be used to provide full negative sequence voltage com-
pensation for small unbalances (vn ≤ 5%), depending upon different sys-
tem parameters.

b) For large unbalances or unbalanced faults, a constant negative sequence
reactive current reference can be applied to provide reactive current sup-
port to the faulty phases. The range of negative sequence current refer-
ence may also depend upon different system parameters, especially the
current limit of the VSC.

5. Controlled AC voltage immitation (without telecommunicaiton) at the collec-
tor network provides the best solution to ride-through gridside low voltage
faults. This way the collector network side faults need not be treated any dif-
ferently and the existing wind turbine control can be directly used regardless
of HVAC or HVDC transmission system. The validity of the proposed control
was also shown via experimental results.

7.2 Future Work Suggestions

The following topics, which are also very relevant for this work, is proposed for
future work.

1. The experimental setup developed in order to study the co-ordination between
the WPP side VSC and the full-scale wind turbines can providea very good
background to test and validate different control strategies in relation to the
control and operation of a HVDC transmission system during normal operating
conditions and disturbances. The setup can be further elaborated by adding
a proper grid side VSC. This way the switch-over sequence of DC voltage
control between two VSCs can be analyzed in further detail. The setup also
provides a very good platform to pre-test the wind turbine side control system.

2. A single wind turbine model in RTDS was used to represent a WPP during the
experiment. A RTDS based system provides a very fast solution to simulate a
large WPP with many wind turbines. This will provide a very good opportunity
to investigate detailed response from individual wind turbines when subjected
to a voltage dip controlled by a VSC. As a future work, a detailed WPP model
in RTDS can be prepared. This will also allowtesting the frequency response
requirements of the WPP.

3. An economical comparison and other impacts of different FRT schemes can
be investigated. As mentioned earlier a DC chopper providesa very simple
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solution but the efforts required to dissipate the excess ofenergy is enormous.
On the other hand, wind turbines are subjected to mechanicalstresses during
voltage dips. Cost and benefits of the two systems can be analyzed.

4. A detailed investigation on different simplifications that can be allowed on a
wind turbine design when connected via HVDC system will be very interest-
ing.

5. As the collector network is completely based on power electronic devices, har-
monic stability analysis of the collector network can be done.

6. Grid requirements on negative sequence voltage control are slowly evolving.
Further study and verification on the subject can be performed.

7. Though some work has already been done in relation to DC collector network
as mentioned in some reference provided in the report, further investigation on
this topic will be very interesting.
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BTransformer Design
The size (volume and weight) of an off-shore transformer is an important parameter,
while the losses in the core and the windings are also equallysignificant. During
the design of the transformer in this work, the main focus is,therefore, put on those
parameters. The major input parameters for a transformer design are the power,
voltage and current specifications, turns ratio, and core material specifications. Cores
of standard size are not available for the given power level,therefore, core dimensions
should be calculated as a part of transformer design. As for the geometry of the core,
C-cores are selected. Similarly, the primary and the secondary winding conductor
size needs to be calculated for lower losses and lower total volume.

The transformer primary winding in this work is referred to the low voltage side
with fewer number of turns compared to the secondary windingwhich is also the high
voltage side. For the primary side of the transformer winding solid foil conductors
are selected, while for the secondary winding, strand type conductors (litz wires), are
chosen. An approximate layout illustration of the transformer core and winding is
shown in Fig. B.1.

Figure B.1: Transformer core and winding representation.

The thickness of the foil conductor in the primary winding can be determined
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B. TRANSFORMERDESIGN

from the skin depth.

δ =

√

2.ρ
2.π.Fs.µ0.µc

(B.1)

whereδ is the skin depth,ρ is the resistivity of the copper,Fs is the switching
frequency,µ0 is the permeability of the free space,µc is the relative permeability of
the copper.tcu,p is the primary winding conductor thickness.

tcu,p = δ (B.2)

The cross-section area (acu,p), and the height (hcu,p) of the conductor can be cal-
culated from the known value of allowable current density (Jcu,p = 4 [A/mm2]) and
the primary side input current (Iin,p).

acu,p =
Iin,p
Jcu,p

(B.3)

hcu,p =
acu,p

tcu,p.nlay,p
(B.4)

wherenlay,p is the number of layers per turn of the primary winding. To calculate
the total height and the total breadth of the winding, the thickness of the insulation
layer needs to be determined. In, it has been mentioned that the epoxy cast resin as
an insulation material has a dielectric strength of 18 [kV/mm]. With practical design
constraints and maximum transient over-voltage in consideration, tin = 12 [kV/mm]
is chosen.

hcu,tot,p = hcu,p+2.tin,p (B.5)

tcu,tot,p = Np.nlay,p.(tin,p+ tcu,p)+ tin,p (B.6)

For the secondary winding, the height of the winding is determined by the num-
ber of winding turns and the number of winding layers. The concept of winding
layers for the secondary winding is different from that of the primary winding. In
the primary winding, layers represent the same winding turnsplit into layers. In the
secondary winding, layers represent the number of turns puton top of each other.

hcu,tot,s =
Np

nlay,s
.(tcu,s+ tin,s)+ tin,s (B.7)
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tcu,tot,s = nlay,s.(tcu,s+ tin,s)+ tin,s (B.8)

The cross section area of the secondary winding conductor can be again found
from the known allowable current density (Jcu,s), secondary output current (I0,s) and
the conductor fill factor (kcu). According to, the copper fill factor for a Litz wire with
special winding arrangements can be achieved as high as 0.75. With due considera-
tion to practical constraints, a winding fill factor of 0.7 is selected. The diameter of
the wire (tcu,s) can be calculated by assuming the wire as one single circular conduc-
tor.

tcu,s =

√

4.acu,s

π
(B.9)

From the above derived parameters, the inner dimensions of aC-core can be
calculated.

hc = max(hcu,tot,p,hcu,tot,s) (B.10)

bc = (bcu,tot,p +bcu,tot,s) (B.11)

To calculate the cross section area of the core (ac), the volt-second applied during
the positive portion of the voltage waveform (λ1) is required.

λ1 =

ˆ t+tpos

t
v1(t)dt (B.12)

ac =
λ1

2.Np.Bpk
(B.13)

WhereBpk is the peak flux density in the core.
If a square core is assumed the thickness of the core (tc) and the width of the core

(wc) are equal. The Length of the core (lc) is calculated from these parameters.

lc = 2.hc+2.bc+2.wc (B.14)

Similarly the volume of the core (vc) can be calculated.

vc = ac.lc (B.15)

However, the volume of the core can be further optimized. Forexample, the
inner dimensions of the core are optimized by assigning different layers of winding
in primary and secondary and the set of results that gives thelowest volume of the
core can be finally selected.
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C Snap Shots

Figure C.1: Experimental set-up View 1 - Voltage sourced converter
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C. SNAP SHOTS

Figure C.2: Experimental set-up View 2

Figure C.3: Experimental set-up View 3
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Figure C.4: Selected snap-shot of the simulation model - toplevel
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C. SNAP SHOTS

Figure C.5: Selected snap-shot of the simulation model - Grid side
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