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Abstract

In this thesis, the internal DC collection grid for a wind farm is investigated regarding
the design, losses and dynamic operation for both normal operating conditions and for
different fault conditions. The main advantage for the DC collection grid is the consider-
ably lower weight of the 1 kHz transformers in the DC/DC converters compared to the
equivalent 50 Hz transformers. For a wind farm with 48 2.3 MW wind turbines, and a
DC/DC converter in each turbine as well as a main DC/DC converter for the whole wind
farm, the losses for the DC system are 3 % of the transferred power, which is similar to
the losses of a corresponding AC collection grid. For the dynamic control of the wind
farm, the DC/DC converters control the power flow in the wind farm and thereby also
the voltage levels for the 1.5 kV DC link in the turbine as wellas for the 32 kV DC col-
lection bus. For the limited bandwidth resulting from the switching frequency 1 kHz and
the maximum voltage deviations of 5 % for the DC voltages, therequired capacitances
are 152 mF for the DC link in the wind turbine and 16 mF for the DCbus, both giving
a stored energy corresponding to 74 ms transferred rated power. In the case of a fault in
the connecting main grid, the output power from the wind farmmust be decreased. Here,
assuming that the excess power is dissipated in each turbine, the detection of the fault
as well as the disconnection and the reconnection of the windfarm are investigated. The
requirements for the HVDC link to avoid over voltages duringa grid fault are stated and
it is also shown that the reconnection can be done within 14 ms, which is well within the
time specified in existing grid codes. Further, the behaviorof the system during internal
faults for the DC bus is investigated. Methods for detectingand finding the location of
the faults are determined, and it is shown that a faulted partcan be disconnected and the
non-faulted parts reconnected within 300 ms without using fully rated DC breakers.

Index Terms: DC/DC converter, DC collection grid, loss evaluation, windenergy,
control design, fault handling.
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Chapter 1

Introduction

1.1 Problem background

The introduction of DC technology for wind farm applications is a present development
including both research and commercial projects. The main focus in this stage is to use an
HVDC (High Voltage DC) transmission between the wind farm and the connecting grid.
A first demonstration project was built in Tjæreborg, Denmark in 2000, where a 8 MVA
HVDC link was connecting a small wind farm with 4 turbines to the grid [1, 2]. A larger
wind farm of 400 MW is currently being constructed outside Germany, where the trans-
mission distance for the HVDC link to the connection to the grid is 200 km [2]. The main
purpose of having an HVDC transmission for a wind farm is to enable a long distance
cable transmission of high power. As more large wind farms are planned for offshore lo-
cations, HVDC transmission will be a more common transmission solution for new wind
farms. There are also suggestions of having multi-terminalHVDC systems connecting
several wind farms.

For wind farms, and especially for offshore locations, the weight of the components is
an important issue. If the DC technology also would be used toreplace the internal AC
grid in the wind farm with a DC grid, the traditional 50 Hz transformers are replaced
with DC/DC converters including medium frequency transformers, and the AC cables are
replaced by DC cables. The weight of the medium frequency transformers in the DC/DC
converters is significantly lower than the weight of equivalent traditional 50 Hz transform-
ers. Thereby, the weight of the turbine and also the offshoreplatform connecting to the
HVDC link can be reduced. Also, the DC cables have lower losses than the AC cables and
there is no limitation for the transmission distance. Today, the key components for the DC
grid for a wind farm, the DC/DC converters, as well as the DC breakers are still under de-
velopment and not commercially available. Also, the operation of the wind farm including
control during normal operation and during different faults must be studied further.
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Chapter 1. Introduction

1.2 Overview of Previous Work

The previous work regarding DC solutions for wind farms has mainly been focused on the
possibility to use HVDC as the transmission system. Starting with the steady-state char-
acteristics for the HVDC link, the resulting losses for the HVDC system have been com-
pared with the losses using the traditional HVAC (High Voltage AC) system in [3, 4, 5].
Also the cost has been evaluated for the HVDC transmission compared to the HVAC sys-
tem [4, 5]. It is found that for long transmission distances,the HVDC transmission has
both the lowest price and the lowest losses. Further, the fault ride through properties for
wind farms with HVDC transmission have been investigated in[6, 7]. Here, the two op-
tions are to either use a breaking resistance in the HVDC linkor to ”mirror“ the fault from
the main grid to the internal wind farm grid using the built-in fault ride through system
for the wind turbines. The operation of a wind farm connectedto an HVDC transmission
is discussed further in [8, 9, 10], also considering the dynamical behavior. The possibil-
ity to connect several wind farms, or several clusters within the same wind farm, with a
multi-terminal HVDC system is investigated in [11].

The electrical system for the internal grid in the wind farm can be designed in many
different ways. From the solution of having an internal AC grid connected to an HVDC
transmission, the groups of turbines can be made smaller as in [11], where a wind farm
consists of 25 groups of 4 turbines where each group of turbines is connected to a separate
HVDC converter. In [9], all turbines in the wind farm have a separate HVDC converter,
thus forming a multi terminal HVDC system within the wind farm. This solution has the
advantage of no extra substation, but the disadvantage of the high voltage for the HVDC
transmission present in each turbine.

By introducing high power DC/DC converters, it is possible to have an internal DC bus in
the wind farm with a lower voltage level, and the voltage is then increased by the DC/DC
converter to the HVDC transmission level. The high power DC/DC converters, that are
key components for the implementation of a wind farm with an internal DC bus, are still
under development [12]. These DC/DC converters have mediumfrequency transform-
ers that are significantly smaller and less heavy compared toordinary 50 Hz transform-
ers [13]. A low weight is a significant advantage, especiallyfor offshore locations. Having
the possibility of different levels of the DC voltage, different solutions for the internal grid
in a wind farm have been investigated in [14, 15]. In [14], different configurations of the
internal grid for the wind farm have been studied and the windfarm with an internal DC
grid was shown to be an interesting alternative. Also the possibility of series connection
of the wind turbines is considered in [14] to eliminate the need for an offshore substa-
tion. In [15], different layouts for the internal DC grid in awind farm are investigated,
including the control of the HVDC transmission. Here, the solution with the lower losses
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1.3. Aims and Main Contributions of the Thesis

is found to be the case where the inverter towards the generator is directly connected to a
common low-voltage DC bus. The DC bus is then connected to a DC/DC converter that
increases the low output voltage from the generator to the voltage for the HVDC link.

Previously, multi terminal DC systems have been mainly considering systems with lower
voltage and power. In [16, 17], the design and control is considered of a DC bus con-
nected to a number of sources and loads, also considering to connect wind turbines. Here,
a control system is proposed for a multi-terminal DC system.

For the high power DC collection grid for a wind farm, furtherresearch is needed consid-
ering the design and control of the system. For steady state operation, the losses should
be obtained and compared to the losses of a wind farm with an internal AC grid. Inves-
tigating the control during steady state conditions will show the performance of the DC
system and also give the resulting requirements for the design of the system. Further, the
evaluation of fault cases will show the possible operation during different faults as well
as the needed protection devices.

1.3 Aims and Main Contributions of the Thesis

• Aim: To investigate DC/DC converters for a wind farm applicationand find a suit-
able topology and design for the wind farm with an internal DCcollection grid.
Contribution: The most suitable DC/DC converter topology for the operating con-
ditions in a wind farm has been identified, and for this topology, a suitable control
strategy has been determined as well as the switching frequency.

• Aim: To find the losses of the DC system in the wind farm.
Contribution: The losses have been determined for the components in the DC
collection grid, and have been put in relation to the losses in a wind farm with an
internal AC grid.

• Aim: To develop the control of the system during steady state and determine the
resulting requirements for the design of the system.
Contribution: A control strategy for the wind farm has been developed, where the
DC/DC converters control the power flow and thereby also the DC link voltages.
It has been identified that the bandwidth of the controller and the limitation of the
voltage variations to 5 % determine the required DC link capacitances, which are
obtained for the investigated system.

• Aim: To show the operation of the wind farm during different faultconditions, both
for faults in the main grid and for internal faults in the windfarm. Both the detection
and the clearing of the faults should be investigated, and the requirements for the

3



Chapter 1. Introduction

system should be determined.
Contribution: The safe operation of the wind farm for both external and internal
faults has been demonstrated. For external faults, the fault ride through operation
has been established including the detection of the fault and the required system
properties to avoid over voltages. Also, it has been proven that the wind farm can
reconnect after the fault well within the time specified in existing grid codes. For
internal faults, a methodology for a robust detection and localization of the fault has
been demonstrated for different faults for the DC bus. Finally, the detection of an
internal fault and the disconnection of the faulted part hasbeen established together
with the resulting disturbance in the output power to the HVDC link.

1.4 Layout of the Thesis

This thesis investigates the design and operation of an internal DC collection grid for
a wind farm. First, an overview of a wind farm with an internalDC grid is given in
Chapter 2. Here, some possible layouts of the internal collection grid are shown and the
components in the wind farm are presented. The DC/DC converters are identifies as key
components that are studied further in Chapter 3, focusing on the operation in a wind
farm with an internal DC grid. A suitable topology for the DC/DC converter is found for
the operating conditions in a wind farm. Then, design aspects as control of the converter
and choice of switching frequency and IGBT modules are shownfor the chosen topology.
Finally, the loss calculations for the DC/DC converter are verified with a down scaled
experimental setup.

Knowing the design of the DC/DC converters, the complete DC collection grid, including
the DC/DC converters, is designed in Chapter 4. Here, the layout of the wind farm used in
the investigations of the operation of the wind farm is chosen and the design of the compo-
nents in the wind farm is determined. For the chosen layout, the losses for the internal DC
grid are presented, including the losses for the cables and the DC/DC converters. Further,
the dynamic modeling of the wind farm is made in Chapter 5. Themodels of the different
parts are shown in detail, and also an overview of the complete wind farm model is given.

Using the dynamic model of the wind farm, a control strategy for the DC collection grid
during normal operating conditions is developed in Chapter6. A basic control is achieved
for the wind turbines to obtain the power flow to the DC grid during normal operation.
Further, the control of the DC/DC converters is investigated to maintain stable operation
with limited voltage deviations for all possible operatingconditions, and the resulting re-
quirement for the DC bus capacitance is obtained. The control method is verified using
a down scaled experimental converter. Also the operation during startup of the system is
shown. Continuing with the operation during faulted conditions, both internal and external
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1.5. Publications

faults are investigation in Chapter 7. First, the operationduring a fault in the connecting
main grid is discussed considering the ability of the systemto detect a fault and stop the
output power. Also, the reconnection of the wind farm after agrid fault is investigated.
Further, the operation during internal faults is discussed. The behavior of the system dur-
ing a fault in the DC collection bus is shown including the detection of these faults and
the disconnection of a faulted part. Finally, in Chapter 8 a summary and also concluding
remarks are given. There are also some suggestions for future work.

1.5 Publications

The publications originating from this project are:

I L. Max and S. Lundberg, “System efficiency of a DC/DC converter based wind
turbine grid system,” inNordic Wind Power Conference (NWPC) 2006, May., 2006.

II L. Max , “Energy efficiency for DC/DC converters in a DC grid system for wind
farms,” in Nordic Workshop on Power and Industrial Electronics (NORPIE) 2006,
June 2006.

III L. Max and T. Thiringer, “ Snubber and control method selection fora 5 MW wind
turbine single active bridge DC/DC converter”, in12th European Conference on
Power Electronics and Applications (EPE) 2007.

IV L. Max , “Design aspects for a fullbridge converter thought for an application in a
DC-based wind farm,” inNordic Wind Power Conference (NWPC) 2007, November.,
2007.

V L. Max and S. Lundberg, “System efficiency of a DC/DC converter based wind
farm,” in Wind Energy Journal, vol.11, no.1, January/February 2008, p.109-120.

VI L. Max and T. Thiringer “Design and Control Considerations for a 5 MW Fullbridge
DC/DC Converter in a Wind Turbine” inEPE Wind Energy Chapter 2009 - 2nd
seminar

VII L. Max and O. Carlson, “Control and Loss Calculations for an Internal DC Grid in
a Wind Farm,” inNordic Wind Power Conference (NWPC) 2009, September., 2009.

VIII L. Max , T. Thiringer and O. Carlson, “Control of a Wind Farm with an Internal DC
Collection Grid” submitted toIEEE Transactions on Energy Conversion

IX L. Max , T. Thiringer and O. Carlson, “Fault Handling for a Wind Farmwith an
Internal DC Collection Grid” submitted toIEEE Transactions on Energy Conversion
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Chapter 2

Design Overview of a Wind Farm with a
DC Grid

2.1 Introduction

For a wind farm with an internal DC collection grid, there areseveral design aspects
that must be considered. First, the layout of the wind farm must be chosen including the
connection for the turbines. Then, also the different components must be determined. In
this chapter, an overview is given of the layout and the main components, which are the
wind turbines and the DC/DC converters as well as the DC cables and the protection
system.

2.2 Layout of a Wind Farm with a DC Collection Grid

A wind farm with an internal DC grid can be designed in severaldifferent ways [13, 14,
15]. One option is to design the wind farm with a DC grid in a similar way as a wind
farm with an AC grid, where the turbines are connected in radials to a common DC/DC
converter as shown in Fig. 2.1 [14, 15].

In a wind farm with an internal DC grid, the AC cables in a traditional wind farm with
an AC grid are replaced with DC cables, and the 50 Hz transformers are replaced with
DC/DC converters with internal medium frequency transformers. As seen in the figure,
a number of wind turbines are connected to a common DC bus thatis connected to a
DC/DC converter that will achieve the voltage level needed for the transmission system.

For the wind turbines connected to the internal DC collection grid, the output must be
a DC voltage, and in Fig. 2.2 the electrical system used for a wind turbine with a DC
output is shown.

7



Chapter 2. Design Overview of a Wind Farm with a DC Grid

WT WT WT WT

DC bus

offshore

platform

HVDC

DC

DC

WT WT WT WT

WT WT WT WT

WT WT WT WT

Fig. 2.1 Example of a layout of a wind farm with an internal DC collection grid.

Mechanical

system DC

DC

DC

AC
G

Fig. 2.2 A wind turbine with a DC output voltage.

In the wind turbine with a DC output, a full power converter isconnected to the generator.
A DC/DC converter is then connected between the internal DC link in the turbine and the
DC collection grid to control the power flow and increase the voltage level. Consequently,
there will be two DC/DC converters between each turbine and the HVDC transmission,
one converter in the turbine and one converter for the whole wind farm increasing the
voltage to the HVDC transmission as shown in Fig. 2.1.

For the wind farm shown in Figs. 2.1 and 2.2, the voltage levels can be chosen freely
for the DC link in the turbine, the internal DC collection grid and the HVDC link. In [15],
three different options are compared for the internal DC collection grid. The first option
is to use the layout shown above, with a DC/DC converter in each wind turbine and also
a DC/DC converter between the internal DC bus and the HVDC link. The second option
is to remove the DC/DC converter in the wind turbine and thereby lower the losses. How-
ever, the voltage for the DC bus is then limited by the generator voltage and the DC link
voltages in the turbines can not be controlled independently for each turbine. The third

8



2.3. Components in a Wind Farm

option is to remove the DC/DC converter between the internalgrid and the HVDC link
and keep the converter in the wind turbine, which also will reduce the losses. However, in
this case the voltage for the HVDC transmission will be present in all turbines, affecting
the design of the turbines. The losses for these systems are compared in [15], and it was
shown that the configuration with two DC/DC converters givesthe highest losses. Fur-
ther, it was stated that the transformer for one turbine has reduced efficiency compared to
larger components, and therefore the solution with just oneDC/DC converter towards the
HVDC link has the lowest losses.

Another option to eliminate the DC/DC converter connectingthe wind farm to the HVDC
link is to connect the wind turbines in series as shown in Fig.2.3 [13, 14].

WT

HVDCWT

WT

WT

WT

WT

WT

WT

WT

WT

WT

WT

WT

WT

WT

WT

Fig. 2.3 A wind farm with an internal DC grid with series connected turbines.

For the series connected DC wind farm, the HVDC transmissionvoltage is obtained by
adding the output voltages of the turbines connected in series. The advantage of using this
configuration is that the DC/DC converter towards the HVDC link is not needed, and the
disadvantage is the high potential present in the turbines.Further, the output voltage for
the turbines must be overrated in case of the loss of a turbine[14].

2.3 Components in a Wind Farm

2.3.1 Wind Turbines

There are different ways to convert the mechanical power from the rotor blades to elec-
trical energy. For a wind turbine connected to an AC grid, it could either be done with
a fixed speed generator or with a variable speed generator. Different types of generator
systems are described more in detail in [4, 18] and are here described briefly, and also
compared to the wind turbine with a DC output. For all systems, the rotational speed
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of the wind turbine is fairly slow and a gearbox is therefore needed to adjust it to the
electrical frequency.

Fixed Speed Turbine

The fixed speed generator in Fig. 2.4 consists of an inductiongenerator (IG) directly con-
nected to the grid. The speed of the turbine is fixed and determined by the grid frequency,
the gearbox and the pole-pair number of the generator. Due tothe “locked” speed opera-
tion it is not possible to store the energy in turbulence as rotational energy. The turbulence
will then result in power variations leading to mechanical wear and also affect the power
quality of the grid. The fixed speed turbine system often havetwo fixed speeds, which
can be achieved either with two generators with different ratings and pole pairs or by a
generator with two windings with different ratings and polepairs.

Gearbox IG Soft

starter

Capacitor bank

Transformer

Fig. 2.4 Fixed speed turbine with an induction generator.

Variable Speed Turbine with Doubly Fed Induction Generator

The system in Fig. 2.5 consists of a wind turbine with a doublyfed induction generator
(DFIG). In the DFIG, the stator is directly connected to the grid while the rotor is con-
nected to a converter via slip rings. The converter only has to handle 20-30 % of the total
power and the losses in the converter can be reduced comparedto the converter that has
to handle the full power. This system has a sufficient speed range to also smoothen out
incoming wind power variations.

Full Variable Speed Turbine

For the variable speed wind turbine in Fig. 2.6, the rotational speed of the turbine is con-
trolled by a full power converter. The generator could be either a synchronous generator
or an induction generator. If the generator is designed withmultiple poles, the gearbox
can be eliminated. In the variable speed wind turbine, powerfluctuations caused by vary-
ing wind speed can be absorbed by slightly changing the rotorspeed.

10
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Gearbox DFIG

Power electronic

converter

Transformer

DC

AC

AC

DC

Fig. 2.5 Variable speed turbine with a doubly-fed inductiongenerator (DFIG).

Gearbox G
Power electronic

converter

Transformer

DC

AC

AC

DC

Fig. 2.6 Variable speed turbine with an induction or synchronous generator.

Turbine with a DC Output

The wind turbine with a DC output shown in Fig. 2.7 is similar to the wind turbine with
full variable speed. The difference is that the inverter and50 Hz transformer towards the
internal grid is replaced with a DC/DC converter.

Gearbox G

DC/DC converter

Medium Frequency

Transformer

DC

AC

AC

DC

DC

AC

Fig. 2.7 Variable speed turbine with a DC output.

2.3.2 DC/DC converters

As shown in Figs. 2.1 and 2.7, the DC/DC converters are key components in a wind farm
with an internal DC collection grid. For the DC/DC converter, an overview of the main
components is shown in Fig. 2.8.
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Medium Frequency

Transformer

AC

DC

DC

AC

Fig. 2.8 Overview of the DC/DC converter.

Here, the inverter (DC/AC) at the input gives a one phase, medium frequency AC voltage
that is applied at the transformer. On the secondary side of the transformer, the AC voltage
is rectified to a DC voltage. The waveform of the medium frequency AC voltage depends
on the topology of the converter. Further, also filters at theinput and output of the DC/DC
converter are needed.

DC/DC converters for these high power levels are still underdevelopment [12], and are
described further in Chapter 3. When designing the converters, the choice of topology
is important to achieve as low losses as possible and also a good dynamic performance
for the wide range of operating conditions in a wind farm. Also, the medium frequency
transformer needs further development before it is commercially available.

2.3.3 Cables and Protection Devices

For a wind farm, the distances between the turbines are normally quite short. Thereby,
standard cables can be used in the internal collection grid both for the AC and DC solu-
tions.

For a DC system, the protection is a critical issue. In the case of a fault, it is advan-
tageous if the faulted part can be disconnected. There are available breakers for an AC
system, but for the DC system the breakers are still under development [19]. Additional
protection devices needed are breaker resistances for discharging a DC link as well as
disconnecters that can isolate parts of the wind farm.

2.4 Operating Conditions for a Wind Turbine

When evaluating the design of the components for a wind farm,the operating conditions
must be known. The operating point can be found for each wind speed, but if the aver-
age losses should be calculated, the wind distribution mustbe known. The most common
probability density function to describe the wind speed is the Weibull function [20], which
has the probability function
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f(ωw) =
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In (2.1),k is a shape parameter,c is a scale parameter andωw is the wind speed. Ifk = 2,
the Weibull distribution is known as the Rayleigh distribution wherec is given by the av-
erage wind speed̄ωw [18] as

c =
2√
π

ω̄w. (2.2)

The probability distribution is then given by the average wind speed [20] as
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4ω̄2
w

]

. (2.3)

Evaluating the probability function for the wind speed for the average wind speed̄ωw = 8.5 m/s
[21], gives the resulting values shown in Fig. 2.9.
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Fig. 2.9 Probability distribution for different wind speeds.

2.5 The Investigated Wind Farms

When investigating a wind farm, both for the operation of thewhole wind farm and the
properties of the components, the layout of the wind farm must be chosen. In these in-
vestigations, the same layout is chosen as shown in Figs. 2.1and 2.2 with one DC/DC
converter in each turbine and one main DC/DC converter for the whole wind farm. The
aim is to have a layout that is as similar as possible to the existing wind farms with inter-
nal AC grids. Also, a larger number of DC/DC converters givesincreased controllability
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of the wind farm.

The same principal layout of the wind farm is used in all investigations. However, there
are two different alternatives for the size of the turbines and also the number of turbines
in the wind farm, one alternative for the investigation of the DC/DC converters and one
alternative for the investigation of the whole wind farm.

2.5.1 Wind Farm Layout for Investigation of the DC/DC Converters

Starting with the investigation of the DC/DC converters in Chapter 3, a smaller wind farm
with large 5 MW turbines is chosen as described further in Section 3.2.2. It is assumed
that these large turbines will be standard in the future and they are therefore used in the
investigations. However, the results will be similar for turbines of different sizes since
similar components will be used. For this investigation, both constant and varying voltage
levels are used for the evaluation of the converters.

2.5.2 Wind Farm Layout for Investigation of the Wind Farm

For the investigation of the whole wind farm including the system losses and the dynamic
operation, the layout of an existing wind farm is chosen. Consequently, smaller wind
turbines of 2.3 MW are used and the wind farm consists of a larger number of turbines.
The layout of the wind farm used for the investigations of thedynamic operation is shown
in Section 4.2.

2.6 Summary

In this chapter, an introduction was given to the layout and the components for a wind
farm with an internal DC grid. It was shown that a layout similar to the layout of a wind
farm with an internal AC grid is used, and that there is a DC/DCconverter in each turbine
as well as a main DC/DC converter for the whole wind farm connected to the HVDC
transmission. Further, it was stated that the high power medium frequency DC/DC con-
verters as well as the protection devices for the DC wind farmare key components that
requires further development.
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Chapter 3

Design of the DC/DC Converters for a
Wind Farm Application

3.1 Introduction

As shown in Chapter 2, the high power medium frequency DC/DC converters are key
components for the realization of a wind farm with an internal DC collection grid [12].
When designing the DC/DC converters, a suitable topology must be chosen and the de-
sign of the converters must be determined for the specific operating conditions in a wind
farm.

The choice of topology for high power (up to 7 MW) medium frequency DC/DC con-
verters have been studied and their performance has been compared in earlier litera-
ture [22, 23], including control methods and loss calculations. However, for the appli-
cation in a wind farm, the converters have to be evaluated forthese specific operating
conditions. That includes designing the converters for this application and also evaluating
the converters for the expected operating conditions.

In this chapter, three different topologies are evaluated for the operating conditions in
a wind farm with a DC collection grid. This is shown more in detail in [24, 25], where the
topologies are evaluated regarding losses, contribution to energy production cost and also
additional factors as design and control of the converters.Here, the DC/DC converters
are designed for a large 5 MW turbine using different electrical systems. The operation
and the losses for the different topologies will be similar for different sizes of the turbines.
When the topologies have been evaluated and a suitable topology has been chosen, the de-
sign of the converters is evaluated further. Finally, the loss calculations for the converters
are verified using a down scaled experimental setup.
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3.2 Choice of Converter Topology

3.2.1 Compared Topologies

Here, the three used topologies are described, which all have a fullbridge that gives a
medium frequency voltage to the transformer. Then the diodebridge will rectify the volt-
age, giving a DC voltage as output. The difference between the fullbridge (FB) converter
shown in Fig. 3.1 and the single active bridge (SAB) converter in Fig. 3.2 is the output fil-
ter which is current stiff for the fullbridge converter and voltage stiff for the single active
bridge converter. For the resonant (LCC) converter shown inFig. 3.3, resonant elements
are inserted close to the transformer, achieving soft switching conditions for the IGBTs
(Insulated Gate Bipolar Transistors) in the input bridge. Also the resonant converter has a
voltage stiff output.

Vin

+

-

Vout

+

-

1:n

Ls

Fig. 3.1 Topology for the fullbridge converter.

Vin

+

-

Vout

+

-

1:n

Ls

Fig. 3.2 Topology for the single active bridge converter.

Starting with the fullbridge converter, the output voltageis controlled by the duty cycle
for the input bridge, and the output voltage is basically proportional to the duty cycle at a
constant input voltage. The converter can either be controlled by the hard-switching duty
cycle control or the soft-switching phase shift control. Inthe hard switching duty cycle
control, the off-state is achieved by turning all switches off. Thereby, the output current
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Fig. 3.3 Topology for the resonant converter.

is freewheeling in the output bridge and there is no current neither in the transformer
nor in the input bridge. Using this control method, there areno snubber circuits across
the transistors in the input bridge and the turn-off losses can therefore be large. Another
issue to consider when using duty cycle control is that therecan be oscillations in the
input bridge during the off-state. In order to reduce the turn-off losses for the transistors,
snubber capacitors can be connected across the transistorsin Fig. 3.1. The converter is
then controlled using phase shift control as described in [22, 26, 27]. During the off-state,
one transistor and one diode are conducting in the input bridge, providing the possibility
of soft switching for the transistors. This gives lower switching losses but a more com-
plicated control for the input bridge and higher conductionlosses during the off-state.
However, since the leakage inductance of the transformer issmall, there will just be soft
switching of the leading leg of the input bridge [24, 28]. Thelagging leg will be hard
switched since the energy stored in the leakage inductance is not enough to achieve soft-
switching of the transistors. In this first comparison, the phase shift control is used to
lower the switching losses.

The single active bridge converter in Fig. 3.2 looks similarto the fullbridge converter
but due to the voltage stiff output it behaves differently and accordingly it is controlled in
a different way [29]. Here, the output filter creates a voltage stiff output and the current
waveforms in the converter are dependent on the voltage across the leakage inductanceLs

of the transformer. Here, the current in the transformer increases during the on-state and
then decreases during the off-state. Consequently, there is a triangular current waveform
in the transformer and the switches turn off at the peak current, resulting in high switching
losses.

For the resonant converter shown in Fig. 3.3, the switching losses are reduced by switch-
ing at zero current and/or zero voltage. This is achieved by the resonant tank consisting
of the inductanceLr and the capacitancesCr andCp as shown in detail in [30]. However,
there are some disadvantages with the load resonant converters. The need of a wide fre-
quency range makes the dimensioning of passive components difficult [31], and resonant
converters also have the disadvantage of a large resonant inductance and capacitance [22].
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Resonant operation is used in [12], where a three-phase series resonant converter is de-
signed for the operation in a wind farm.

3.2.2 Operating Conditions in the DC Based Wind Farm

When comparing the topologies, they must be designed and evaluated for the same operat-
ing conditions. Therefore, the operating conditions are described for a local wind turbine
grid with 5 turbines of 5 MW each. The average losses are calculated depending on the av-
erage wind speed [24, 25] and are then used for the evaluationof the converter topologies.

The operating conditions in a DC based wind farm depend both on the produced power
and voltage from a wind turbine as well as the control strategy for the voltage levels in the
internal grid for the wind farm. As shown in Section 2.3.1, the wind turbine with a DC
output in Fig. 3.4 looks similar to the standard full power converter variable speed wind
turbine with an AC output. However, the electrical system isdifferent since the DC/DC
converter has replaced the inverter towards the grid. The purpose of the DC/DC converter
in the wind turbine is mainly to increase the rectified voltage to a level suitable for the
local wind turbine grid.

Mechanical

system DC

DC

DC

AC
G

Fig. 3.4 Block diagram of the wind turbine with a DC-output.

The output voltage and output power from the rectifier in the wind turbine depend on
the wind speed, the type of generator and the control strategy. In a variable speed wind
turbine, the ratio between the wind speed and the rotationalspeed of the turbine is kept
constant at low wind speeds, until the rated speed of the turbine is reached, and after this
the speed is kept constant. The adjustment of the rotationalspeed according to the wind
conditions at low wind speeds is made in order to convert as much wind energy into me-
chanical (shaft) energy as possible. In Fig. 3.5 a) the output power from the rectifier is
shown and Fig. 3.5 b) shows the output voltage. The figure shows that for this turbine,
the cut-in wind speed is 4 m/s, the rated rotational speed is reached at 10 m/s and the
maximum power is obtained at 12 m/s.

Two different electrical systems are considered for the generator; the rectifier could either
be a diode rectifier or an IGBT rectifier. Using a high efficiency diode rectifier, the output
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Fig. 3.5 Output from the wind turbine rectifier. a) power and b) voltage.

voltage of the rectifier is assumed to be proportional to the speed of the generator while
the controllable IGBT rectifier gives a constant output voltage as seen in Fig. 3.5. The
output voltage for the diode rectifier is assumed to be 2 kV at 4m/s and 5 kV at 10 m/s
and constant at 5 kV for the IGBT rectifier.

Knowing that the input voltage to the DC/DC converter can be either between 2 kV and
5 kV or constant 5 kV depending on the rectifier used, the operating conditions can be
found for the converters. To obtain the operating conditions for the DC/DC converters
for different control methods for the internal voltage levels in a wind farm, a local wind
turbine grid for five turbines is used as shown in Fig. 3.6. There are three different po-
sitions for the wind turbine converter, positions 1a, 2a and3a with the input and output
voltages shown in Fig. 3.6 and described in detail in [24]. The operating conditions for
these three positions in the local wind turbine grid will be used in the evaluation of the
DC/DC converters. For position 1a, the diode rectifier is used giving an input voltage to
the DC/DC converter between 2 kV and 5 kV while the output voltage is constant 15 kV.
The diode rectifier is also used for position 2a, but for this position the output voltage is
varying between 6 kV and 15 kV, and is proportional to the input voltage. For position
3a, the IGBT rectifier is used resulting in a constant input voltage of 5 kV and also the
output voltage is constant at 15 kV. Consequently, the converters at positions 2a and 3a
have a constant ratio between the input voltage and the output voltage. For position 3a
these voltage levels are fixed and for position 2a the voltagelevels are proportional to
the rotational speed of the generator. The converter at position 1a has to compensate for
the voltage variations and thereby has a varying ratio between the input voltage and the
output voltage. In the same way for the main DC/DC converter,positions 1b and 3b have
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identical operating conditions with constant voltage levels both for the input 15 kV and
the output 75 kV. For position 2b, the input voltage is varying between 6 and 15 kV while
the output is constant 75 kV.

wind turbines

DC

DCGenerator

and rectifier

0-5 MW

DC

DCGenerator

and rectifier
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2-5 kV

2-5 kV
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DC

DC

0-25 MW

15 kV

6-15 kV

15 kV

75 kV

Group

DC/DC

converter

Control strategy 1:
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Pos. 2 a
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Pos. 1 b

Pos. 2 b

Pos. 3 b

Fig. 3.6 The local wind turbine grid with voltage levels.

3.2.3 Loss Calculations

The losses are first calculated for each position as a function of the wind speed. After that,
the losses are integrated over the probability distribution of the wind speed to achieve the
average value of the losses.

There are two main components of the losses that are expectedto vary between the topolo-
gies; the losses in the semiconductor components and the losses in the transformer. The
losses in the input and output filters are not considered since the design of the filters is
dependent on the requirements for the local grid. The lossesare calculated using the op-
erating conditions obtained from current and voltage waveforms from simulations with
ideal components together with known data for the components. For the IGBT module,
data for losses during hard-switching is found in the data sheet [32] and data for switching
losses during soft-switching conditions is found in [33]. For the diode module, the losses
are found in the data sheet for the component [34].

The transformer losses include both copper losses and core losses. The copper losses
are calculated from the rms-current and the resistance of the transformer windings at the
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operating frequency. Here, the skin effect is considered and an AC-resistance coefficient
is used as shown in [35, 36]. For reducing the copper losses, afoil winding is used for the
primary winding and a Litz-wire is used for the secondary winding.

In [30, 35, 37] a general expression for the core losses in thecase of a sinusoidal voltage
exciting the core is stated as

Pcore = K1f
K2

tr (Bmax)
K3Vcore. (3.1)

Here the core lossPcore is a function of the peak value of the ac flux densityBmax and
the switching frequencyftr. Further,K1, K2 andK3 are constants that vary between the
materials andVcore is the volume of the core. For the chosen core material of amorphous
metal, the constants areK1 = 46.7,K2 = 1.51 andK3 = 1.74 [38]. However, loss coeffi-
cients are often provided from the manufacturer of the core only for sinusoidal excitation.
For non sinusoidal excitation, the core losses can be given by

Pcore =
1

τ
K1f

K2−1
eq (Bmax)

K3Vcore (3.2)

assuming no temperature dependence of the core losses [36, 39]. Here,τ is the switching
period andfeq is the equivalent frequency. The calculation of the equivalent frequencyfeq

is shown in [36, 39].

3.2.4 Resulting Losses for the Different Topologies

Here, the resulting losses are shown for the three differenttopologies based on the method
for loss calculations described above. For the different operating conditions shown in
Fig. 3.6, the resulting losses are obtained for an average wind speed of 7.2 m/s as de-
scribed in Section 2.4, and the resulting losses are shown inFig. 3.7.

As can be seen in the figure, the resonant converter and the fullbridge converter have the
lowest losses of the three topologies, while the single active bridge converter has higher
losses. The variable operating conditions create problemsfor all three converters includ-
ing increased losses compared to a converter designed for a single operating point [24, 25].
The single active bridge converter is most affected by the wide range of operation, where
the large change of duty cycle, or increased switching frequency, causes an increase in
the losses. This is due to the fact that the change of duty cycle is caused both by varia-
tions in power and voltage levels, resulting in large variations for all positions in the local
wind turbine grid. For the fullbridge converter, the changeof duty cycle is just caused by
the variations in voltage levels. Both the fullbridge converter and the single active bridge
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Fig. 3.7 Loss comparison for the different topologies.

converter suffer from the large power variations since it leads to a limitation of the snub-
ber capacitors. The resonant converter has no significant increase in the losses due to the
large range of operating conditions, but the stresses for the input and output filters are
large for operation at low power levels. Also, an issue with the resonant converter is that
the peak voltage for the transformer is considerably higherthan the input voltage to the
converter since the transformer is a part of the resonant tank. Considering the losses, the
contribution to the energy production cost, simple design and easy control, the fullbridge
converter is found to be a suitable choice for the wind farm application [24, 25].

3.3 Design Aspects for the Fullbridge Converter

When the fullbridge converter has been chosen as the suitable topology, the design and
control are investigated further. First, two different control strategies are investigated and
then the design of the transformer as well as the semiconductor components are chosen.

3.3.1 Choice of Control Strategy

For the fullbridge converter, both hard switched operationand soft switched phase shift
operation have been extensively studied [26, 31, 40]. Thereare several suggestions to
achieve soft switching in a large operating range, including auxiliary circuits and differ-
ent control techniques. Also, in [41] it is shown that the semi-soft switching fullbridge
converter has a slightly higher efficiency than the soft switching fullbridge converter.
However, using the soft-switching operation of the converter, it is shown in Fig. 3.7 that
there are high losses for the converters that have to compensate for voltage variations in a
wind farm. Here, the hard switching duty cycle control is compared to the soft switching
phase shift control. Comparing the losses using duty cycle control and phase shift control,
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the results can be found in Fig. 3.8 and are also shown in detail in [42].
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Fig. 3.8 Average losses for the average wind speed 7.2 m/s.

It can be seen that for positions 2a and 3a, the losses are similar for the two control meth-
ods, but for position 1a, the duty cycle control results in lower losses. The loss distribution
for position 1a is shown in Fig. 3.9 for both duty cycle control and phase shift control.
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(a) Duty cycle control.
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Fig. 3.9 Loss distribution for position 1a.

In the figure, a clear difference in the losses can be seen for the two control methods;
the duty cycle control results in lower conduction losses but higher switching losses com-
pared to the phase shift control. The converter using phase shift control has lower turn-
off losses due to the snubber capacitor connected across thetransistors. However, since
just the leading leg is soft switched, the reduction in the turn-off losses due to the soft
switching operation is limited. On the other hand, the conduction losses during the off-
state are higher for the phase shift control. Using the duty cycle control, the current only
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flows through the rectifying bridge at the off-state. For thephase shift control, during the
off-state the current will flow through the output bridge, the transformer as well as one
transistor and one freewheeling diode in the input bridge. This will lead to larger conduc-
tion losses in the case of the phase shift control at low duty cycle. Regarding the average
losses, the increase in conduction losses for the phase shift control is significantly larger
than the reduction of turn-off losses by the snubber capacitors for position 1a. For the
converter at this position, the duty cycle is lowered at highwind speeds leading to a large
difference in conduction losses between the control methods. For positions 2a and 3a, the
losses are equal for the control methods as seen in Fig. 3.8. Resulting from the constant
transformation ratio, the off-state is short for the converters at positions 2a and 3a. Here,
the decrease in switching losses for the phase shift controlcompared to the duty cycle
control is similar to the increase in conduction losses.

3.3.2 Choice of Switching Frequency and Transformer Core Mate-
rial

The choices of switching frequency for the converter and core material for the transformer
are important for the performance of the DC/DC converter. The switching frequency is a
trade-off between low losses for the converter and low weight of the transformer as shown
in Fig. 3.10 for the converter with constant voltage levels.
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Fig. 3.10 Total converter losses vs. transformer weight fordifferent switching frequencies.

At low switching frequencies, the conduction losses for thesemiconductor components
are the dominating losses followed by the losses in the transformer. As the switching
frequency increases, these losses are fairly constant while the switching losses increase.
Consequently, at a certain switching frequency, the total losses increase considerably due
to the increasing switching losses, and it is found to be at approximately 1 kHz, depending
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on the operating conditions of the converter. Since the sizeof the transformer is reduced
with increasing switching frequency, a suitable value willbe 1 kHz, where the transformer
is as small as possible keeping fairly low total losses of theconverter. As seen in Fig. 3.10,
the weight of the 1 kHz transformer is approximately 10 % of the weight of the 50 Hz
transformer. Also in [12], 1 kHz is found to be a suitable switching frequency. In [13],
it is stated that the estimated weight of a 1200 Hz transformer is 8 % of a comparable
50 Hz transformer for 3 MW. Since the weight is critical for the components in a wind
turbine [13], and the transformer losses are a small fraction of the total losses in the con-
verter at high wind speeds (as shown in Fig. 3.9), the design of the transformer aims at a
low weight (considering the constraint of a maximum leakageinductance for the 1 kHz
transformer).

Regarding the core material of the transformer, a laminatedsteel core gives consider-
ably higher losses than a core made of an amorphous metal alloy for medium frequency
transformers. In [30], it is stated that laminated steel is used for low-frequency applica-
tions (below 2 kHz) due to the high core losses. A core of amorphous metal alloys gives
lower losses, but the saturation flux density is slightly lower, and is then preferably used
for medium frequencies. For high frequencies (above 10 kHz), ferrites is a suitable choice
with lower losses [30, 43]. However, for the medium frequency transformer, the consider-
ably lower saturation flux density for the ferrites gives a considerable increase in the size
of the transformer [44]. Also in [37], it is stated that, for a4 kHz transformer, amorphous
and nanocrystalline core materials are more suitable than ferrites due to their high satu-
ration flux and mechanical strength. Materials consisting of amorphous metal alloys are
also used for the transformers shown in [12, 13] with switching frequencies at∼1 kHz
and power ratings of 3-5 MW.

3.3.3 Choice of IGBT Modules

Due to the high power rating of 5 MW and voltage levels of 5 kV atthe input and 15 kV
at the output for the DC/DC converter in a wind turbine, thereare large stresses for the
components. The semiconductor components used in this investigation are IGBT modules
with rated voltage 3300 V and rated current 200 A for the inputbridge. These IGBT mod-
ules were chosen since there is available loss data for soft-switching conditions [33]. For
the output bridge, a diode with rated voltage 2500 V and ratedcurrent 2000 A is used. For
the IGBT components, it is assumed that one module consists of 10 parallel connected
devices with 200 A each, resulting in a total current rating of 2000 A.

However, there are also press-pack IGBT modules that are designed for series connec-
tion [45]. The losses for the converters using the IGBT module described in [33] (IGBT
module 1) and the press pack IGBT module (IGBT module 2) are shown in Fig. 3.11.
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Fig. 3.11 Converter losses for position 1a, using duty cyclecontrol and two different IGBT mod-
ules.

Here, it can be seen that the press pack IGBT has lower conduction losses but higher
switching losses, which results in low losses at low switching frequencies and higher
loses at high switching frequencies. However, for the used switching frequency 1 kHz,
the losses are similar and both modules can be used.

3.3.4 Comments on the High Voltage Design Aspects

The high power, high voltage DC/DC converters described in this chapter have the same
principle of operation as low power, low voltage DC/DC converters. However, there are
of course a number of design issues that must be given furtherconsideration when in-
creasing the power and voltage ratings of the DC/DC converters.

Due to the high voltage, semiconductor components with highvoltage (above 2.5 kV)
must be connected in series. However, even if the blocking voltage is limited for each
semiconductor module, the insulation towards ground is an important issue that must be
solved [46]. Additionally, if the semiconductor components are connected in series, the
voltage slope during the switching must be decreased and snubbers must probably be
used. Here, both the semiconductor components and the switching frequency is similar as
for the VSC HVDC stations [2, 47]. Therefore, it is assumed that the design of suitable
switching valves is possible.

Also the high power, medium frequency transformer for thesesizes and voltage levels
is a component that has to be developed further before these DC/DC converters can be
realized.
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3.4 Experimental Verification of the Loss Calculations

To verify the calculation method for the losses as well as thesimulated waveforms, a
down scaled experimental setup is used. Here, the measured waveforms and losses are
compared to the results from the simulations and loss calculations that are performed in
the same way as for the full size converters for the wind farm application.

The design of the fullbridge converter aims to construct a down scaled converter suit-
able for tests that can be compared with simulations. It should be large enough to have
similar characteristics as the full scale converter, but onthe other hand it should be small
enough to be realized using the existing laboratory equipment. The resulting converter is
described in detail in [48] and will here be presented briefly. A photo of the experimental
setup is shown in Fig. 3.12.

Transformer

IGBTs

Input
capacitor

Output
capacitor

Diodes

Output
inductor

Fig. 3.12 Photo of the experimental setup.

The power rating of the converter is 9 kW with an input voltageof 300 V and an in-
put current of 30 A. The transformer of the converter has the ratio 1:1, which gives the
maximum theoretical output voltage of 300 V. In reality, theoutput voltage is slightly
lower due to losses in the converter and also the loss of duty cycle. The main components
of the converter are the IGBT modules for the input bridge, the diode modules for the
rectifying bridge, the transformer, the filter inductance and capacitances as well as the
control system. Additionally, there are auxiliary components such as the driver circuits,
the measuring system, the cooling and the power supply to theauxiliary components.
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3.4.1 Semiconductor Components

The IGBT modules used in the input bridge are the SemixS302GB128D modules from
Semikron with rated voltage 1200 V and rated current 320 A. Asdrive circuits for the
IGBT modules, twoSkyperTM32Pro from Semikron are used. They are mounted on the
corresponding evaluation boardsEvaluationBoard1SkyperTM32Pro.

For the rectifying bridge the SGS - ThomsonMicroelectronics BYT230PIV - 1000 mod-
ules are used with a rated voltage of 1000 V and a rated currentof 30 A. However, using
the rectifying bridge without over-voltage snubbers results in large oscillations at turn-off
close to the maximum voltage for the diodes. To reduce these oscillations RC-snubbers
are inserted across each diode with the values Rsn = 60Ω and Cs = 2.8 nF.

3.4.2 Transformer

The transformer used is a custom-made transformer with transformation ratio 1:1 which
can be seen in Fig. 3.13. From the measurements of the transformer voltage and current,
the stray inductance is determined to 10µH and the main inductance to 14 mH. Further,
the core material is the iron based magnetic alloy 2605SA1 from Metglas. However, it
should be noted that the core material is no-field anneal and the given data for core losses
in the data sheet is based on a core with longitudinal field anneal. In order to achieve the
desired operation for the phase shift control, an additional inductance of 52µH is inserted
in series with the transformer.

3.4.3 Filter Components

As the input capacitor, aRifa Elyt Long Life PEH169UV439AQ capacitor is used with the
capacitance value of 3900µF. In the output bridge, aRifa Elyt Long Life PEH169UV433OQ
capacitor with 3300µF is used. The real value of the capacitance has a large possible de-
viation from the rated value, which is - 10 %/+ 30 %. This makesno difference for the
loss calculations in steady state, but for the dynamic control of the load voltage, the value
of the output capacitor is significant. Here, it is found thatthe output capacitor has an
approximate capacitance of 4000µF, which is 21 % above the rated value. Since the full-
bridge converter requires a current-stiff output, the output filter inductance needs to be
large, especially since the switching frequency is as low as1 kHz. The inductance chosen
was an existing free-standing inductor of 20 mH that can handle a current up to 80 A.
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Fig. 3.13 Photo of the transformer.

3.4.4 Control System and Measurements

For generating the control signals for the drive circuits, aSimulink/MATLAB file is used
where the control signals are generated from the phase shiftdetermined by the user. Fur-
ther, the control signals are connected to the drive circuits via a dSPACE DS1103 con-
troller board and two additional cards for obtaining the right voltage levels for the control
signal to the drive circuits.

The measurements for the circuit are done in two different ways, either by an oscillo-
scope or by using a measuring card and feeding the measured signals back to the dSPACE
system. The dSPACE system has the drawback of a limited bandwidth since the sampling
time is 50µs, and therefore, the high-frequency signals are measured with the oscillo-
scope. However, the input and output voltages are measured with the dSPACE system via
a voltage transducer card. In the same way, the input and output currents are measured
using LEM-modules and a measuring card, described in [48], together with the dSPACE
system.

3.4.5 Stray Resistances

In [24], where the waveforms from the experimental model were compared to the wave-
forms from a simulations model, it was found that some stray components were needed
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to give an accurate representation of the circuit. In this non-ideal simulation model, some
loss components are included in the circuit. The ideal simulation model is modified by
adding non-ideal switches, and also including the resistances of the transformer and the
output filter. Finally, the resistances across the input andoutput capacitors are added. The
added resistances can be seen in Fig. 3.14 and the values of the components are shown in
Table 3.1. For the bleeder resistancesRCin andRCload, the values are known and for the
transformer and the filter inductance, the resistance values RLs andRLload are measured
at 1 kHz for the transformer and at DC current for the filter. However, the value of the
resistance for the filter inductance is increased from the measured 37.6 mΩ to 50 mΩ for
obtaining the AC resistance.

Vload
Vd

+

-

Cin

Cload

Rload

Lload

Ls
+

-

RCload

RLload

RCin RLs

Fig. 3.14 Non-ideal simulation model for the experimental converter.

Table 3.1: Calculated losses for the simulated circuit.

Component Resistance

RCin 47 kΩ

RCload 10 kΩ

RLs 72 mΩ

RLload 50 mΩ

3.4.6 Verification of the Loss Calculations

Starting with the measured waveforms, the input and output waveforms for the trans-
former are compared to the simulated waveforms in Fig. 3.15.For the simulations, the
model shown in Fig. 3.14 is used.
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(a) Voltage waveforms.
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(b) Current waveforms.

Fig. 3.15 Measured and simulated current and voltage waveforms at the input and output of the
transformer.

In the figures, it can be seen that the measured and simulated waveforms are similar. There
are some small deviations, but they should not have any significant impact on the loss cal-
culations.

Continuing with the loss calculations, Fig. 3.16 (a) shows the calculated losses for the
converter including the loss distribution for the duty cycle control. In Fig. 3.16 (b), the
calculated losses are compared to the measured losses.
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(a) Calculated loss distribution.
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Fig. 3.16 Calculated total losses and loss distribution compared to the total measured losses.

It can be seen that the major contributions to the losses are the losses in the semiconductor
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components and in the transformer, which are the losses usedin the loss calculations for
the full scale converter. Regarding the comparison betweenthe calculated losses and the
simulated losses, it can be seen that they are similar at highduty cycles, but at low values
of the duty cycle the measured losses slightly exceed the calculated losses. For comparing
the losses for the different control methods, Fig 3.17 shows(a) the measured losses and
(b) the calculated losses for duty cycle control and phase shift control.

0.2 0.4 0.6 0.8 1
0

2

4

6

8

10

12

P
ow

er
 lo

ss
es

 [%
]

Duty cycle

 

 
Duty cycle control
Phase shift control

(a) Measured total losses.
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Fig. 3.17 Calculated and measured total losses for both dutycycle control and phase shift control.

It can be seen that the difference in losses between the control methods is approximately
the same for both the measured losses and the calculated losses.

3.5 Summary

In this chapter, the high power medium frequency DC/DC converters have been studied
for the wind farm application. Three different topologies were evaluated and it was found
that the fullbridge converter with a current stiff output filter is the most suitable topology.
For this topology, a suitable switching frequency is 1 kHz, where the weight of the trans-
former is reduced by 90 % compared to a 50 Hz transformer and the losses are reasonably
low. It was also found that, in the case of varying voltage levels, the hard switching control
gives lower losses than the soft switching phase shift control. Finally, the loss calculations
were verified using a down scaled experimental setup.
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Chapter 4

Design and Loss Evaluation of the Wind
Farm with a DC Grid

4.1 Introduction

Before evaluating the wind farm with a DC collection grid andfinding the system perfor-
mance and suitable control strategies, the design of the wind farm must be determined.
In this chapter, the layout of the wind farm is determined as well as the designs for the
components, using the chosen design of the DC/DC convertersfrom Chapter 3. Further,
the losses for the DC collection grid are calculated.

4.2 Chosen Layout of the Wind Farm

The layout of the wind farm investigated in this thesis is chosen to be similar to the wind
farm Lillgrund as shown in [21]. The Lillgrund wind farm consists of 48 wind turbines
with rated power 2.3 MW each [21], and the turbines are connected with an internal 33 kV
AC grid as shown in Fig. 4.1. In the wind farm, the voltage is increased to 33 kV AC by
a transformer in each wind turbine and there is one main transformer at platform W-01
that transforms the 33 kV voltage in the internal grid to the 130 kV transmission voltage.
Further, in this study it is assumed that the distance between the turbines is 500 m.

The wind farm with an internal DC grid used in this study has the same layout as the AC
based wind farm, but the AC cables are replaced with DC cablesand the transformers are
replaced with DC/DC converters. The internal voltage levelis 32 kV DC and the voltage
level for the HVDC transmission line is 130 kV DC. The main electrical components of
the wind farm can be represented by the equivalent circuit shown in Fig. 4.2.
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Fig. 4.1 The layout of the internal grid at Lillgrund.
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Fig. 4.2 The equivalent circuit of the internal DC grid.

Here, one wind turbine, including the generator and the rectifier, is connected to the wind
turbine DC/DC converter that transforms the voltage to 32 kVfor the internal grid. The
DC/DC converter is here simplified to a variable transformer(representing the inverting
fullbridge, the medium frequency transformer and the dioderectifier) and the input and
output filters for the converter. The converter is then connected to the internal DC bus
together with several other wind turbines as shown in Fig. 4.1. The internal DC cables are
then connected in parallel to the main DC/DC converter that increases the voltage level to
130 kV suitable for the HVDC connection.
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4.3 Design of the Components in the Wind Farm

For the wind farm with an internal DC grid, the main components are the wind turbines,
the DC/DC converters and the DC cables.

4.3.1 Wind Turbines

In the wind farm Lillgrund, 2.3 MW wind turbines with full power converters are used [21].
The electrical layout of these wind turbines is shown in Fig.4.3.

Mechanical

system
G

Fig. 4.3 AC wind turbine with a full converter system.

In the investigated wind farm with a DC collection grid, the output voltage to the internal
grid should be a DC voltage instead of an AC voltage. To achieve this, the electrical layout
of the turbine shown in Fig. 4.4 is used.

Mechanical

system
G

Fig. 4.4 Wind turbine with a DC output.

In the DC wind turbine, the three phase inverter and the 50 Hz transformer are replaced
with a DC/DC converter. In the DC/DC converter, a fullbridgeinverter gives a medium-
frequency square-wave voltage that is transformed to the required voltage level by the
medium frequency transformer. On the secondary side of the transformer, a diode bridge
rectifies the output voltage.

Comparing the AC turbine with the DC turbine, it can be seen that the mechanical sys-
tem, the generator and the rectifier are the same for both turbines. The main advantage for
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the DC configuration is that the transformer is smaller sincethe switching frequency is
∼1 kHz instead of 50 Hz. The disadvantage is the additional diode bridge that is needed
at the output to rectify the voltage.

The generator in the wind turbine is a 2.3 MW induction generator with 690 V output
voltage, with the equivalent circuit shown in Fig. 4.5, and the parameters given in Ta-
ble 4.1 [49]. The output voltage from the three-phase rectifier, which is the voltage at the
DC-link, is assumed to be constant 1.5 kV.

Rs Xsl Xrl

Xm Rr(1-s)/s

Rr

rw

Fig. 4.5 Equivalent circuit for the induction generator.

Table 4.1: Parameters for the induction generator.

Parameter Value unit

Stator resistance Rs 0.005 pu

Stator leakage reactanceXsl 0.09 pu

Magnetizing reactance Xm 3.3 pu

Rotor resistance Rr 0.008 pu

Rotor leakage reactanceXrl 0.1 pu

4.3.2 Cables

In [21], it can be seen that the internal grid for the wind farmhas a voltage level of 33 kV.
Further, the cross sectional area of the 33 kV cable depends on the location in the wind
farm. For the first 6 wind turbines the cable has a smaller areathan for turbine 7-9. Also,
the connection between the last turbine and the offshore substation has a larger diameter
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due to the mutual heating of the cables inside the gravity foundation [21].

In a similar way, the DC cables are dimensioned depending on the location in a wind
farm, where the voltage level is 32 kV DC. For the first 6 turbines, the maximum current
is 431 A, at turbine 9 the maximum current is 650 A and for all 10turbines 720 A. Choos-
ing a single core copper cable, the resulting cross sectional conductor areas are 185 mm2,
400 mm2 and 630 mm2 respectively. For the HVDC cable, the resulting diameter ofthe
cable is 630 mm2.

A cable segment can be modeled with theπ-link model as shown in Fig. 4.6 [17]. When
choosing the voltage rating for the cables, the ground faults must be considered. During
normal operation, the mid point grounding will give±16 kV for the DC bus. However,
in the case of a ground fault, the potential can increase rapidly to 32 kV for a conductor.
Therefore, the voltage rating for the cables should be the line-to-line voltage, which is
30 kV nominal voltage (maximum 36 kV) for the DC bus and 130 kV nominal voltage
for the HVDC link.

Lcable Rcable

Ccable/2 Ccable/2

Fig. 4.6 π-link model for the cable.

When simulating and calculating the losses for the system, the cable parameters must be
known. Starting with one cable, the values for the capacitanceCph for one cable can be
found in the data sheet of the cable as 210 nF/km, 280 nF/km and340 nF/km respectively
for the DC bus cable and 210 nF/km for the HVDC cable. Then, thecable capacitance
Ccable for both cables can be obtained as

Ccable =
Cph

2
. (4.1)

The resistanceRph of one cable is calculated using the resistivityρ for copper as well as
the cross sectional area A and the lengthl of the conductor as

Rph =
ρ

A
l. (4.2)
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The resulting resistances are 84 mΩ/km, 40 mΩ/km and 24 mΩ/km for the DC bus cable
and 23 mΩ/km for the HVDC cable. The total resistanceRcable in theπ model is then the
sum of the resistance ni the two cables.

Rcable = 2Rph. (4.3)

The total inductanceLcable of two parallel wires can be calculated using [50]

Lcable =
µ0

π

(

1

4
+ ln

d

r

)

, (4.4)

whered is the distance between the centers of the two conductors andr is the radius
of the conductors. Assuming that the cables are located nextto each other, the resulting
inductance values are 0.77 mH/km, 0.69 mH/km and 0.64 mH/km for the DC bus cable
and 0.74 mH/km for the HVDC cable. Finally, the cable parameters are summarized in
Table 4.2.

Table 4.2: Parameters for the±16 kV DC bus and the±65 kV HVDC connection.

Conductor area Rcable Lcable Ccable

185 mm2 168 mΩ/km 0.77 mH/km 105 nF/km

400 mm2 79 mΩ/km 0.69 mH/km 140 nF/km

630 mm2 48 mΩ/km 0.64 mH/km 170 nF/km

HVDC

630 mm2 47 mΩ/km 0.74 mH/km 105 nF/km

For the HVDC link, a capacitor of 50µF is connected to each end of the cable. The
values for these capacitors are determined by the fault ridethrough properties shown in
Section 7.2. The length of the HVDC cable is assumed to be 40 km.

4.3.3 DC/DC Converters

There are two different designs for the DC/DC converter to beused in the chosen lay-
out for the DC based wind farm, the DC/DC converter in the windturbine and the main
DC/DC converter for the whole wind farm. As was seen in the previous section, the gen-
erator is connected via an IGBT based rectifier giving a constant output voltage. Conse-
quently, both converters have fixed voltage levels, the converter in the wind turbine should
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increase the voltage level from 1.5 kV to 32 kV and the main DC/DC converter should
increase the voltage from 32 kV to 130 kV.

When choosing the voltage ratios for the transformers in theDC/DC converters, the limi-
tation for the converter to step down operation should be considered. Therefore, the trans-
former ratio should be chosen so the converter can be controlled in case of the lowest
possible input voltage and the highest possible output voltage. Having a maximum steady
state deviation in the voltage of±5 % from the nominal voltage level, it is assumed that
the peak voltage deviations are within±10 % of the nominal voltage. Also, assume that
there is a loss of duty cycle of 10 % due to the time for current reversal in the leakage
inductance in the transformer. Consequently, for the nominal input voltageVin and output
voltageVout, the transformer ration are calculated as

n =
1.1 · Vout

0.9 · 0.9 · Vin

. (4.5)

Using the nominal voltage levels 1.5 kV for the DC link in the wind turbine, 32 kV for
the DC bus and 130 kV for the HVDC connection, the resulting transformer ratios are 29
for the wind turbine converter and 5.5 for the main converter. The steady-state duty cycle
for nominal voltage levels will then be 80 %. The ratings for the current and voltage for
the converters are summarized in Table 4.3.

Table 4.3: Parameters for the DC/DC converters.

turbine converter main converter

Rated power 2.3 MW 110 MW

Input voltage 1500 V 32 kV

Output voltage 32 kV 130 kV

Input current 1.5 kA 3.4 kA

Output current 72 A 850 A

Transformer ratio 29 5.5

The DC/DC converters are fullbridge converters with duty cycle control as described in
Chapter 3. For the choice of IGBT modules, it was shown in Fig.3.11 that there is no
major difference in the losses, and the chosen IGBT module isthen the 2.5 kV 2000 A
press-pack module since it is designed for operating in parallel and series connections.
Also, diode modules with the same power rating will be chosen. In Table 4.4, the maxi-
mum stresses for the semiconductor switches are shown (where the values for the currents
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are the peak values).

Table 4.4: Maximum stresses for the semiconductor components.

turbine converter main converter

Transistor voltage 1500 V 32 kV

Transistor current 1900 A 4300 A

Diode voltage 44 kV 176 kV

Diode current 72 A 850 A

When choosing the number of semiconductor devises, the peakstresses for the com-
ponents should be considered. The used semiconductor devices have the voltage rating
2.5 kV and the current rating 2 kA. For the converter in the wind turbine, 1.5 kV DC link
voltage would require one 2.5 kV IGBT (or an IGBT with slightly higher voltage rating).
For the current rating, the peak current is the same as the rated current, and therefore just
one component is needed. However, to have redundancy in the case of the failure of an
IGBT module, two IGBTs are connected in parallel to lower thecurrent stresses and also
allow continued operation in the case of a failure of a singleIGBT module. For the diode
bridge, it is assumed that each diode should withstand 1.25 kV, resulting in 34 series con-
nected devices. Since the rated current is much smaller than2 kA (just 72 A), only one
diode is needed in parallel. For this diode, the current rating can be decreased to about
500 A, which is 25 % of the original current rating. For the main converter, it is also as-
sumed that each component should withstand 1.25 kV in steadystate to have some margin
for transients and fault of a single component. The large number series connected devices
gives a redundancy in the case of a failure of a single diode ortransistor. Regarding the
choice of failure mode for the devices, the components connected in series (all diodes and
the transistors for the main converter) should fail to a short circuit and the transistors for
the wind turbine converter should fail to open circuit. The number of modules needed for
each switch are summarized in Table 4.5.

The parameters for the filter inductances for the convertersare chosen to beL1 = 0.3 H
for the DC/DC converter in the wind turbine, and alsoL3 = 0.3 H for the main DC/DC
converter. The inductance is chosen to just achieve continuous conduction in the case of
the lowest wind speed for the DC/DC converter in the wind turbine and for the main
converter at 3 % of the rated power. For lower power levels, the converter will operate
in discontinuous conduction mode. The values of the filter capacitors are determined in
Section 6.3.2 and areC1 = 152 mF for the wind turbine converter andC3 = 11 mF for the
main converter (plus additional 0.1 mF at the connection to each turbine). The transform-
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Table 4.5: Number of semiconductor modules.

turbine converter main converter

Transistor series 1 26

Transistor parallel 2 3

Diode series 34 140

Diode parallel 0.25 1

ers are designed for the rated power and the resulting weightis 650 kg for the transformer
in the wind turbine DC/DC converter and 28000 kg for the main DC/DC converter.

4.4 Loss Evaluation for the Wind Farm

For the wind farm with an internal DC grid, the parts that are different from a wind farm
with an internal AC grid are the DC/DC converter in the wind turbine, the DC bus and the
main DC/DC converter, which are shown in Fig. 4.7. Here, the steady state losses in the
wind farm are calculated for these components for differentoperating conditions.

HVDC

WT WT WT

DC bus

offshore

platform

DC

DC

WT WT WT WT

WT WT WT WT

WT WT WT WT

Mechanical

system DC

DC

DC

AC
G

Fig. 4.7 Components used in the calculations of the losses.

4.4.1 Losses for the Cables

For the losses in the cables, the cable resistances are used for the chosen core areas. Here,
it is assumed that the distances between the turbines are 500m. In reality, the distances
will vary depending on the layout of each radial. The resulting losses can be seen in
Fig. 4.8.
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Fig. 4.8 Losses for the DC bus cables.

In the figures, it can be seen that the cable losses are increasing from less then 0.02 %
of the input power at low power levels to above 0.3 % at high power levels. The average
losses at average wind speed 7.2 m/s are 0.24 %.

4.4.2 Losses for the DC/DC Converters

For the DC/DC converter in the wind turbine, the losses can beseen in Fig. 4.9.
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(b) Converter losses as fraction of the input power.

Fig. 4.9 Losses for the DC/DC converter in the wind turbine.

The losses for high power levels are 1.3 % of the input power and for low power levels
2.6 %. Looking at the distribution of the losses, it can be seen that the switching losses are
proportional to the input power. The fraction of conductionlosses is almost constant, but
increase slightly due to the increased on-state resistanceat high current. The transformer
losses is a larger fraction of the total losses at low power levels. This is due to the core
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4.4. Loss Evaluation for the Wind Farm

losses that just depend on the voltage applied at the transformer and therefore the abso-
lute value of the core losses is constant for all power levels. However, the total losses in
the transformer increase at high power levels due to the copper losses that increase with
increasing current. Additionally, assuming an average wind speed of 7.2 m/s, the average
losses for the DC/DC converter in the wind turbine are 1.35 % if the input power.

The losses are also calculated for the main DC/DC converter,where the results are shown
in Fig. 4.10
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Fig. 4.10 Losses for the main DC/DC converter.

Also for the main converter it can be seen that the fraction ofthe losses is smaller for high
power levels, 1.35 % of the input power, and higher for low wind speeds with 3.27 % of
the input power. The average losses for the average wind speed of 7.2 m/s are 1.41 %.
Similarly to the DC/DC converter in the wind turbine, the fraction of transformer losses
decrease with increasing power while the fraction of conduction losses increase. Here,
also the fraction of switching losses decrease slightly with increasing power.

4.4.3 Total Losses for the DC System

Adding all losses for the two DC/DC converters and the DC bus cables, the resulting
losses can be found in Fig. 4.11.

For the total losses, it can be seen that the DC/DC convertershave the largest contribu-
tions to the total losses. The total average losses are 3.0 % of the transferred power, where
the wind turbine converter have 1.35 % losses of the transferred power, the main converter
1.41 % and the DC bus cables 0.24 %.

The total losses for the internal DC grid can be compared to the total losses of an internal
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Fig. 4.11 Total losses for the cables and the two DC/DC converters.

AC grid connected to an HVDC transmission. The losses for theAC grid will depend
on the chosen electrical system for the wind turbine. Assuming that there is a full power
converter wind turbine, the difference between the turbines would be the inverter in the
AC case and the DC/DC converter in the DC case as seen in Figs. 4.3 and 4.4. Here,
the losses for the transformers can be assumed to be the same,and also the losses for
the inverter towards the internal grid in Fig. 4.3 can be assumed to have similar losses as
the fullbridge connected to the transformer in Fig. 4.4. Themain difference in the losses
would then be the additional losses for the rectifying diodebridge for the DC turbine. The
losses for the diode bridge are 0.2 %, which can be compared tothe total losses for the
wind turbine DC/DC converter that are 1.35 %. Further, the losses for the main DC/DC
converter of 1.41 % can be compared to the losses of the most recently installed VSC
(Voltage Source Converter) HVDC transmissions, where eachconverter station has 1.6 %
losses [51]. This figure is expected to decrease due to the development of VSC HVDC,
so the losses of the main converter can be assumed to be the same as the losses for an
HVDC converter station. The cable losses will be higher for the internal AC grid, but due
to the relatively small cable losses for the short distancesin the wind farm, this increase
in losses is expected to be small. The additional losses fromthe DC/DC converters are
then 0.2 % of the transferred power, and consequently the losses for the AC system are
2.8 % of the transferred power compared to 3.0 % for the DC system. However, it should
be noticed that the losses vary significantly for different AC systems; if a DFIG turbine
is used instead of a turbine with full power converter, the losses for the wind turbine con-
verter can be reduced.
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4.5 Summary

In this chapter, the design has been determined of the wind farm, which will be evaluated
in Chapters 6 and 7. The layout is the same as for the wind farm Lillgrund, but the AC
collection grid is replaced with a DC grid. The wind farm consists of 48 wind turbines of
2.3 MW each connected in five radials. In each wind turbine, there is a DC/DC converter
that increases the 1.5 kV for the DC link in the wind turbine to32 kV for the DC collection
bus. Then, there is a main DC/DC converter for the wind farm that connects the 32 kV DC
bus to the 130 kV HVDC transmission. Further, the designs of the cables and the DC/DC
converters have been determined as well as the losses in the DC grid. It was found that
the total average losses are 3.0 % of the transferred power, distributed with 1.35 % losses
for the wind turbine converter, 1.41 % for the main converterand 0.24 % for the DC bus
cables.

45



Chapter 4. Design and Loss Evaluation of the Wind Farm with a DC Grid

46



Chapter 5

Dynamic Modeling of the Wind Farm

5.1 Introduction

In Chapter 4, the design of the wind farm was determined and the losses for the system
were calculated. In addition to the steady state losses for the wind farm, also the dynamic
properties are important. The dynamic operation of the windfarm should be investigated
both for normal operation and for different faults conditions. To carry out these investiga-
tions, a dynamic model of the wind farm must be developed. In this chapter, the dynamic
models of all components are presented as well as an overviewof the system model.

When modeling a large DC power electronic system, a large number of subsystems can be
used [52]. These systems consist of for example a DC/DC converter in each subsystem.
The simulation model described in this chapter will also be based on submodules with
a wind turbine in each subsystem. When investigating the dynamic behavior of the sys-
tem, the simulation model that is used depends on the conditions that should be studied.
Looking at the startup of the system, the dynamics of the windturbine are important and
must then be modeled. However, if transient conditions for the DC bus should be studied,
these are must faster than the dynamics for the wind turbine,which then can be neglected.
Three different models will be used for the simulations of the wind turbine; one model
in Matlab/Simulink and two models in PSCAD/EMTDC, one simplified model and one
switching model. For the simulations of the whole wind farm,models in PSCAD/EMTDC
will be used.

5.2 Model of the System

In the wind farm, the wind turbines are connected in five radials to a common DC bus that
is connected to the main DC/DC converter as shown in Fig. 4.1.The simulation model
consists of an overview model where the turbines and the mainDC/DC converter are
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modeled in submodules. Starting with the submodule of a windturbine, an overview of
the model is given in Fig. 5.1.

Mechanical

system
Tel

ig

Generator

and rectifier

DC/DC

converter

igV11

V11

i12V2

Tel

Wind turbine

ww
rw

Fig. 5.1 Overview of the wind turbine model.

In the model, the inputs and outputs for each submodule are shown, i.e. which parameters
that are determined in the submodule and which parameters that are inputs. For the wind
turbine, the inputs to the system are the wind speedww and also the voltageV2 at the
connection point to the DC bus, which is determined by the main DC/DC converter. The
output from the model is the currenti12 delivered from the turbine to the DC bus. For the
mechanical system, the turbine rotor is modeled. The wind speed is acting on the rotor
disk and together with the rotational speed and the pitch angle, a mechanical torque is
given. Using the electrical torque from the generator, the resulting speed is obtained for
the generator. The output from the mechanical block is the rotational speedwr that is also
the input to the model of the generator and the rectifier. The model of the generator and
rectifier determines the electrical torqueTel acting on the rotor and also gives the output
currentig from the rectifier to the DC/DC converter in the wind turbine.The second input
to the generator is the DC link voltageV11 in the wind turbine. Finally, the output current
from the rectifier is the input to the model of the DC/DC converter. The DC/DC converter
controls the DC link voltage and the output of this model is thereby the DC link voltage
V11 as well as the output currenti12 to the DC bus.

Using the submodule with the model for the wind turbine, a model of the wind farm
can be made as shown in Fig. 5.2, representing the wind farm shown in Fig. 5.3.

When studying the model, it should be noted that the voltagesare determined from the
main DC/DC converter, and the voltage at the turbines are theDC link voltage for the
main converter plus the voltage drop along the cable. Starting from left in the figure, the
last wind turbine in the radial has the input voltageV2,10 from the cable between turbines
9 and 10 and gives the output currenti12,10 to the cable. For all wind turbines, the wind
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Fig. 5.2 Overview of the model of the wind farm.

speedww is an input parameter. In the same way for turbine 9, the inputvoltageV2,9 is
obtained from the cable model between turbine 9 and turbine 8, and this voltage is also
the input voltage for the cable between turbines 9 and 10. Theoutput from turbine 9 is the
currenti12,9 that together with the currenti22,10 is fed into the cable model. All turbines in
the radial are connected in the same way, with a cable model between each turbine. The
current in the cable is the current from the turbine plus the current from the cable connect-
ing the turbines further out in the radial. Looking at the cable model between turbine 1
and the main converter, the total current is the currenti12,1 from the turbine added with the
currenti22,2 from the cable connected to turbine 2, which is the total current from turbines
2-10. The other side of this cable model is connected to the main converter together with
the other four radials as shown in Fig. 5.3, where the output current i22,1r1 is added to
the output current from the other radials and then gives the input currenti22,c to the main
converter as shown in Fig. 5.2. Further, the input voltage tothe cable between turbine 1
and the main converter is the DC link voltage for the main converterV31. For the main
converter, the input voltageV4 is the DC voltage at the HVDC connection and the input
currenti22,c is the total current from all turbines in the wind farm. The outputs are the
HVDC currenti32 and the DC bus voltageV31 at the input of the main DC/DC converter.

It should be noted that using the detailed model for the turbines for all 48 turbines is
not needed and would also give a very slow simulation model. Therefore, the model is
simplified as much as possible for all simulations. For example, the model of the turbine
can be simplified with a current source connected to the DC/DCconverter in the wind tur-
bine for most turbines. Further, looking at one radial, the turbines including the DC/DC
converters in the other radials can be modeled with current sources.
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Fig. 5.3 Layout of the wind farm, with reduced number of turbines.

5.3 Model of the Wind Turbine Generator and Rectifier

For the simulations of the internal grid in the wind farm, adequate models for the wind
turbines are required to achieve realistic operating conditions in the internal grid. In this
section, the wind turbine models used for the three different simulation models are pre-
sented. There are two different parts of the model, the electrical part and the mechanical
part. When modeling the mechanical part of the turbine, the model is made as simple
as possible still keeping the same characteristics seen from the DC/DC converter in the
wind turbine. Consequently, factors that are compensated for by the inverter controlling
the generator are not seen by the DC/DC converter and can therefore be neglected in a
study focusing on the DC/DC converters. This applies mainlyto the models of the wind
and the mechanical system.

Starting with the mechanical part, a large part of the model is given by equations and
is therefore the same for all simulation models. However, the dynamics and the inertia
for the turbine rotor and generator is modeled slightly differently. Continuing with the
electrical model, the differences are larger between the models. In the Simulink model,
a simplified model of a DC generator is used while the built-inmodel for an induction
generator is used in PSCAD. For the rectifier, ideal models are used in Simulink and the
simplified model in PSCAD while a more detailed model of the rectifier will be used for
the switching model in PSCAD.
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5.3.1 Mechanical System

Starting with the mechanical part of the wind turbine generator, the overview of the model
is seen in Fig. 5.4. A similar mechanical system for modelinga wind turbine is shown
in [31].
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Fig. 5.4 Model overview for the mechanical part of the wind turbine.

In the figure, it can be seen that there are three main parts of the mechanical system; the
input wind field, the model of the actuator disk and the mechanical system.

Model of the Wind

The main input to the system is the wind speed, which determines the power that can
be obtained from the system. When the wind speedωω0 is measured, it is done in one
certain point and differs from the average wind speed at the large area of the rotor. To
obtain a more realistic value of the average wind speedωω at the rotor, a spatial filter is
used [31, 53]. The simplified transfer function for the spatial filter is

HSF (s) =
1

sb + 1
, (5.1)

whereb = γrr/ω̄ω andγ is the damping factor,rr is the radius of the rotor and̄ωω is the
average wind speed at hub height. To obtain a more realistic model of the wind field at
the rotor disk, also a rotational sampling filter can be used [53]. However, it is assumed
that the effects of this filter can be removed by the inverter,and it is therefore neglected
in this model.

Model of the Actuator Disk

The main part of the mechanical system is the actuator disk that converts the power in
the wind to mechanical power on the shaft. The mechanical output powerPmech from the
actuator disk is calculated as

Pmech =
ρair

2
ArCp(λ, β)ω3

ω, (5.2)
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whereρair is the air density,Ar is the area swept by the rotor,ωω is the wind speed
andCp(λ, β) is the power coefficient [18]. The power coefficientCp(λ, β) determines the
amount of power extracted from the wind and is dependent of the pitch angleβ and the
tip speed ratioλ that is calculated using the rotor speedωr, the rotor plane radiusrr as
well as the wind speedωω as

λ =
ωrrr

ωω

. (5.3)

The values ofCp are dependent on the design of the blades and a table of valuescan be
obtained from detailed calculations. Here, the value ofCp for steady state operation can
be found from a lookup-table using the values shown in Fig. 5.5 [54].
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Fig. 5.5 Values of the constantCp as a function ofλ andβ.

Knowing the values ofλ that are obtained by (5.3) andβ that is a result of the controller
described in section 6.2, the value ofCp can be obtained and the mechanical powerPmech

is calculated using (5.2). The mechanical power is then divided by the rotational speed of
the rotorwr (on the low-speed side of the gearbox) to obtain the mechanical torqueTmech

on the shaft. The electrical torqueTel is subtracted from the mechanical torque resulting
in the torqueTdelta acting on the rotor.
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Model of the Mechanical System

The mechanical system in a wind turbine is generally modeledas a two-mass model,
considering the inertias of both the turbine and the generator, using a soft shaft model [53].
However, here it is assumed that the effects of a two mass model with a soft shaft can be
compensated by the inverter controlling the generator. Therefore the average power from
the turbine and the rotational speed of the turbine are not affected significantly by the
choice of soft or stiff shaft. Therefore, a stiff shaft is useto simplify the model of the
turbine.

5.3.2 Electrical System

The models of the electrical system differ between the simulation models, and therefore
these models are treated separately. The model made in Simulink is a simplified model and
is here just used for steady-state simulations. The model inPSCAD/EMTDC is a more
detailed model and can therefore be used to study the startupof the system including the
magnetization of the generator.

Generator Model in Simulink

In the simulation model in Simulink, the generator and rectifier are represented by a DC
generator and the inverter is modeled as a variable transformer as seen in Fig. 5.6.
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emf V11
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+

-

Vt

n2:1

ig

Fig. 5.6 Equivalent circuit for the model of the generator inSimulink.

The simplified model used for the generator, including the back emf and well as the in-
ductanceLg and the resistanceRg in the generator windings gives the transfer function
for the electrical systemFe(s) as

Fe(s) =
1

Lgs + Rg

. (5.4)

The implementation in Simulink of the model is shown in Fig. 5.7.

53



Chapter 5. Dynamic Modeling of the Wind Farm

+
-

r

elP

w

Tel

emf
gear*K4

Vt

ig,t Pel
Fe(s)

rw

rwemf ig,t*emf

Fig. 5.7 Model overview for the electrical part of the wind turbine in Simulink.

The induced voltageemf in the circuit is determined by the rotational speed of the wind
turbine. To obtain the valueemf of the back emf, the rotational speedwr of the turbine
must be multiplied by the ratiogear of the gearbox that gives the rotational speedwg of
the generator, as well as the constantK4 that gives the value ofemf . The current in the
generator, and thereby also the electrical powerPel and the electrical torqueTel, are con-
trolled by the voltageVt applied at the generator. This voltage is the input voltage from
the IGBT based rectifier. The current in the generator is given by

emf − Vt = Ls

dig,t

dt
+ Rsig,t. (5.5)

The resulting currentig,t in the generator is multiplied with the induced voltageemf to
obtain the electrical powerPel. The electrical power is divided by the rotational speed of
the rotorwr to get the electrical torqueTel on the low-speed side of the gearbox. As shown
in Fig. 5.4, the electrical torque will determine the torqueapplied at the rotor and thereby
control the operating point of the wind turbine as shown in section 6.2. The control of the
generator will be achieved by varying the voltageVt applied at the generator. This is done
by varying the ration2 that represents a variation in the duty cycle for the rectifier that
controls the generator.

Generator Model in PSCAD/EMTDC

When using PSCAD/EMTDC, there is a built-in model for the induction machine that
is used in the simulations. In Fig. 5.8, the simple model in PSCAD is shown where the
generator is controlled by three ideal voltage sources, onefor each phase.

The main difference for the switching model is the model of the rectifier, as seen in
Fig 5.9. Here, the generator is modeled in detail using models of the semiconductor com-
ponents.

54



5.4. Model of the DC-DC Converters

Multimass

model

Induction

generator

Fig. 5.8 Simple generator model in PSCAD/EMTDC.

Multimass

model

Induction

generator

DC-link

voltage

+

-

Fig. 5.9 Switching generator model in PSCAD/EMTDC.

5.4 Model of the DC-DC Converters

When modeling the DC/DC converters, the models varies significantly depending on the
requirements of the simulation and the used simulation software. When using Simulink, a
state space average model is used assuming the fullbridge converter to be an ideal trans-
former connected to the input and output filters. This model considers the average charac-
teristics of the system and can not be used for detailed investigations of the behavior of the
DC/DC converters. Using PSCAD, the DC/DC converter can be modeled in detail using
IGBT switches, and thereby also be used for detailed investigations of the DC/DC con-
verters. The disadvantage with the detailed model is that the simulation requires a short
time step and will thereby be slow. The simplified model in PSCAD is more similar to
the model used in Simulink, and is not considering the switching behavior of the DC/DC
converters. It should be noted that even though the output filter is current stiff, there is a
capacitor connected to the output to limit the current ripple. This capacitor is not included
in the model of the DC/DC converter, instead it is added to thecapacitance for the cable
connected to the output of the DC/DC converter.

5.4.1 State-Space Model Used in Simulink

Using a program like Matlab, the DC/DC converters can although the non-linear behav-
ior be expressed as a state-space function using state-space averaging [29]. However, the
linear state-space averaging will eliminate the ripple caused by the switching operation of
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the transistors.

Here, the state-space equations will be shown starting withthe main DC/DC converter.
The circuit representation of the DC/DC converter used for obtaining the state-space equa-
tions is seen in Fig. 5.10. The input to the converter is the voltageV4 for the HVDC link
that is determined by the outer system. The input currenti22,c is the sum of the generated
currents from the wind turbines in all radials and will thereby also act as an input signal.
The states are the voltage across the capacitorV31c and the output currenti32 that is also
the current in the output inductance. As output signals, thevoltageV31 is applied at the
DC bus connecting the wind turbines, the output currenti32 is forwarded to the model of
the HVDC connection and the voltageV31c across the capacitor is only used for monitor-
ing. The variable that controls the circuit is the variable transformer ration3. The variable
n3 is not an input signal but a variable parameter in the state-space equations.
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V32
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V31c
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Fig. 5.10 Equivalent circuit for the main converter used forthe state space equations.

To obtain the state-space model, the equations for the circuit must be known. Starting with
the expression for the voltageV4, the derivative for the currenti32 can be calculated as

V4 = V31cn3 − L3
di32
dt

− R3i32 ⇒
di32
dt

= V31c

n3

L3

− i32
R3

L3

−
V4

L3

. (5.6)

Continuing with the expression for the currenti3c in the capacitor gives the expression for
the derivative of the voltageV31c across the capacitanceC3 as

i31c = C3
dV31c

dt
= i22,c − i31 = i22,c − i32n3. (5.7)

For the outputs from the state-space model, bothi32 andV31c are states andV31 is given by

V31 = V31c − i22,cRin. (5.8)

Using equations (5.6)-(5.8), the state space equations areshown below.
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• Input signals:V4, I22,c

• States:V31c, I32

• Output signals:V31, I32, V31c

• Control variable:n3

State-space variablesX, Input signalsU and output signalsY :

X =

[

V13c

I32

]

, U =

[

I22,c

V4

]

, Y =





V31

I32

V31c



 (5.9)

State-space equations:

Ẋ = AX + BU (5.10)

Ẋ =

[

0 −n3/C3

n3/L3 −R3/L3

] [

V31c

I32

]

+

[

1/C3 0

0 −1/L3

] [

I22,c

V4

]

(5.11)

Output signal:

Y = CX + DU (5.12)

Y =





1 0

0 1

1 0





[

V31c

I32

]

+





Rin 0

0 0

0 0





[

I31

V4

]

(5.13)

If instead the wind turbine converter is used with the rectifier towards the generator, the
circuit is seen in Fig. 5.11.

The same state-space equations are used as for the main DC/DCconverter, but the ratio
n2 of the inverter has to be taken into account. This affects thevalues ofig andV11 as

ig = ig,t

n2

Vt = V11

n2

(5.14)
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n2:1

ig,t

V11

Fig. 5.11 Equivalent circuit for a wind turbine converter used for the state space equations.

5.4.2 Circuit Models Used in PSCAD/EMTDC

When using PSCAD/EMTDC, the circuits are constructed in a circuit simulation software
and no state space equations needs to be made. In Fig. 5.12 thecircuit models are shown
for (a) the switching model and (b) the simplified model.
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R1

i11ig
i12

V12
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L1

icap

(a) Switching model.

V11
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V2
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-1:n1

R1

ig

i11

V12

+

-

i12

icap

(b) Simplified model.

Fig. 5.12 Circuit models in PSCAD/EMTDC for the DC/DC converter for both the switching
model and the simplified model.

As seen in the figure, the switching model is a model includingall switches and diodes.
The values of the filter componentsR1, L1 and C1 are the same as for the model in
Simulink. This model is connected to the model of the generator and rectifier shown in
Fig. 5.9. For the simplified model, the filter components are the same as for the switching
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model, but the fullbridge has been removed and replaced withan ideal transformer. As
seen in Fig. 5.8, there is no electrical connection to the generator and rectifier. Instead,
there is a current source in the model of the DC/DC converter representing the output
current from the rectifier. The value of the current is calculated using the electrical power
from the rectifier as well as the voltageV11 for the DC link. Here, it should be noted that
in the Simulink model there was a resistance between the input to the converter and the
DC link. Therefore, the voltageV11c at the DC link is not the same as the input voltage
V11 to the converter. However, in the model in PSCAD, this resistance is neglected and
the DC-link voltageV11c is equal to the input voltageV11. Assuming the voltagesVa, Vb

andVc as well as the currentsia, ib andic in the phases for the rectifier, the currentig can
be calculated as

ig =
Pel

V11
=

iaVa + ibVb + icVc

V11
(5.15)

5.5 Model of the DC-Cables

5.5.1 Model of the Internal DC Bus

For the DC bus, a cable segment can be modeled with theπ-link model as shown in
Fig. 5.13 [17].

Lcable Rcable

Ccable/2 Ccable/2

Fig. 5.13 π-link model for the DC bus cable.

When simulating the system, the cable parameters used are shown in Table 4.2. Each cable
segment is located between two capacitors, which are the output filter capacitors for the
wind turbine DC/DC converters. The filter capacitance is added to the cable capacitance
in theπ-link model. Since the cable segments are short, the dynamics are very fast and a
more detailed cable model consisting of 10π-links will just affect the results in the case
of very fast transients. For a simulation model with a time step longer than a fewµs, the
model with oneπ-link and the model with 10π-links will not give different results.
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5.5.2 Model of the HVDC-Connection

The model of the HVDC connection is shown in Fig. 5.14.

Lcable Rcable

C41 Ccable/2

Lcable Rcable

Ccable/2 C42V4

+

-

V5

+

-

i32
i41 i42 i5

V42

+

-

Wind

farm

side

Main

grid

side

Fig. 5.14 Model for the HVDC cable.

Since the HVDC cable is assumed to the be 40 km, it is modeled by8 series connected
π-models as shown in Fig. 5.14 of 5 km each. Also the parametersfor the HVDC cable
are shown in Table 4.2.

5.6 Summary

In this chapter, a dynamic model is obtained for the wind farmdesigned in Chapter 4.
A model of the wind turbine and the DC/DC converter is made both in Simulink and
PSCAD/EMTDC, while the whole system model is made in PSCAD/EMTDC. This model
will be used to evaluate the control during normal operationas well as the handling of fault
conditions.
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Chapter 6

Control of the Wind Farm with a DC
Collection Grid

6.1 Introduction

For the investigated wind farm with a DC collection grid, thedesign of the wind farm
was determined in Chapter 4 and the dynamic model was presented in Chapter 5. In this
chapter, the control of the wind farm is developed and evaluated using the obtained sim-
ulation models. For the control of the wind farm, the wind turbines should be controlled
as well as the DC system. For normal operation, the control ofthe wind turbines aims
at extracting as much power as possible within certain limits. The control of the DC/DC
converters aims at keeping the voltages at the DC links at therated values by controlling
the power flow in the system. The control method for the DC/DC converters is verified
using a down scaled experimental setup. Also, the startup ofthe wind farm is investigated.

6.2 Control of the Wind Turbines

6.2.1 Control of the Mechanical System

When controlling the wind turbine, the aim is to extract as much electrical power as possi-
ble up to a certain maximum power and then keep the generated power constant at higher
wind speeds. Further, in the case of a variable speed wind turbine, the rotational speed
should be limited below a maximum value. The control of the wind turbine can there-
fore be divided into three different operation modes with different control schemes [54].
In [55], two different operating regions are considered with similar control strategies.

• At low wind speed(∼4-11 m/s), the control aims at extracting as much power as
possible from the wind and the rotational speed of the wind turbine can be adjusted
to obtain as large value ofCp as possible and thereby also maximum mechanical
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Chapter 6. Control of the Wind Farm with a DC Collection Grid

power. The rotational speed of the wind turbine is controlled by adjusting the elec-
trical breaking torque from the generator.

• At medium wind speed(∼11-13 m/s), the maximum rotational speed of the wind
turbine is reached and is kept constant at that level. However, the controller will still
find the value of pitch angleβ that gives the maximum mechanical power from the
wind and the rotational speed will be kept by controlling theelectrical torque.

• At high wind speed(above∼13 m/s), the rated power level has been reached and
the extracted electrical power is kept constant at the maximum value. Since the
rotational speed also should be kept constant at the maximumsteady state value,
the pitch angleβ must be controlled in order to adjust the mechanical torque and
keep the rotational speed constant.

In this study, the control scheme should be made as simple as possible to reduce the
computational power needed for the simulations. Therefore, the control is simplified to
the control of the rotational speed by the electrical torque(including the low and medium
wind speeds regions) and the control of the generated power by the pitch angle (in the
high wind speed region).

Control of the Electrical Torque

When controlling the wind turbine, the rotational speed of the wind turbine is an impor-
tant factor. As shown in section 5.3, the extracted mechanical power from the wind is
dependent on the power factorCp. The value ofCp is a function of the ratioλ between the
tip speed of the wind turbine and the wind speed. Consequently, the extracted mechanical
power from the wind is dependent on the control of the rotational speed of the wind tur-
bine. The rotational speed can be controlled by the torque applied at the turbine rotor (the
mechanical torque minus the electrical torque) up to the rated electrical power where the
electrical torque can not be increased further to limit the rotational speed. The control for
the rotational speed of the turbine is shown in Fig. 6.1.

+
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Tel,ref

r

ref

r

lw w lim lim

Tel,max

Tel,ref

s

k
k iw

pw +
ww

refr ,w
refr ,w

rw

er,w

max.rw

Fig. 6.1 Overview of the speed control of the turbine.

The control of the rotational speed applies when the maximumpower is not reached. The
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6.2. Control of the Wind Turbines

reference rotational speedωr,ref is the speed that gives the value ofλref resulting in the
largest value ofCp. This value is calculated as

ωr,ref =
λrefωω

rr

. (6.1)

However, there is a maximum speed for the turbine and therefore a limit is inserted that
limits the reference speed to the maximum speed. Knowing thereference value of the
speed, the torque applied at the turbine is controlled usinga PI-controller. The actual
speedωr is subtracted from the reference speed and the error signalωr,e is the input to
the PI-controller. The output of the controller is the reference value for the torqueTel,ref

applied at the turbine from the generator. However, since the electrical output power is
limited, there is a resulting limitation in the electrical torque depending on the speed of
the turbine. The reference value of the electrical torque isthen the input to the control of
the generator.

To validate the control methods and also see the difference between the simulation models
during normal operation, simulations are made with the sameexample wind speed. The
used wind signal is shown in Fig. 6.2, showing both the measured wind signalωω0 and
the average valueωω seen by the rotor disk as explained in the previous chapter.
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Fig. 6.2 Input wind speed for the simulations.

As stated above, the aim of the torque control is to control the speed of the turbine to
follow the reference speed. In Fig. 6.3 (a), the resulting speed is shown for the three simu-
lation models (ωr,s for the Simulink model,ωr,e for the simple PSCAD model andωr,econv

for the switching PSCAD model), together with the referencespeedωr,ref . Also the re-
sulting electrical output power is seen Fig. 6.3 (b)
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Fig. 6.3 Resulting speed and electrical output power using the control of the electrical torque.

In the figure, it can be seen that both the resulting speed and the electrical output power
are very similar for all simulation models and also that the reference value for the speed
is followed closely.

Control of the Pitch Angle

The speed control described in the previous section keeps the wind turbine at the desired
operating point as long as the electrical power needed to achieve the reference value of the
electrical torque does not exceed the maximum electrical power. If the electrical power
reaches the maximum value, it is limited and the control of the rotational speed is then
achieved by changing the pitch angle to instead control the mechanical torque from the
turbine. As seen in Fig. 6.4, there are two different ways to achieve the value of the pitch
angleβ depending on the wind speed.

l lookup

table
ß control 1

+
- s

k
k ib

pb +ß control 2
rw

refr ,w

er,w
refb

refb

Fig. 6.4 Control methods for the pitch angleβ.

The first strategy for the control ofβ is when the speed control mentioned above is used
and the electrical power is below the maximum value. Then, the reference valueβref is
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the value that gives the highestCp for the given tip speed ratioλ.

The second strategy is when the electrical power needed to limit the rotational speed
exceeds the maximum value. The electrical torque will be limited and instead the pitch
angleβ of the rotor blades is used to limit the captured mechanical power. Since the power
in this case is kept constant and can not be controlled, the control of β aims at keeping the
speed constant. Therefore, the input to the controller is the actual rotor speedωr and the
reference rotor speedωr,ref . The error signalωr,e is the input to the PI-controller that gives
the resulting reference value forβref . Also for the control ofβ, the results are compared
for the different simulation models. The input wind speed, that is in the high speed wind
region, is shown in Fig. 6.5 (a). The resulting rotational speed can be seen in Fig. 6.5 (b),
showing that the variations in the rotational speed are small for all simulation models and
also that the results from the models agree well.
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Fig. 6.5 Input wind speed for the control of the pitch angleβ and the resulting speed.

6.2.2 Control of the Generator

As mentioned previously in this chapter, the output from thecontrol of the wind turbine
is the pitch angleβ and the reference value of the electrical torqueTel,ref . The reference
value of the electrical torque is then the input to the control of the generator. The control
of the electrical torque is done in different ways for the Simulink model and the PSCAD
models.

Control of the Generator in Simulink

For the generator in Simulink shown in Fig. 6.6, it can be seenthat the electrical power
from the shaftPel can be obtained from multiplying the currentig,t and the induced volt-
ageemf .
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Fig. 6.6 Equivalent circuit for the generator.

Therefore, the reference value of the currentigt,ref can be calculated as

igt,ref =
Tel,refωr

emf
. (6.2)

For the IGBT-based rectifier using the average ration2, the aim is to achieve the gener-
ator current in order to control the operating point of the generator. The PWM AC/DC
converter for wind turbines has been studied previous literature, in [56] a boost AC/DC
conversion system was studied that could keep the DC-link voltage constant during vari-
ations in the wind speed (resulting in variations in the input voltage to the rectifier).

By applying a voltage∆V across the inductanceLg and the resistanceRg in the wind-
ings, the generator currentig,t is controlled. An overview of the control scheme is shown
in Fig. 6.7.

+
-

igt,ref

igt,meas

F1(s)
igt,e

Del1(s) Fe(s)
ig,tVD

Del2(s)

Fig. 6.7 Control of the electrical torque for the generator in Simulink.

The input value to the control is the reference value of the generator currentigt,ref that is
obtained from the reference value of the torque which is the output value of the mechani-
cal control of the wind turbine. The measured value of the actual generator currentigt,meas

is then subtracted and the error valueigt,e is achieved. This is the input to the PI-controller
F1(s) that has the transfer function
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F1(s) = kpe +
kie

s
. (6.3)

The resulting value of the voltage∆V is applied across the inductance and resistance as
shown in the electrical model described in section 5.3. The transfer functionFe(s) is then
used to get the value of the generator currentig,t, and is expressed as

Fe(s) =
1

Lgs + Rg

. (6.4)

Additionally, there are two time delays inserted into the system,Del1(s) andDel2(s) to
represent the behavior of the converter. These delays are represented with Padé approxi-
mations in the transfer functionsDel1(s) andDel2(s). When operating a real converter, it
can be assumed that there are three major contributions to the time delays in the converter.

• The computational time for the duty cycle of the converter.From the measured
value of the generator current and the reference value, the desired voltage∆V
should be calculated and also the voltageVt applied to the generator. This takes
some computational time and there is also a delay due to the sampling of the mea-
sured values. The time needed for the sampling of the measured values and the
calculation of the reference values is assumed to be a half switching periodTs. This
time delay is assumed to be a part ofDel1(s).

• The time for the averaging of the duty cycle.When obtaining the model of the
converter a state-space model is used that simplifies the switching behavior to an
average value for the applied voltage for a duty cycle. However, when the duty cycle
is changed, it takes half a switching period until the average value of the voltage is
changed. Further, the modulation of the transistors shouldbe calculated from the
given value ofn2. Consequently, the time delay can be estimated as one switching
periodTs. Also this time delay is a part ofDel1(s).

• The delay for measuring the actual current.Since the control uses a feedback-
loop the resulting current must be measured and used in the control. The measure-
ment also introduces a time delay that is assumed to be a half switching period. This
time delay is the delayDel2(s).

To analyze the system, the closed loop transfer functionGry0(s) is first obtained for the
system neglecting the time delays as

Gry0(s) =
F1(s)Fe(s)

1 + F1(s)Fe(s)
=

1
1

F1(s)Fe(s)
+ 1

. (6.5)
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Assume that the closed loop transfer function should be a first order system with the band-
width αe and the time constantTe, it can be expressed as

Gry0(s) =
1

Tes + 1
. (6.6)

Combining functions (6.5) and (6.6) gives

Tes =
1

F1(s)Fe(s)
=

Lgs
2 + Rgs

kpes + kie

⇒ kpesTe + kie = Lgs + Rg. (6.7)

Identifying the parameters results in the values forkpe andkie as

kpe =
Lg

Te

= Lgαe (6.8)

and

kie =
Rg

Te

= Rgαe. (6.9)

For the system without time delays, the control parameters are designed to have a rise
time tr of between 0.1 ms and 10 ms and the resulting step responses for the closed loop
systemGry0(s) are shown in Fig. 6.8.
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Fig. 6.8 Step response for the transfer functionGry0 for different rise times for the closed loop
system without time delays.

In the figure, it can be seen that the system is stable even for very short rise times. How-
ever, in the real system, time delays are added and the characteristics of the system are
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changed. The total time delays in the systemGry(s) are≈ 2Ts = 1 ms (since the switching
frequency for the inverter is set to 2 kHz). The rise time of the system should be consid-
erably larger than this delay time in order to maintain a stable system. This can be seen in
Fig 6.9 (a), where the step response is plotted for differentrise times for the system.
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0 20 40 60 80 100
0

0.5

1

Time [ms]

A
m

pl
itu

de

 

 

Including delays
No delays

(b) Rise time 22 ms compared to the system with-
out time delay.

Fig. 6.9 Step response for the transfer functionGry with time delays.

It can be seen that for the rise time 3 ms, the system is stable but poorly damped. If the
rise time is increased to 22 ms, the system is well damped and some additional time delay
will not give an unstable system. Comparing the characteristics of the system with and
without time delays for the chosen rise time gives the results shown in Fig. 6.9 (b).

As can be seen in the figure, there is no major difference between the systems with and
without the time delays. Therefore, the time delays can be neglected to lower the com-
plexity of the system in the case of the system time constant 22 ms.

Knowing that the rise time of 22 ms for the control of the inverter gives a stable sys-
tem, is must also be investigated that the controller is fastenough to control the system.
The aim of the current controller is to control the current and thereby also the electrical
torque for the generator. In Fig. 6.10 the resulting torque is plotted together with the ref-
erence value of the torque for the wind signal that was shown in Fig. 6.2, showing that the
electrical torque follows the reference value.

Control of the Generator in PSCAD

In PSCAD/EMTDC, the model of the generator is a three-phase induction generator. The
input to the controller of the generator is the reference torque as well as the measured
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(b) Zoomed figure.

Fig. 6.10 Resulting electrical torque for the Simulink model.

phase currents and the output is the voltage applied at the generator. To control the gener-
ator, vector control is used as described in detail in [57].

For the control of the generator, the induction generator isrepresented with the inverseΓ
model, as shown in Fig. 6.11 (b). This model can be compared tothe T model in Fig. 6.11 (a)
that the parameters for a generator normally are given for.

Rs Lsl Lrl

Lm Rr(1-s)/s

Rr

rw

(a) T model.

RS Lsigma RR

LM RR(1-s)/s rw

(b) Inverse-Γ model.

Fig. 6.11 Equivalent circuit for the induction generator using both the T model and the inverse-Γ

model.

Consequently, since the parameters are given for the T modeland the control is made for
the inverse-Γ model, the parameters have to be transformed as shown in [57].

Ls = Lsl + Lm

Lr = Lrl + Lm

RR = Lm

Lr

2
LM = L2

m

Lr
Rr

Lsigma = Ls − LM

(6.10)

The first step in the control of the generator is to calculate the current in the rotating dq-
frame. Starting from the measured phase currentsia, ib andic, the two-phase currents in
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fixed coordinates,iα andiβ are obtained as

[

iα
iβ

]

= K

[

2
3

−1
3

−1
3

0 1√
3

− 1√
3

]





va

vb

vc



 , (6.11)

where K =
√

3/2. The next step is to transform the current to synchronous coordinates,
but then the angle of the flux must be known. The estimated value of the angleΘ is cal-
culated by integrating the estimated rotational speed of the flux ŵf as

Θ =
1

s
ŵf , (6.12)

where the rotational speed of the flux is estimated as

ŵf = wr +
RRiq
ΨR

. (6.13)

Here,iq is the current in the q-direction in the stator andΨR is the estimated flux in the
rotor.

Knowing the value of the angleΘ, the currents in the rotating frame can be calculated
as

id = iα cos Θ + iβ sin Θ

iq = −iα sin Θ + iβ cos Θ
(6.14)

From the input signals, the reference value of the torque is known. The reference current
in q-directioniq,ref needed to obtain this torque is calculated as

iq,ref =
Tel,ref

ΨR

. (6.15)

The reference value of the current in the d-direction is determined using the reference
value for the flux in the machine as

id,ref =
1

LM

ΨR,ref . (6.16)

Knowing the reference values for the currentsidq,ref = id,ref + j · iq,ref , the closed loop
current control gives the voltages that should be applied atthe generator. The applied cur-
rents in dq-coordinates are calculated as

vdq = (idq,ref −idq)(kp,i+
ki,i

s
)+idq(Rfilt−Ra+jωr(Lfilt+Lsigma))+jωrΨR. (6.17)
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Here, in addition to the closed-loop current control, termsare added to compensate for the
filter inductanceLfilt and resistanceRfilt and also introducing a feed forward term using
Ra andLsigma. Finally the termωrΨR. compensates for the back-emf. The values of the
control parametersRa, kp,i andki,i are calculated for the bandwidthαc of the controller as

Ra = αcLsigma − RS − RR

kp,i = αcLsigma

ki,i = α2
cLsigma

(6.18)

A voltage limitation is inserted forvdq , depending on the DC link voltage, and also an
anti-windup is introduced in the closed loop current control. Then the voltages in dq-
coordinates must be transformed back to the phase voltagesva, vb andvc as

vα = vd cos Θ − vq sin Θ

vβ = vd sin Θ + vq cos Θ
(6.19)





va

vb

vc



 =
1

K







2√
3

0

− 1√
3

1

− 1√
3

−1







[

vα

vβ

]

. (6.20)

These voltages are inputs to the ideal voltage sources when using the ideal model, and for
the switching model they are inputs to the calculation of theduty cycle for the transistors.

As seen in the previous equations, the value of the fluxΨR is used in the calculations.
This value is not measured in the machine, instead it is estimated from the measured cur-
rents. As seen in [57], there are several ways to estimate theflux. Since it is assumed
that the speed is known in this case, the “current model” is used, where the flux can be
estimated using the current in d-direction as

ΨR =
RRLM

LMs + RR

id. (6.21)

In the same way as for the control of the generator in Simulink, the control of the generator
must be fast enough for the electrical torque to follow the reference value. As shown for
the Simulink model, a rise time for the closed loop system of 22 ms should give sufficient
stability for the controller in case of a switching frequency of 2 kHz. The reference value
for the torque electrical is plotted as well as the resultingelectrical torque in Fig. 6.12 for
the simple model and in Fig. 6.13 for the switching model.
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Fig. 6.12 Resulting electrical torque for the simple generator model in PSCAD/EMTDC.
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Fig. 6.13 Resulting electrical torque for the switching generator model in PSCAD/EMTDC.

It can be seen that for both the simple and the switching model, the real value follows the
reference value.

6.3 Control of the DC/DC Converters

The control of the DC/DC converters aims at keeping the voltages for the DC links at
their rated values. For the DC link in the wind turbine, the DC/DC converter in the tur-
bine should keep the voltageV11 within the allowed voltage range by controlling the
output power. In the same way, the main DC/DC converter controls the voltageV31 for the
internal DC collection bus.

The design of the control depends on the conditions for the wind farm. Here, it is as-
sumed that the maximum allowed voltage deviations are 5 % from the rated voltage.
Further, there is no communication between the converters and also no restrictions for
the variations in the power from the turbines. Consequently, the system must be designed
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to handle an immediate increase in the input power from zero to the rated power without
exceeding the voltage limitations, and thereby the controlis verified for the worst possible
situation.

6.3.1 Control Methods for the DC/DC Converters

The control of the DC/DC converters is done in the same way forall simulation mod-
els seen in Fig. 6.14. The control aims at controlling the duty cycleD for the switching
PSCAD model and the ration1 of the “variable transformer” used in the Simulink model
and the simple model in PSCAD. For the models in PSCAD, the resistanceRin is ne-
glected and consequentlyV11c is equal toV11.

For the DC links, the allowed voltage range is±5 % from the nominal voltage. Conse-
quently, the voltage band for the DC link in the turbine is from 1425 V to 1575 V, the
voltage for the DC bus is from 30.4 to 33.6 kV and the voltage for the HVDC connection
is between 123.5 kV and 136.5 kV. At startup of the system, thevoltage levels can be
lower while the DC links are charged.

As shown in [17], the design of the voltage controller is dependent both on the possi-
ble bandwidth and the capacitance for the DC link. Here, the possible bandwidth of the
system will be investigated as well as the required DC link capacitances to keep the DC
link voltages within the desired voltage levels. First, thecontrol of the voltage level will be
investigated assuming an ideal control of the output current. Then, the control of the out-
put current is investigated. These control methods are the same for both the main DC/DC
converter and the DC/DC converter in the wind turbine.

Control of the DC link voltage

The control of the DC link voltage in DC systems have been studied previously in [17, 58]
for multi terminal DC systems. However, it was assumed that the control of the DC link
voltage was achieved by the sources feeding power to the DC bus. In the case with the DC
grid for the wind farm, the voltage level is instead controlled by the load converter during
normal operation.

For controlling the voltage at the DC link, a droop controller can be used as described
in [17], and the principle of the droop controller is shown inFig. 6.15.

In the figure, it can be seen how the current for the converter controlling the DC link
voltage depends on the voltage level. It should be noted thatthe reference direction of
the current is into the DC link. If the regulating converter acts as a load with negative
input current, an increased voltage level, resulting from anet increase of the power flow
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Fig. 6.14 The different simulation models for the DC/DC converter.

into the system, will increase the output current from the DClink. In the same way, a
converter acting as a source will decrease the input currentdue to an increased voltage
level. Consequently, the same control is used both when the converters that control the
voltage level act as sources and when they act as loads. The difference will be that the
deviation from the reference voltage will be negative if thesources control the voltage
level and positive if the loads are controlling the voltage level. In [17], the sources control
the input power depending on the power to the load, resultingin a voltage level slightly
below the reference voltage. For the DC bus in the wind farm, instead the load controls its
transferred power depending on the input power from the turbines. The resulting closed
loop control system is shown in Fig. 6.16. Here, the negativesign for the gainKp,v is due
to the positive value for the output current.
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Fig. 6.15 Droop control for controlling the voltage for a DC link.
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Fig. 6.16 Closed loop control system for control of the DC link voltageV11.

The input value to the controller is the reference valueV11,ref for the DC link voltage.
Subtracting the measured DC link voltageV11, passed through a low pass filter, gives the
error signal. The low pass filterGlpv(s) has the transfer function

Glpv(s) =
ωlp,v

s + ωlp,v

. (6.22)

The error signal is the input to the controller, which in thiscase is a P-controllerKp,v. As
previously mentioned, when controlling the voltage with the load converter instead of the
source converter, the P-controller must reverse the sign ofthe error. Since the current that
is controlled is the output current from the DC link instead of the input current, the value
should increase if the voltage level is too high. The output is the reference valuei11,ref

for the input current to the converter. The reference input current is the input signal to the
current control of the converterGconv,v(s), where the output is the real input currenti11.
When investigating the dynamics of the voltage control, thecurrent control is assumed to
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be ideal and therebyi11 is the same asi11,ref . Making this assumption, the dynamics of
the voltage controller must be chosen to be considerably slower than the dynamics of the
current controller. Also in [59], it is stated that the converter dynamics can be neglected
if the bandwidth of the converter is considerably higher than the bandwidth of the voltage
controller. The currenticap to the capacitor is given by the difference between the current
ig from the generator and the currenti11 to the converter. From the currenticap to the
capacitor, the voltageV11 is obtained as

V11 = icap

1

sC1

. (6.23)

Assuming an ideal current controller, the closed loop function of the voltage controller
Gv,cl can be written as [17]

Gv,cl(s) =
(s + ωlp,v)(−Kp,v/C1)

s2 + sωlp,v + ωlp,v(−Kp,v/C1)
. (6.24)

Assuming an input currentig from the turbine, the DC link voltageV11 can be expressed as

V11(s) =
(s + ωlp,v)(Kp,v/C1)

s2 + sωlp,v + ωlp,v(Kp,v/C1)
V11,ref(s) +

(s + ωlp,v)/C1

s2 + sωlp,v + ωlp,v(Kp,v/C1)
ig(s).

(6.25)

Looking at the transfer functionGv,cl, the characteristic polynomialp(s) is given as

p(s) = s2 + sωlp,v + ωlp,vKp,v/C1. (6.26)

Assuming a bandwidth ofωn,v and a damping ofζ , the characteristic polynomial can be
expressed as

p(s) = s2 + s2ωn,vζ + ω2
n,v. (6.27)

Identifying the coefficients gives an expression for the control parameterKp,v depending
on the chosen dampingζ as also shown in [17]

Kp,v =
ωlp,vC1

(2ζ)2
. (6.28)

In the same way, the bandwidth of the controller is given by the choice of cut off fre-
quencyωlp,v for the low pass filter as well as the dampingζ as

ωn,v =
ωlp,v

2ζ
. (6.29)
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Knowing the parameters for the controller, the steady statebehavior of the converter can
be investigated. From (6.25), the steady state expression for the DC link voltageV11 can
be expressed as

V11 = V11,ref +
ig

Kp,v

. (6.30)

Here, it can be seen that when the currentig from the turbine is increased, the voltage
V11 for the DC link is also increased. This steady state increasein the voltage should be
controlled to stay within the allowed voltage range. From (6.30), it can be seen that a
higher value ofKp,v would give smaller variations in the voltage level. However, as can
be seen in (6.28), the value ofKp,v depends on the bandwidthωlp,v for the low pass filter,
the dampingζ and the valueC1 of the capacitor. The bandwidth of the low pass filter is
limited by the bandwidth of the current controller and also the value for the dampingζ is
limited. Consequently, the capacitor is the parameter thatcan be dimensioned to limit the
voltage variations.

As seen in (6.30), the voltage increases with increasing current. Therefore, the limiting
operation point for the design of the capacitor is at the rated powerPn. At this power, the
voltage droop is denotedδn. Also, assume that the power is constant for this operating
point. The load resistanceRn at rated power can be calculated as

Rn =
V11,ref

Pn

. (6.31)

If the current at rated power with no voltage droop isig,n, then the current with voltage
droopi′g,n can be expressed as

i′g,n =
Pn

V11,ref(1 + δn)
=

ig,n

1 + δn

. (6.32)

The droop resistance, which is the relation between the current and the droop voltage as
shown in [17] can then be expressed as

Rdroop =
1

Kp,v

=
V11,ref

ig,n

1+δn

= Rn(1 + δn)δn. (6.33)

Inserting the expression forKp,v from (6.28) gives

Rn(1 + δn)δn =
1

Kp,v

=
(2ζ)2

ωlp,vC1

. (6.34)
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EliminatingC1 and inserting the expression forRn gives

C1 =
4ζ2

ωlp,v(1 + δn)δn

Pn

V 2
11,ref

. (6.35)

This equation can then be used to choose the value ofC1 that limits the voltage droopδn

to a certain value for the rated powerPn.

Further, an integral partKi,v can be added to the controller to eliminate the steady state
error, and the resulting control functionFv(s) can then be written as

Fv(s) = Kp,v +
Ki,v

s
. (6.36)

Then, the closed loop transfer function for the systemGv,cl(s) can be written as

Gv,cl(s) =
−(Kp,vs + Ki,v)(s + ωlp,v)/C1

s3 + ωlp,vs2 − Kp,vωlp,v

C1

(s) − Ki,vωlp,v

C1

. (6.37)

As shown in [16], The close loop transfer function should have a characteristical polyno-
mial given by

p(s) = s3 + ωlp,vs
2 −

Kp,vωlp,v

C1
s−

Ki,vωlp,v

C1
= (s2 + 2ζωn,vs + ω2

n,v)(s + ωn,v). (6.38)

The parameters will then be

ωn,v =
ωlp,v

1 + 2ζ
, Kp,v =

ωlp,vC1

1 − 2ζ
, Ki,v =

ω3
n,vC1

ωlp,v

. (6.39)

Control of the output current

As seen in Fig. 6.16, the voltage control assumes that the real value of the current in the
output inductor of the converter follows the reference value. To be able to obtain this, a
current controller is needed that is considerably faster than the voltage controller. The aim
of the current controller is to control the currenti12 as seen in Fig. 6.14 (a). In Fig. 6.17,
the closed loop transfer function of the current controlleris shown.

The input value to the current controller is the reference value i12,ref , which is obtained
from the reference currenti11,ref as

i12,ref =
i11,ref

n1

. (6.40)
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Fig. 6.17 Closed loop control system for control of the current i12 in the filter inductance.

The controller is designed in the same way as the voltage controller. The difference be-
tween the reference currenti12,ref and the real currenti12 is the error signal in to the con-
troller Kp,c. The output is the reference valueDVref for the voltageDV applied across
the inductorL1 and the resistorR1. Here, the transfer functionGconv(s) represents the
characteristics of the converter from the reference valueDVref of the voltage acrossR1

andL1 to the real valueDV . Also for the current control, the low pass filterGlpc(s) has
the transfer function

Glpc(s) =
ωlp,c

s + ωlp,c

. (6.41)

Assuming the converter to be ideal (Gconv,c(s) = 1), the closed loop transfer function
Gc,cl(s) for the current control can be written as

Gc,cl(s) =
Kp,cs + ωlp,cKp,c

L1s2 + (R1 + L1ωlp,c)s + ωlp,c(R1 + Kp,c)
. (6.42)

For this transfer function, the characteristic polynomialp(s) is given by

p(s) = L1s
2 + (R1 + ωlp,c)s + ωlp,c(R1 + Kp,c). (6.43)

Assuming a bandwidth ofωn,c and a damping ofζ , the characteristic polynomial can be
expressed as

p(s) = s2 + s2ωn,cζ + ω2
n,c. (6.44)

Set the coefficients equal, the bandwidth of the low pass filter ωlp,c is given by

ωlp,c = 2ζωn,c −
R1

L1

, (6.45)
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and the control parameterKp,c can be expressed as

Kp,c =
ω2

n,cL1

ωlp,c

− R1. (6.46)

6.3.2 Design of the Controller and the DC Link Capacitance

In the previous section, the choice of control parameters isdiscussed based on the desired
bandwidthsωn,c andωn,v as well as the dampingζ of the controllers assuming that the
converter is ideal. This designs of the controllers are valid if the controllers are slow
compared to the dynamics of the converter. For the current controller, the voltageDV

must follow the reference value fast compared to the controlof the converter, and in the
same way the current controller must be fast compared to the voltage controller. Here, first
the current controller is investigated to determine the speed of the controller. Knowing the
bandwidth of the current controller, the possible bandwidth of the voltage controller can
be determined. This is done both for the DC/DC converter in the wind turbine and the
main DC/DC converter for the whole wind farm.

Design of the Current Controller

Starting with the current controller, it is assumed that theaverage voltage applied across
the inductorL1 and the resistorR1 follows the reference voltage immediately. However,
as discussed for the control of the generator, this is not true for the real converter. First,
there is a delay of half a switching period since PWM control is used and then there is also
some additional delay for measuring the real current and calculating all values. Assuming
that the total delay for the converter is one switching period (1 ms), the transfer function
Gconv,c(s) can be assumed to be a delay of 1 ms as

Gconv,c(s) = e−sTd, Td = 1ms. (6.47)

To find suitable control parameters, the step response of thesystem is studied both with
the ideal converter model and with the delay inserted (usingPadé approximation). Start-
ing with the damping, it is assumed thatζ = 1/

√
2 is a suitable value. Regarding the

bandwidth of the controller, the low pass filter should be able to filter the ripple from the
switching of the converter at 1 kHz. As shown above, the bandwidth of the low pass filter
ωlp,c for the current controller is given by

ωlp,c = 2ζωn,cL1 − R1. (6.48)

Starting with the DC/DC converter in the wind turbine, choosing ωn,c = 800 rad/s as
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the bandwidth for the current controller, the resulting bandwidth of the low pass filter is
ωlp,c = 1131 rad/s usingL1 = 0.3 H andR1 = 0.03Ω. Using (6.46), the resulting control
parameter isKp,c = 170 for the wind turbine DC/DC converter. Both the bandwidth of the
low pass filter and the control parameter are the same for the main DC/DC converter since
the output inductance is the same for both converters. The resulting time step is plotted in
Fig. 6.18 for both the ideal model and the model with the time delay.
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(a) Wind turbine DC/DC converter.
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(b) Main DC/DC converter.

Fig. 6.18 Step response for the closed loop current controller usingωn,c = 800 rad/s.

In the figure, it can be seen that for the ideal converter, the step response has a rise time
of just below 3 ms and is well damped. However, for the system with the time delay of
1 ms, the overshoot for the current is 1.5, which is considered to be too high.

Decreasing the bandwidth of the system toωn,c = 500 rad/s results inωlp,c = 707 rad/s
andKp,c = 106 for both converters. This gives the step responses for both the ideal system
and the system with the delay as shown in Fig. 6.19.

Here, it can be seen that the overshoot of the current is decreased from almost 1.5 using
ωn,c = 800 rad/s to below 1.3 forωn,c = 500 rad/s.

The choice of control parameters for the current controllershould aim at a closed loop
control that is as fast as possible but still stable. From thefigures, it can be seen that the
controller usingωn,c = 500 rad/s gives a stable control with limited overshoot.

The control described above is dependent on that the reference value of the voltage ap-
plied acrossL1 andR1 is followed closely. For the real converter, this is not the case and
the controller will not have the same characteristics as shown in the figures above. Using
the switching model will give different results compared tousing an ideal transformer
with ratio n1 equal to the reference value of the duty cycle. For the real converter, there
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(a) Wind turbine DC/DC converter.
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(b) Main DC/DC converter.

Fig. 6.19 Step response for the closed loop current controller usingωn,c = 500 rad/s.

will be some loss in duty cycle due to blanking times and the time for reversing the cur-
rent in the transformer. These factors will result in a ratiobetween voltagesV12 andV11

that deviates fromn1. Using the measured voltages, the reference value of the duty cycle
can be adjusted so the real value ofn1 follows the reference value more closely for the
switching model. However, there will still be deviations from the ideal model and there-
fore an integral part has to be inserted into the controller.The transfer functionFc(s) for
the current controller will change fromKp,c to

Fc(s) = Kp,c +
Ki,c

s
. (6.49)

Using the valueKi,c = 1000 will not change the step response noticeable, but willelimi-
nate remaining errors due to non-ideal parameters of the converter.

Design of the Voltage Controller

The next step is to determine the parameters for the voltage controller. As seen above, the
parameters for the current controller was chosen to give a bandwidth of 500 rad/s for the
closed loop system. Therefore, the ideal converter modelGconv,v in the voltage controller
can be replaced with a low pass filter with the bandwidth ofωn,c = 500 rad/s as

Gconv,v =
ωn,c

s + ωn,c

. (6.50)

As noted previously, the capacitor value of the DC link should be determined to limit the
droop voltage, and it is calculated by

C1 =
4ζ2

ωlp,v(1 + δn)δn

Pn

V 2
11,ref

. (6.51)
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Here, the same dampingζ = 1/
√

2 is used as for the current controller and the bandwidth
of the system is set toωn,v = 500 rad/s. Further, the rated power isPn = 2.3 MW, the
rated voltage isV11,ref = 1.5 kV and the maximum droop isδn = 0.05 for the DC/DC con-
verter in the wind turbine. The bandwidth of the low-pass filter is thenωlp,v = 707 rad/s.
The resulting capacitor value is thenC1 = 61 mF andKp,v = 21.5. For the main DC/DC
converter, the rated power isPn = 110 MW, the rated voltage isV31,ref = 32 kV and the
maximum droop isδn = 0.05. The resulting capacitor value is thenC3 = 6.4 mF, and the
control parameters areKp,v = 2.27 andωlp,v = 707 rad/s. The resulting step response is
seen in Fig. 6.20.
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(a) Wind turbine DC/DC converter.
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(b) Main DC/DC converter.

Fig. 6.20 Step response for the closed loop voltage controller usingωn,v = 500 rad/s.

Here, the overshoot of the voltage is 1.4, which is considered to be to high. Further, the
bandwidth of the system is lowered toωn,v = 200 rad/s and the bandwidth of the low pass
filter is ωlp,v = 283 rad/s. The resulting capacitor value for the DC/DC converter in the
wind turbine isC1 = 152 mF and the value ofKp,v = 21.5. For the main converter, the
resulting capacitor valueC3 = 16 mF and the value ofKp,v = 2.27. Using these values
for the capacitances, the stored energy in the DC links corresponds to 74 ms transferred
power at full load. The resulting step response can be seen inFig. 6.21.

For the bandwidth ofωn,v = 200 rad/s for the current controller, the resulting over shoot
in the voltage is limited to 1.2. Choosing the bandwidth of the voltage controller to be
ωn,v = 200 rad/s, the resulting DC link voltages when the output power from each turbine
is increased from 400 kW to 2.3 MW are shown in Fig. 6.22.

Here, it can be seen that the steady-state voltage is kept within 5 % deviation (1575 V)
from the rated voltage for steady state operation for the DC/DC converter in the wind
turbine. The slope seen in the voltage is due to the integral part of the current controller.
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(a) Wind turbine DC/DC converter.
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(b) Main DC/DC converter.

Fig. 6.21 Step response for the closed loop voltage controller usingωn,v = 200 rad/s.
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Fig. 6.22 DC link voltage at a step in the power from 400 kW to 2.3 MW for each turbine without
integral part.

Also for the main DC/DC converter, the voltage is kept below 33.6 kV that is 5 % above
the rated voltage. Further, looking at the voltages at the connection point to the turbines
in a radial during the sudden increase in the power, the resulting values can be seen in
Fig. 6.23. Here, the voltage at turbine 1 is denotedt1 and similarly for turbines 4, 7 and
10 in the same radial.

It can be seen that the voltage is over the allowed 33.6 kV at the turbines in the end of the
radial. However, the voltage is still below 35.2 kV that is 10% above the reference value
of the voltage, at which the converters are designed to maintain the controllability.

Further, adding an integral part to the voltage controller,the control parameters are given
by
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Fig. 6.23 DC bus voltageV2 at turbines 1, 4, 7 and 10 in a radial at a step in the power without
integral part.

ωn,v =
ωlp,v

1 + 2ζ
, Kp,v =

ωlp,vC1

1 − 2ζ
, Ki,v =

C1ω
2
lp,v

(1 + 2ζ)3
. (6.52)

Having the dampingζ = 0.5 as stated in [16], the bandwidth for the controllerωn,v is half
of the bandwidthωlp,v of the low pass filter. For the case without integral part,ωn,v is
1/
√

2 timesωlp,v. However, here the bandwidthωlp,v for the low pass filter is kept con-
stant when the integral part is added and thereby the bandwidth of the closed loop voltage
controller will be larger when having the integral part. Consequently, for this controller,
using the bandwidthωlp ,v = 283 rad/s givesωn,v = 141 rad/s,Kp,v = 21.5 andKi,v = 1522.
The resulting step response for the system is shown in Fig. 6.24 (a). However, since the
overshoot for the step response is large, the integral partKi,v is lowered by a factor of 10
to Ki,v = 152, where the resulting step response is seen in Fig. 6.24 (b). Also, the result-
ing voltage in the case of a step in the input power from 400 kW to 2.3 MW is shown in
Fig. 6.25.

Comparing the peak values of the voltage for the case withoutintegral part in the con-
troller in Fig. 6.22 with the voltage using a controller withan integral part shown in
Fig. 6.25, it can be seen that the peak value is slightly decreased due to the integral part.
However, there is just a small decrease and therefore it can be concluded that the propor-
tional part of the controller determines the over voltage and the capacitor value calculated
for the controller without integral part can not be reduced.Consequently, choosing the
controller with bandwidthωn,v = 200 rad/s, the required DC link capacitance for the wind
turbine converter isC1 = 152 mF.
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Fig. 6.24 Step response for the DC/DC converter in the wind turbine closed loop voltage controller
usingωlp,v = 282 rad/s.
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Fig. 6.25 DC link voltageV11 for the DC/DC converter in the wind turbine at a step in the power
with integral part usingωlp,v = 282 rad/s.

Inserting an integral part in the controller for the main DC/DC converter using the band-
width ωlp ,v = 283 rad/s results inωn,v = 141 rad/s,Kp,v = 2.27 andKi,v = 160 giving the
step response in Fig. 6.26 (a). LoweringKi,v to 16, the resulting step response is shown
in Fig. 6.26 (b).

Further, the resulting DC bus voltageV31 is shown in Fig. 6.27, when the total power is
increased from 19 MW to 110 MW. It should be noted that the total input capacitance of
16 mF for the main converter is distributed with 100µF at the output of each wind turbine
and the remaining 11.2 mF is located at the input of the main converter.

Also for the main converter, it can be seen in Fig. 6.27 that the peak value of the voltage
just decrease slightly with increasing integral part. Therefore, the capacitor value calcu-
lated for the controller without the integral part should beused. Also, the lower value
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Fig. 6.26 Step response for the main DC/DC converter closed loop voltage controller using
ωlp,v = 282 rad/s.
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Fig. 6.27 DC bus voltageV31 for the main DC/DC converter at a step in the power with integral
part usingωlp,v = 282 rad/s.

of the integral part for the controller is used as shown in Figs. 6.25 and 6.27. Finally, in
Table. 6.1, the control parameters for the converters are shown.

6.3.3 Evaluation of the Controller

Evaluation for Normal Operating Conditions

For evaluating the controllers for operation in normal windfarm conditions, the input
wind speed shown in Fig. 6.2 is used. It is also assumed that the same wind speed hits
all turbines. In the real case, different wind speeds for thedifferent turbines will result
in smaller variations in the total input current for the mainconverter. The simulations are
made both with and without integral part for the voltage controllers. The resulting current
from one radial is shown in Fig. 6.28.
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6.3. Control of the DC/DC Converters

Table 6.1: Control parameters for the converters.

Current control Voltage control

Kp,c Ki,c ωlp,c Kp,v Ki,v ωlp,v C

Main conv. 106 100 707 rad/s 2.27 16 283 rad/s 16 mF

Turbine conv. 106 100 707 rad/s 21.5 152 283 rad/s 152 mF
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Fig. 6.28 Output currenti22 from radial 2 during normal operation.

Here, it can be seen that the current is basically the same, the small variations are de-
pending on the different voltage levels since the power is the same. The current from one
turbine is 10 % of the current from the radial.

Looking at the voltageV11 for the DC link in the turbine, the resulting voltage is shown
in Fig. 6.29. Here, it can be seen that without the integral part, there are variations in the
DC link voltage. However, the voltage stays within the limited 5 % from the rated voltage
(below 1.575 kV).

In the same way, the voltage for the internal bus, controlledby the main DC/DC converter
is shown in Fig. 6.30. Here, the voltageV31 at the main converter is shown as well as the
output voltageV2 at turbines 5 and 10.

Here, it can be seen that the voltageV31, controlled by the main converter, varies depend-
ing on the current if no integral part is used. Adding the integral part eliminates these
variations. The voltages at the turbines are slightly larger than the voltage at the main
converter, due to the voltage drop in the cable. The further out the turbine is, the larger
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Fig. 6.29 VoltageV11 for the DC link in a turbine during normal operation.
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Fig. 6.30 VoltagesV2 andV31 for the DC bus during normal operation.

is the voltage drop in the cable. However, this voltage drop is below 200 V for the last
turbine in the radial and is then just 0.5 % of the rated voltage.

Possible Improvements of the Controller

For the voltage controller to be stable and keep the voltage variations within 5 % from the
reference value, it has been shown in this section that largecapacitors are needed; 16 mF
for the internal DC bus in the wind farm and 152 mF for the DC link in the wind turbine
with the stored energy of 74 ms of transferred rated power. These values can be lowered
by increasing the bandwidth of the controller, but then the stability margin is decreased.

The control has been designed without communication between the sources and the load
converter controlling the voltage for a DC link. Using communication within the wind
farm and then introducing a possible feed forward between the sources and the load con-
verter can reduce the needed capacitances for the DC links.
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6.3. Control of the DC/DC Converters

As stated previously, the aim of the controller is to limit the voltage within 5 % from
the reference value. Assume a feed forward of the current from the sources to the load,
the DC link capacitance must be designed to store the excess power during the delay be-
fore the load converter has followed a change in the input power. This delay time∆t, is
the sum of the delay for the communication∆tcom and the time constant for the closed
loop current controller∆tcont as

∆t = ∆tcom + ∆tcont. (6.53)

As seen previously, the closed loop bandwidth of the currentcontroller isωn,c = 500 rad/s,
giving a rise time of less than 3 ms as shown in Fig. 6.19.

To determine the capacitance needed, the worst case is considered where the input power
changes instantly from almost zero to full power. Before theincrease, the DC link has the
nominal voltageVn and the nominal stored energyWn, and the relation is depending on
the value of the capacitanceC as

Wn =
1

2
CV 2

n . (6.54)

During the time∆t before the power flow in the load has increased, the excess energy
∆W is accumulated in the DC link capacitance. This excess energy can be expressed us-
ing the nominal powerPn as

∆W = Pn∆t. (6.55)

The total energyWtot can then be expressed as

Wtot = Wn + ∆W =
1

2
CV 2

n + Pn∆t =
1

2
CV 2

tot. (6.56)

Eliminating the value of the capacitance gives

C =
2Pn∆t

V 2
tot − V 2

n

. (6.57)

Assuming thatVtot is 5 % aboveVn, the value of the capacitanceC can be calculated
as a function of the delay time for the communication∆tcom. The results are shown in
Fig. 6.31.

Here, it can be seen that the DC link capacitance for each turbine is larger than for the DC
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Fig. 6.31 Required value of the DC link capacitancesC1 for the wind turbine andC3 for the DC
bus as a function of the communication delay.

bus. In Table 6.2, the needed DC link capacitances are shown as a function of the com-
munication delay. Also, the values for the needed capacitance without communication is
shown. Here, it can be seen that a fast control can reduce the needed capacitance signifi-

Table 6.2: Required value of the DC link capacitancesC1 for the wind turbine andC3 for
the DC bus as a function of the communication delay.

∆tcom C1 C3

1 ms 80 mF 8.4 mF

5 ms 160 mF 16.8 mF

10 ms 260 mF 27.2 mF

no comm. 152 mF 16 mF

cantly. If the communication is faster than 4.5 ms, the capacitance can be lower than for
the case without communication between the sources and the load converter.

There is also a possibility to reduce the required DC link capacitance by using the in-
tegral part of the controller. As seen in Figs. 6.25 and 6.27,an integral part reduces the
steady state voltage deviations but the peak voltage is still high. One possibility to reduce
the DC link capacitance is to temporarily allow peak voltages up to 10 % above the refer-
ence value during very fast variations in the input power. Ifalso the variations in the input
power from the wind turbines are limited, the peaks in the voltage are eliminated and the
value of the capacitor can be further reduced. Another option can also be to have a breaker
resistance to reduce peak over voltages. However, it shouldbe noted that the integral part
of the controller is suitable when just one converter controls the voltage of the DC link. If
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6.3. Control of the DC/DC Converters

instead the power flow is limited for the HVDC link and the windturbines must control
the power for the DC bus, it is more complicated to use an integral part for the controller.

Large Signal Stability for the DC Bus

For distributed converters supplying a constant load, the large signal stability is shown
in [16, 58, 60], and a simplified figure of the system with one load is seen in Fig. 6.32.

Vs Vcap

+

-

+

-

iL

RL

i0=P0/VcapC

Fig. 6.32 Circuit used in the derivation of the large signal analysis.

In this circuit, a constant voltage sourceVs is connected to a DC bus with an input induc-
tanceL and resistanceR in series and then a shunt capacitanceC supplying a constant
loadP0. As shown in [58], the equilibrium point for the circuit is found using the state
equations

dVcap

dt
= 1

C

(

iL − P0

Vcap

)

(6.58)

diL
dt

= 1
L

(Vs − RiL − Vcap) . (6.59)

Using these equations and eliminating the state variablesiL andVcap, the result is

Vcap = Vs

2
±

√

Vs

2

2 − RP0 (6.60)

IL = P0

Vcap
. (6.61)

Here, the operating point is real ifRP0 is small enough, leading to the upper limit of R as

R <
V 2

cap

4P0

. (6.62)

In [58], a safety factor of two is inserted, giving a resulting limit for the resistance as

R <
V 2

cap

8P0

. (6.63)
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Also, a lower limit of the value for the resistance is found in[58] using the mixed potential
criterion. Using the circuit shown in Fig. 6.32, the lower limit for the resistance, as shown
in [16, 58], is given by

R >

√

L

C
. (6.64)

For the case with the DC grid for the wind farm, a single turbine connected to the main
converter is considered. Instead of a constant power load asthe case shown in Fig. 6.32,
the turbine can be seen as a constant power source. Since the current in the output induc-
tance is controlled for each wind turbine DC/DC converter, it can be seen as a current
source. Further, the turbine is connected to the output capacitance and then connected by
the DC bus to the main capacitance. However, since the voltage at the input capacitance to
the main converter is voltage controlled, it can be assumed to be a constant voltage source.

Comparing the circuit in Fig. 6.32 to the DC grid in the wind farm, shown in Fig. 6.33,
the same circuit can be used if the powerP0 is negative. Then assuming that the output
current from the wind turbine DC/DC converteri12 is the same asi0, the capacitorC has
the valueC21 and the cable parametersR andL are equal toR2 andL2. Further, the volt-
ageVs is the input voltageV31 for the main converter.
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Fig. 6.33 The equivalent circuit of the internal DC grid.

Starting with the upper limit for the cable resistance, it was originating from the real state
condition for the voltagev as

Vcap =
Vs

2
±

√

Vs

2

2

− RP0. (6.65)
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However, for the DC grid system, the powerP0 is negative, and therefore the voltageVcap

is real for all values of the cable resistanceR.

Continuing with the lower limit of the cable resistance, it is given by

R >

√

L

C
. (6.66)

The resistance in the radial from a turbine to the main converter is depending on the lo-
cation of the turbine in the radial. Here it is assumed that there is 500 m between each
turbine and 1000 m between the first turbine and the main converter. For the first turbine in
the radial, the resistance is just 48 mΩ, while the resistance for the last turbine is 650 mΩ.
Also, the inductance varies between 170 nF and 695 nF. Looking at one turbine that each
have an output capacitance of 100µF, the minimum value for the cable resistance is for
the first turbine

R >

√

L

C
=

√

170 · 10−9

100 · 10−6
= 41mΩ, (6.67)

and for the last turbine

R >

√

L

C
=

√

695 · 10−9

100 · 10−6
= 83mΩ, (6.68)

Here, it can be seen that the cable resistance is large enoughfor both the first and the last
turbine.

6.4 Experimental Verification of the Control

The design of the controllers for the DC/DC converters in thewind farm is here verified
using the down scaled experimental setup presented in Section 3.4. The aim is to design
a controller for the experimental setup and verify the simulations against measurements.
Using state-space averaging of the switching period for theconverter shown in Fig. 3.14,
the simplified circuit shown in Fig. 6.34 is obtained.

In the simplified circuit, the input voltage source and capacitanceCin is replaced with the
ideal voltage sourceVin. Further, the leakage inductance for the transformer is neglected.

The controller of the circuit is designed in the same way as the controller for the full-
scale converter with an outer voltage control and an inner current control loop as shown
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Fig. 6.34 Simplified circuit for the experimental converterusing state space averaging.

in Section. 6.3.1. Looking at Fig. 6.34, the load voltageVload is controlled by controlling
the current that is charging/discharging the capacitanceC. The output from the current
controller is the reference value for the filter currentiF , which is controlled by the inner
current control loop. Since the current control loop determines the conditions for the volt-
age controller, the design of the current controller will bedetermined first.

Using the voltageVload across the load resistance and the input voltage on the secondary
side of the H-bridgeVin,D, the current can be expressed as

DV = Vin,D − Vload = iF RF + LF

diF
dt

. (6.69)

The transfer function fromDV to iF can then be expressed as

iF = DV
1

LF s + RF

. (6.70)

Using a closed loop control of the output voltageVload with a low pass filter for the mea-
sured signal, the resulting control system is shown in Fig. 6.35.

iF,ref

Kp,c+
-

DVref

Gconv,c(s) 1/(LFs+RF)
iF

Glpc(s)

DV

Fig. 6.35 Closed loop control system for control of the filtercurrentiF .
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The input value to the controller is the reference valueiF,ref for the filter current. Sub-
tracting the measured filter current, passed through a low pass filter, gives the error signal
that is the input to the controller. The low pass filterGlpc(s) has the transfer function

Glpc(s) =
ωlp,c

s + ωlp,c

. (6.71)

The transfer function for the closed loop controlGcl,c(s), from the reference currentiF,ref

to the actual filter currentiF is given by

Gcl,c(s) =
(s + ωlp,c)(Kp,c/LF )

s2 + s(ωlp,c + RF

LF
) +

ωlp,c

LF
(Kp,c + RF )

. (6.72)

For the transfer functionGcl,c, the characteristic polynomialp(s) is given as

p(s) = s2 + s(ωlp,c +
RF

LF

) +
ωlp,c

LF

(Kp,c + RF ). (6.73)

Assuming a bandwidth ofωn,c and a damping ofζ , the characteristic polynomial can be
expressed as

p(s) = s2 + s2ωn,cζ + ω2
n,c. (6.74)

Identifying the coefficients gives an expression for the control parameterKp,c depending
on the chosen dampingζ , the control parameters are given by

ωlp,c = 2ωn,cζ −
RF

LF

(6.75)

and

Kp,c =
ω2

n,cLF

ωlp,c

− RF . (6.76)

Assumingζ = 1/
√

2 andωn,c = 500 rad/s (the same bandwidth as for the current control
for the full scale converter), the control variables are given by

ωlp,c = 2ωn,cζ −
RF

LF

=
2 · 500√

2
−

0.05

0.02
= 705rad/s, (6.77)

and

Kp,c =
ω2

n,cLF

ωlp,c

− RF =
5002 · 0.02

705
− 0.05 = 7.04. (6.78)
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As seen in Fig. 6.35 the transfer functionGconv,c(s) models the dynamics of the converter
from the reference signal of the applied voltage to the real voltage for the output of the
converter. Assuming both an ideal converter and a converterthat can be approximated by
a time delay of 1 ms, the resulting step response for the current control can be seen in
Fig. 6.36.
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Fig. 6.36 Step response for the current controller for the experimental converter.

Continuing with the voltage controller, the voltage acrossthe capacitanceC can be ex-
pressed as

C
dVload

dt
= icap = iF − iload, (6.79)

which gives the transfer function

Vload =
icap

sC
. (6.80)

The closed loop controller for the voltage is seen in Fig. 6.37.

In the same way as for the current controller, the low pass filter Glpv(s) has the transfer
function

Glpv(s) =
ωlp,v

s + ωlp,v

. (6.81)

The transfer function for the closed loop controlGcl,v(s), from the reference voltage
Vload,ref to the actual load voltageVload is given by

Gcl,v(s) =
(s + ωlp,v)(Kp,v/C)

s2 + sωlp,v +
ωlp,vKp,v

C

(6.82)
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Vload,ref

Kp,v+
-

icap,ref

Gconv,v(s) 1/(Cs)
Vload

Glpv(s)

icap

Fig. 6.37 Closed loop control system for control of the load voltageVload.

For the transfer functionGcl,v, the characteristic polynomialp(s) is given as

p(s) = s2 + sωlp,v +
ωlp,vKp,v

C
. (6.83)

Assuming a bandwidth ofωn,v and a damping ofζ , the characteristic polynomial can be
expressed as

p(s) = s2 + s2ωn,vζ + ω2
n,v. (6.84)

Identifying the coefficients gives an expression for the control parameterKp,v and the
bandwidth of the low pass filterωlp,v depending on the chosen dampingζ , and the band-
width ωn,v of the closed loop controller, the control parameters are given by

ωlp,v = 2ωn,vζ, (6.85)

Kp,v =
ωn,vC

ωlp,v

. (6.86)

Choosing the dampingζ = 1/
√

2 and the bandwidthωlp,v = 200 rad/s, the resulting control
parameters are

ωlp,v = 2ωn,vζ = 2 · 200/
√

2 = 283rad/s, (6.87)

Kp,v =
ωn,vC

ωlp,v

=
200 · 3.3 · 10−3

283
= 0.47. (6.88)
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The resulting step response is shown in Fig. 6.38, assuming both an ideal transfer function
for the converterGconv,v and thatGconv,v is a low pass filter with the same bandwidth as
the current controllerωn,c = 500 rad/s.
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Fig. 6.38 Step response for the voltage controller for the experimental converter.

The closed loop voltage control for the converter is implemented both in PSCAD/EMTDC,
using a similar model as for the full-scale converter, and for the experimental setup. The
resulting voltage and current waveforms in the case of a stepin the reference voltage
from 30 V to 70 V are seen in Figs. 6.39 and 6.40. Here, it can be seen that there is a good
agreement between the simulated model and the experimentalconverter.
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Fig. 6.39 Simulated and measured load voltage at a step in thereference voltage.

Comparing the measured and simulated waveforms is made in Fig. 6.41.
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Fig. 6.40 Simulated and measured load current and filter current at a step in the reference voltage.
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Fig. 6.41 Comparison of simulated and measured voltages andcurrents at a step in the reference
voltage.

6.5 Startup of the Wind Farm

For the startup of the wind farm with an internal DC grid, the startup of the turbine must
be considered as well as the startup of the whole wind farm andenergizing the internal
grid. One important issue for the start of the system using aninternal DC grid is if the
DC/DC converters are unidirectional or bidirectional. Here, the DC/DC converters are
unidirectional and consequently power can just be transferred from the turbines to the
HVDC connection and not the other way. Therefore, the DC linkin the turbine must be
energized from the generator and the internal DC bus in the wind farm must be energized
from the turbines. For starting the wind turbines, some additional energy source is needed
to change the pitch angle for the blades and magnetize the generator. This can either be
an energy storage in the turbine, or an auxiliary power supply from the HVDC cable since
the grid side HVDC converter is bidirectional. The rated DC link voltage in the turbine is
1.5 kV during normal operation, but during startup it is favorable if the DC-link voltage
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can be lower since the auxiliary voltage source then can havea lower voltage. Here, an
auxiliary 500 V power supply is assumed with enough energy tochange the pitch angle as
well as to magnetize the generator. When simulating start ofa turbine and the whole wind
farm, the switching model in PSCAD/EMTDC must be used since the simple models do
not consider the limitations of the DC/DC converters.

6.5.1 Startup of a Turbine

The first case that is considered is the startup of a single turbine. Then, the wind farm is
already in operation and the turbine should connect to the DCbus that has its nominal
voltage.
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(c) Electrical power from the generator.
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(d) Rotor flux.

Fig. 6.42 Rotational speed, voltage, power and rotor flux during the startup of a single turbine.

For the startup of a single turbine, the waveforms are plotted in Figs. 6.42-6.44. When
the turbine is started, the rotor is unlocked and the wind gives a torque that is accelerat-
ing the rotor. The pitch angle is then decreased as seen in Fig. 6.43 (a) when the turbine
accelerates to give as high torque as possible according to theCp curve as described in
Section 5.3.1. During the same time as the turbine accelerates, the flux is built up in the
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Fig. 6.43 Pitch angle and power coefficient during the startup of a single turbine.
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(b) Mechanical torque.

Fig. 6.44 Torque during the startup of a single turbine.

turbine as seen in Fig. 6.42 (d). It can be seen in Fig. 6.42 (a)that the time for the turbine
to accelerate to the rated speed depends on the wind speed. For high wind speeds there
is more energy available in the wind and the rotor will accelerate faster. The time for the
rotor to accelerate depends on the mechanical properties ofthe wind turbine. It should
also be noted that for high wind speeds (here 12 m/s), the pitch angleβ is decreased with
a limited rate to give a smooth startup.

During the acceleration of the turbine, the electrical output power is low and is first of all
used to increase the voltage for the DC link in the wind turbine as shown in Fig. 6.42 (b).
When the DC link voltage has reached the rated value, the DC/DC converter is turned on
in order to control the DC link voltage as described in Section 6.3.1. When the speed has
increased to the rated speed, the turbine should be kept at that speed by braking the turbine
with the electrical torque. The torque control of the turbine described in Section 6.2.1 is
then used. It is shown in Fig. 6.44 (a) that the electrical torque is increased at this point
and eventually stays at the same level as the mechanical torque shown in Fig. 6.44 (b) to
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Chapter 6. Control of the Wind Farm with a DC Collection Grid

keep the rotational speed constant. It should be noted that for the wind speed 12 m/s the
available electrical torque is not enough to brake the mechanical torque using the pitch
angle that gives the highest mechanical torque. Therefore,the pitch angle has to be in-
creased both to stop the acceleration and also to keep the speed at steady state operation
as seen in Fig. 6.43 (a), resulting in a lower power coefficient as shown in Fig. 6.43 (b).
This is also the reason for the overshoot in the speed shown inFig. 6.42 (a) for 12 m/s. For
the cases with lower power, the electrical torque is increased to brake the turbine, while
the pitch angle has to be used for wind speed 12 m/s. The control of the pitch angle is
slower and is not started until the speed has increased abovethe rated speed, resulting in
the overshoot in the rotational speed.

6.5.2 Startup of the Wind Farm

During the startup of the whole wind farm, the internal DC busand the input capacitor
to the main DC/DC converter must be energized. As mentioned earlier, the DC/DC con-
verters have unidirectional power flow and the DC link must therefore be energized from
the turbines. As seen in the design of the wind farm, the main capacitances for the DC
link are the input capacitor for the main converter as well asthe output capacitors for the
converters in the wind turbines.

When starting the wind farm, either just a few turbines can start and energize the inter-
nal DC bus and the input capacitor of the main converter, or a larger number of turbines
can start at the same time. Here, both options will be considered. First the case where
just a few wind turbines are started, where the number of turbines are depending on the
wind speed, and then the case when all wind turbines in the grid are started almost simul-
taneously. However, when starting just a few turbines, the limitation for the number of
turbines is that the power in the wind farm should be enough tomake the main converter
work properly. To obtain continuous conduction for the mainconverter, 24 turbines at
wind speed 4 m/s are used. The resulting power at this operating point is then 2.6 % of the
rated power of the converter (when all turbines are operating at the rated power). Having
a lower power level, the control of the converter will not have the same performance and
the losses will be high compared to the transferred power. The needed number of turbines
operating at start of the wind farm will be 24 for wind speed 4 m/s, 3 for 8 m/s and 2 for
12 m/s. In Fig. 6.45, the waveforms during startup is shown for all three cases. For the
cases with 2 and 3 turbines, it is assumed that these turbinesare in different radials. The
turbine for which the waveforms are shown in Fig. 6.45 is the last turbine in a radial with
10 turbines. For the case with wind speed 4 m/s, the waveformsare shown for the same
turbine and it is assumed that 4 additional turbines are started in that radial.

At the start of the wind farm, each turbine will be started in the way described for the
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(b) Output currenti12 from the turbine.
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0 5 10 15

0

20

40

60

80

Time [s]
C

ur
re

nt
 i 32

 [A
]

 

 
4 m/s
8 m/s
12 m/s

(d) Output currenti32 from the main converter.

Fig. 6.45 Waveforms for startup of a wind farm at 12 m/s, 8 m/s and 4 m/s using 2, 3 and 24
turbines respectively.

startup of a single turbine by releasing the rotor and pitching the blades to accelerate the
turbine. During the acceleration of the turbine, the DC linkvoltageV11 in the turbine is
increased as shown for the startup of a turbine. At the same time, the DC/DC converter
in the wind turbine is turned on and also the DC bus is charged as seen in Fig. 6.45 (a).
When the rated voltage is reached for the DC bus, the main DC/DC converter is turned on
and the excess power is fed to the HVDC connection as seen in Fig. 6.45 (d).

Another option for the turn on of the wind farm is to start all turbines more or less si-
multaneously as shown in Fig. 6.46. Here, the results are shown when all turbines are
started evenly distributed within 2 seconds.

As seen in the figure, the start of the wind farms works in the same way as for the case
with a lower number of turbines shown in Fig. 6.45. The difference between the cases is
the higher total current for the main converter in Figs. 6.46(c) and (d). Also, the DC link
voltage shown in Fig. 6.46 (a) increases faster due to the larger number of turbines.
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Fig. 6.46 Waveforms for startup of a wind farm at 12 m/s, 8 m/s and 4 m/s using all turbines.

6.6 Summary

In this chapter, the control of the wind farm has been investigated. For the wind turbines,
the control method was obtained and it was shown that the reference speed and power
could be followed closely. For the control of DC/DC converters, the design was based
on the assumptions of no communication and no limitations for the power variations.
Given the maximum voltage variations of 5 % and the switchingfrequency 1 kHz, the
needed DC link capacitance for stable operation is 16 mF for the DC collection bus and
152 mF for the DC link in the turbine. This corresponds to an energy storage of 74 ms of
transferred rated power. The control method for the DC/DC converters was verified using
a down scaled experimental setup. Also, it was shown that thewind farm can be started
using auxiliary power sources of 500 V in the turbines.
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Chapter 7

Evaluation of Fault Condition Handling

7.1 Introduction

In the previous chapters, the wind farm with a DC collection grid has been designed, a
dynamic model has been obtained and the control of the systemhas been determined dur-
ing normal operating conditions. However, also the fault handling of the wind farm must
be considered including the required protection devices.

Due to the increase of the wind power penetration, the requirements on the operational
behavior of wind farms from the main grid side has during the last years been reinforced.
The wind farm should be able to stay connected during shortergrid faults (the fault ride
through properties) [7], and it is also an aim that the consequences for the main grid
due to internal faults should be minimized. Further, it is desirable that the wind farm can
support the main grid [7]. Compared to a wind farm with an AC connection, the HVDC
connection allows asynchronous operation of the internal wind turbine grid, eliminating
the propagation of some faults between the grids [8].

In this chapter, the fault ride through properties for the wind farm with an internal DC
grid are studied as well as the handling of internal faults inthe wind farm. For the op-
eration during faulted conditions, the time constants for the occurrence of the fault, the
detection and the clearing of the fault are very short from a general wind turbine opera-
tion point of view. Therefore, a simplified model of the wind turbine can be used since the
operating conditions for the wind turbine can be assumed to be constant during the fault.

7.2 Fault Ride Through Operation during External Faults

Even though an HVDC connection for a wind farm or a full power converter for a wind
turbine decouples the generators from the grid, the ride through properties are still im-
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portant [8, 61]. When a fault in the external grid occurs, thepower transmitted from the
HVDC connection is lowered and in the worst case stopped [61]. Consequently, the power
produced in the wind turbines must be dissipated somewhere.Since the requirement from
the grid is that the wind farm should not disconnect during the fault, the wind turbines can
not be shut down since there is a significant time delay when the turbines are to be turned
on again.

The fault ride through properties of a wind farm with an internal AC grid connected by a
VSC HVDC connection have been studied in [6, 7, 62]. For a drastically reduced power
transmission capability to the main grid for a VSC HVDC connected to a wind farm, there
are two methods to avoid tripping of the wind farm and preventan over voltage [6]. Either
the wind turbines can reduce their output power, or a breakerresistance can be used at the
input of the inverting VSC towards the grid. Using a breaker resistance at the HVDC link
is the most robust solution and the wind farm will continue tooperate at normal operation
during grid faults. Since the DC collection grid will not be affected using this option, it
will not be investigated here. Instead, the option of dissipating the power in the turbines
will be investigated further. Using this solution, the firststep is to detect the fault, which
can be done by detecting an over voltage at the HVDC connection. Then, the power flow
in the wind farm has to be stopped which, depending on the capacitance for the convert-
ers, has to be done within 5 to 10 ms [6]. Normally, the protection level for a fault is set to
30 % over voltage [6]. When the fault has been detected, thereare several different ways
to reduce the output power. One solution is to use a breaker resistance to dissipate the
power in the wind turbine [61, 63, 64]. Another possibility is to stop the power transfer
from the turbine and let the excess energy be stored as rotational energy. In this case,
the voltage control for the DC link in the turbine is done by the generator side converter
instead of the grid side converter in the wind turbine [61]. Over speed is then prevented
by pitching the blades.

The focus in this study will be on the behavior of the internalDC grid during a grid
fault, including both DC/DC converters and the HVDC connection. Also, the detection
and clearing of the fault will be investigated as well as the reconnection of the wind farm.
In the occasion of a grid fault, the disconnection and the reconnection are assumed to be
the same and not depending on the length of the fault, and are therefore treated as two
different occasions. The length of the fault determines thedimensioning of the breaker re-
sistance. If the fault is longer than the required time for fault ride through, the turbines are
shut down. Here, the case where the output power is completely stopped is investigated to
show the performance and the limitations of the DC system. However, if the power flow is
just limited and not stopped, the control of the voltage at the DC bus is instead achieved by
the wind turbine DC/DC converters while the main DC/DC converter towards the HVDC
link is controlling its output power depending on the outputpower towards the main grid.
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7.2. Fault Ride Through Operation during External Faults

7.2.1 Fault Detection for the HVDC Link

When the fault occurs in the connecting main grid, the gride side VSC for the HVDC link
shown in Fig. 7.1 detects the grid fault and reduces the powerto the grid. Here, the worst
case is considered where the wind turbines are running at full power and the power de-
livery to the grid is stopped completely. The resulting voltage for the HVDC connection
will then depend on the capacitance for the HVDC link and alsothe time delay until the
fault is detected by the main converter and the power to the HVDC link is stopped.
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Fig. 7.1 The equivalent circuit of the HVDC link.

The detection of the fault can be done either by communication between the gride side
VSC and the main DC/DC converter connected to the wind farm orby measuring the volt-
age level at the main converter. If the voltageV4 at the main converter should be measured,
it should be noted that the voltage along the cable is different due to the cable parameters
and depends on the length of the cable. Assuming that the overvoltage is detected at the
output of the main converter when the output voltage is increased 10 % from the reference
value, the resulting voltage waveforms along the cable can be seen in Fig. 7.2 for different
values of the total HVDC link capacitance (C41 + C42), and the current waveforms can be
seen in Fig. 7.3. In this case, the length of the HVDC link is 40km and the model of the
HVDC connection consists of 8 connectedπ-models of 5 km each.

Normally, the DC link capacitance in an HVDC connection has astored energy of 2 ms
transferred power [65]. In this case, the resulting capacitance will be 26µF distributed to
two capacitors, one in each end of the cable. It can be seen that if the requirement for the
HVDC link is that the main converter in the wind farm should beable to detect the fault at
10 % (143 kV) over voltage and then stop the power flow without having an over voltage
of more then 30 % (169 kV) at the grid side VSC, the required DC link capacitance is
50 µF. However, to have some safety margin and allow a possible delay in the detection
of the over voltage, a suitable value for the DC link capacitor is 100µF, distributed with
50 µF in each end of the HVDC link. It should also be noted that in the case of a longer
cable, the delay between the rise of the voltage at the grid side converter and the detec-
tion of the over voltage at the main converter would be longerand the required DC link
capacitance will be increased.
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(a) DC link capacitance 26µF.
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(b) DC link capacitance 50µF.
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(c) DC link capacitance 100µF.
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(d) DC link capacitance 200µF.

Fig. 7.2 Voltage at the HVDC link at a fault in the main grid fordifferent DC link capacitances.

From Fig. 7.3, it can be seen that from the point when the powerflow is stopped in the
IGBTs of the DC/DC converter connected to the wind farm, there is a certain time before
the currenti32 in the inductanceL3 has decreased to zero. The reason for this is the time to
reduce the current in the inductance from the value at full load to zero. Having the voltage
Vn = 130 kV and the currentIn = 850 A at normal operation, the time∆tL required for
the decrease of the current can be calculated as

∆tL =
L3

Vn

In =
0.3

130 · 103
850 ≈ 2ms. (7.1)

This energy limits the minimum value of the capacitance for the HVDC link. Even if the
main converter in the wind farm is turned off instantaneously when the fault has been
detected by the grid side converter, there is a certain capacitance needed for limiting the
over voltage.

Using telecommunication between the grid side converter and the main converter, there
is also a delay between the detection of the fault by the grid side converter and the main
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(b) DC link capacitance 50µF.
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(c) DC link capacitance 100µF.
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(d) DC link capacitance 200µF.

Fig. 7.3 Current in the HVDC link at a fault in the main grid fordifferent DC link capacitances.

converter. However, this delay is not as dependent on the length of the HVDC link. Know-
ing the delay in the communication, the required DC link capacitance can be calculated.
It should also be noted that there are oscillations in the over voltage and having a steady-
state over voltage of 20 % will give larger peak voltages due to oscillations, especially at
low value of the DC link capacitance. Here the required capacitance is calculated based on
a steady-state over voltage of 10 %, 20 % and 30 %. During the delay time∆t, the energy
∆W is accumulated in the DC link capacitance. This accumulatedenergy is calculated
using the power flowPWF from the wind farm as

∆W = PWF∆t. (7.2)

The energy stored in the capacitances before the faultWn is calculated using the voltage
Vn at the HVDC link at normal operation as

Wn =
1

2
CV 2

n . (7.3)

It should also be noted that there is some energy stored in theoutput inductanceL3 of the
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main converter. This energyWL can be expressed as

WL =
1

2
L3I

2
n. (7.4)

The energy stored in the capacitors after the faultWtot is then the sum of the energyWn

before the fault, the energy∆W accumulated during the fault and the energyWL stored
in the inductance. The total energy can be expressed as a function of the total voltage after
the faultVtot as

Wtot = ∆W + Wn + WL =
1

2
CV 2

tot. (7.5)

Inserting the expressions for∆W , Wn andWL and eliminating the capacitance C gives

C =
L3I

2
n + 2PWF∆t

V 2
tot − V 2

n

. (7.6)

Assuming that the wind farm is operating at full power,PWF = 110 MW,Vn = 130 kV
andIn = 850 A. Further, for the possible increase in the voltage of 10 %, 20 % and 30 %,
the required value of the DC link capacitance as a function ofthe time delay can be seen
in Fig. 7.4.
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Fig. 7.4 Required DC link capacitance for the HVDC link as a function of the time delay in the
communication at a grid fault.

As seen in the figure, the needed capacitance is increased with the time delay for the com-
munication. Assuming that the time delay for the telecommunication is at least 5 ms, the
required DC link capacitance is 372µF, 177µF and 110µF respectively for the over volt-
ages 10 %, 20 % and 30 %. Without communication, the required capacitance is 100µF
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so there is no benefit having a telecommunication between theterminals. In the case of a
faster communication, the required capacitance can be decreased. Also, in the case of a
very long cable, telecommunication between the terminals might give a faster detection
of the voltage. In that case, the required capacitance for the DC link is depending on the
time delay as shown in Fig.7.4.

Further, there are other solutions for fault ride through than those stated above. In [6],
it is stated that a small breaking resistor can improve the performance during grid faults.
Using a small breaking resistor, some of the excess power canbe dissipated at the inverter
end of the HVDC link and the required capacitance can then be reduced.

7.2.2 Fault Handling for the Internal DC bus

The first step when the power flow to the HVDC link should be stopped in the case of
a grid fault is to stop the power in the DC/DC converter connecting the wind farm and
the HVDC link, as described in the previous section. After the main DC/DC converter
has been turned off, the voltage at the internal DC bus is increasing, since power is still
delivered from the turbines. In the same way as for the main converter, the power from
the turbines can be turned off either when an over voltage is detected at the connection
to the DC bus or when a fault signal is received from the main converter. For the DC
bus, the value of the capacitance is given by the control of the voltage level as shown in
Section 6.3.2 and is in total 16 mF.

In a similar way as for the HVDC link, there is a connection between the over voltage
and the time delay for turn off of the power from the turbines.Assuming a steady state
voltageVn, the total over voltageVtot, the total output powerPWF from the turbines and
the capacitance C, the allowed time delay∆t can be calculated as

∆t =
C(V 2

tot − V 2
n )

2PWF

. (7.7)

For the output powerPWF = 110 MW and the voltageVn = 32 kV, the resulting time
delays are 15.6 ms, 32.8 ms and 51.4 ms respectively for the allowed over voltages 10 %,
20 % and 30 %. Just as for the main converter, there is a finite time∆tL for the output
current in the wind turbine converter to decrease to zero, which is calculated as

∆tL =
L1

Vn

In =
0.3

32 · 103
72 ≈ 0.7ms. (7.8)

Here, it can be seen that the time for the current to reach zerois considerably shorter than
the allowed delay time, and there should not be any difficulties to stop the power flow
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within the allowed time to limit the power level. Here, it is assumed that each turbine
stops the output power in the DC/DC converter when an over voltage of 10 % (35.2 kV)
is detected. In Fig. 7.5, the voltages and currents for the turbines in a radial are shown.
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(b) Currents from the turbines.

Fig. 7.5 Voltage and current for the turbines during a grid fault.

Here, it can be seen that the increase in the voltage level is relatively slow and the peak
over voltage is just slightly above 35.2 kV at which the over voltage is detected.

7.2.3 Reconnection of the Wind Farm

When the fault is cleared, the inverter towards the grid can start to transmit power again
and should resume the output power before the fault as fast aspossible. The first step in
the reconnection is for the main DC/DC converter in the wind farm to detect the clearing
of the fault and start transferring power, and then also the wind turbine DC/DC converters
need to detect the fault clearing and start the power transfer. In the same way as when the
fault is detected, the detection of the clearing of the faultcan be made either by measuring
the voltage level or by communication between the converters. Assume that there is no
communication available, the voltage for the DC link must decrease for the main DC/DC
converter in the wind farm to detect the clearing of the fault. In Fig. 7.6, the current at the
HVDC link can be seen during the clearing of the fault and in Fig. 7.7, the voltage at the
DC bus can be seen.

The fault is cleared at t = 5 ms and the initial current is depending on the control of the
grid side VSC. Here, it is assumed that the grid side invertercontrols the voltage at the
HVDC link and the resulting current in Fig. 7.6 (b) is then thecurrent needed for the
reduction of the DC link voltage to the nominal value with a reasonable slope as seen
in Fig. 7.7 (b). When the voltage is decreased, there are someoscillations and the over
voltage protection for the main converter should be temporarily disabled not to detect a
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(b) Zoomed figure.

Fig. 7.6 Current at the HVDC link during the reconnection after a grid fault.
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(b) Zoomed figure.

Fig. 7.7 Voltage at the HVDC link during the reconnection after a grid fault.

new fault at the oscillations following the reconnection.

At t = 9 ms (4 ms after the clearing of the fault) the voltage hasreached the value 132 kV
at which the fault is detected as cleared by the main converter. Then, the main converter
is turned on and the current is increased to the nominal value850 A within 5 ms after the
turn on of the converter (at t = 14 ms). Then, there is an overshoot in the current when
the main converter decreases the over voltage at the internal DC bus, and at t = 70 ms, the
steady state value is reached.

In [7], it is stated that the German and Irish grid codes allows the power from the wind
farm to drop during a grid fault, but the output power must recover to 90 % of the avail-
able power within one second. Further, it is stated in [66] that in the English grid codes for
offshore generation, the wind farm should recover to 90 % of the pre fault value within 0.5
seconds after the fault has been cleared. Consequently, since the full power is available
after 14 ms of the clearing of the fault and the steady state condition has been reached

115



Chapter 7. Evaluation of Fault Condition Handling

within 70 ms, the grid code can be followed also when the excess energy is dissipated in
the turbines during a grid fault.

Continuing with the reconnection of the internal DC bus, thecurrent from all turbines
in a radial can be seen in Fig. 7.8 and the voltage at the turbines in a radial can be seen in
Fig. 7.9.
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(b) Zoomed figure.

Fig. 7.8 Current from the turbines in a radial during the reconnection after a grid fault.
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Fig. 7.9 Voltage at the connection of the turbines to the radial during the reconnection after a grid
fault.

When the main converter has been turned on, the voltage for the internal DC bus is de-
creased as seen in Fig. 7.9 (b). At t = 18 ms (approx. 9 ms after the main converter was
turned on), the voltage has decreased to 33 kV and the clearing of the fault is detected
by the turbines. Then, the current in the turbines is increased during 4 ms and there is
an overshoot before the current reached the steady state value at t = 70 ms. Looking at
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7.3. Internal Faults in the Wind Farm

the voltage in the radial, there is an overshoot when the turbines are reconnected as seen
in Fig. 7.9 (a). Then, due to the integral part of the voltage controller, the voltage will
eventually reach the steady state voltage 32 kV.

7.3 Internal Faults in the Wind Farm

For a multi-terminal DC system, fault detection and finding the location of a fault are
critical issues. The availability of a wind farm with an internal DC grid can be increased
by having a reliable system for detection and localization of faults as well as a flexibility
in the possibility of disconnection of the faulted parts.

There are several papers considering fault detection for multi terminal DC systems. Fault
detection and clearing of the faults in a multi terminal DC system have been studied
in [16, 67]. In [67], both line-to-line faults and line-to-ground faults are investigated. The
systems presented in these papers are based on a number of converters connecting several
AC loads/sources to a DC bus and there is a possibility to stopthe power flow at the AC
side of the converters. In [67], the IGBTs are turned off in the case of a line-to-line fault
and a large DC current is flowing in the antiparallel diodes before the fault is cleared on
the AC side. However, before the converter is turned off, thefault current is measured in
order to find the location of the fault. Moreover, in [67, 68] the detection of the fault is in-
vestigated as well as the identification of the faulted line and also the reconnection of the
non-faulted lines. This investigation is made for a ring busconnecting three converters.
The detection of a DC fault is defined in [68] as the simultaneous increase of the current
into the DC network and the reduction of DC voltage at the network node. Another issue
for a multi terminal DC system is to maintain operation even if a single converter fails as
described in [9].

In this system, the wind farm with 48 turbines is considered that was shown in Chap-
ter 4. Here, a fault is assumed to occur in one of the 5 radials.Due to size limitations
of the simulations, the radial with the fault is modeled including the DC/DC converter
for each wind turbine while the other radials have current sources as models of the wind
turbines.

In this section, first the different possible internal faults for the wind farm are listed and
the protection devices needed for clearing a fault on the DC bus are discussed. Then, the
procedure for disconnection of a faulted part is shown. In the end, the behavior of the
wind farm is shown in the case of different internal faults, and the methods for detection
of the faults are shown as well as the procedures to determinethe locations of the faults.
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7.3.1 Possible Fault Conditions in a Wind Farm

In a wind farm with an internal DC grid connected to an HVDC connection, there are
several possible faults that must be considered. Examples of these faults are:

• Internal faults in the DC/DC converters.

• Faults in the wind turbines.

• Faults in the HVDC connection.

• Faults in the DC bus.

Starting with theinternal faults in the DC/DC converters, it is assumed that there is
an internal monitoring system for each converter that can detect a fault. The design of
the converter is made with redundancy, so a failure of a single semiconductor module
will not stop the operation of the converter. If there is a severe fault for a converter, the
remaining IGBTs will be blocked and the power transmission will be interrupted. For a
fault in the wind turbine converter, the turbine will stop and the DC collection grid will
just see a decrease in the input power. In the case of a fault inthe main converter, the
power flow from the internal DC bus to the HVDC link is stopped and the wind farm will
shut down. For the DC/DC converters, it can be assumed that the operation is similar to
a VSC used for HVDC transmission and the failure rate should therefore also be similar.
In [51], it is stated that for a VSC HVDC pole (excluding the cables) the failure rate is
1-2 outages/year. This can then be assumed to also be the casefor the DC/DC converters
in the wind farm.

For the faults in a wind turbine , it is assumed that there are existing fault detection
schemes for the turbines in operation today. When an internal fault is detected, the op-
eration is stopped and the power flow through the wind turbineDC/DC converter will
decrease to zero. Consequently, the fault detection of the wind turbine is not investigated
further. For a wind turbine, a typical failure rate is less than 0.5 failures/year, but for tur-
bines with high power rating the failure rate can be slightlyhigher [69].

Also for the faults for the HVDC link , the technology is already existing today and
it is therefore assumed that there is an available fault detection scheme. In the case of
a fault and the following shut down of the HVDC link, the internal DC bus will expe-
rience the same conditions as in the case of a grid fault. For the faults in the HVDC
link, there is an average of 1-2 outages per year for the VSC HVDC pole excluding the
cables [51]. Including the cable, the possibility for a fault is increasing with about 1-2
faults/100 km/year [70].
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7.3. Internal Faults in the Wind Farm

For thefaults in the internal DC bus, the fault detection scheme is more difficult since
it is a multi terminal DC system. For the operation of the windfarm, it is important to
both be able to detect and to find the location of the fault. Thefaulted part can then be
disconnected and the rest of the wind farm can continue operating. The possibility for
cable faults can be found in [70] and is in the magnitude of 1 fault/100 km/year. Since
the total cable length in the wind farm is about 100 km there will be approximately one
failure per year for the internal DC bus.

Summing up the different possible faults in the wind farm grid, the possibility for the
different faults are similar, around once a year for each unit. For the faults in a turbine or
a DC/DC converter in a wind turbine, the turbine must be shut down and the wind farm
can operate as usual with the other turbines, just sensing the loss of the power from a
turbine. However, if there is a fault in the main converter orin the HVDC link, the trans-
mission to the main grid must be turned off and the operation of the wind farm stopped
in the same way as for a grid fault. In the case of a fault in the internal DC bus, the fault
must be located and detected so the faulted part can be disconnected. The operation of the
wind farm during faults on the internal DC bus, which is a multi terminal DC system, will
be investigated in this section.

7.3.2 Protection Devices for Fault Clearing

The protection devices that can be used for the system are traditional AC breakers on the
AC side of the system as well as DC disconnecters and DC circuit breakers. DC discon-
necters can not interrupt a fault current, but when the faultis cleared and the system is
de-energized, the DC disconnecters can be opened to isolatethe DC line [67, 71]. DC cir-
cuit breakers can disconnect a fault current on the DC side, but have the disadvantage of a
higher cost than the AC circuit breakers [67]. In [71], it is stated that using circuit breakers
is economically feasible for DC micro-grids with voltage levels lower than 600 V. Also,
breaker resistances are needed for de-energizing the system before isolating the faulted
parts with DC disconnecters, and can also be used in the turbines for ride-through opera-
tion during grid faults.

For the protection of the DC bus, there are several possibilities to use the above stated
devices. In the case of a short circuit fault, the energy fed into the faulted parts of the
system needs to be stopped. One possibility is to stop all turbines and to also stop the
power transfer in the main converter. In the case of non faulted converters, both the power
transfer from the DC/DC converters in the wind turbines can be stopped as well as the
power transfer from the main DC/DC converter. When there is no more input power to
the system, the DC grid can be de-energized and the faulted parts can be isolated using the
DC disconnecters. Consequently, all power transfer from the wind farm will be stopped
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Chapter 7. Evaluation of Fault Condition Handling

and the whole DC bus will be de-energized before the fault canbe isolated and the wind
farm can be turned on again. Another possibility is to have a DC circuit breaker at the
connection to each radial. In the case of a fault, the faultedradial can be detected and
disconnected from the main converter while the remaining four radials can continue to
operate during the fault. In the faulted radial, the power from the wind turbines will be
stopped, the faulted part of the radial will be isolated and the turbines between the main
converter and the fault can be reconnected.

Considering the protection devices for the wind farm, theremust be a DC disconnecter
between each turbine to be able to isolate faulted parts of the system. Also, if continuous
operation of the non faulted radials is considered, a DC circuit breaker in each radial is
needed that is located at the connection to the main converter. If no DC circuit breakers
are used, they are replaced with disconnecters. In Fig. 7.10, the locations of the DC dis-
connecters and circuit breakers are shown for the DC bus.

HVDC

WT WT

DC bus
DC

DC

WT WT WT WT

WT WT WT WT

WT WT WT WT

WT WT

AC

DC

DC

breakers

Disconnecters

Fig. 7.10 Location of the disconnecters and DC circuit breakers (optional) for the DC bus.

Further, the protection devices for all components in the DCbased wind farm is shown
in 7.11.

7.3.3 Disconnection of a Faulted Part

When a fault occurs in the system, the fault must be detected and located and the faulted
part must then be disconnected from the rest of the system forcontinued operation. How-
ever, since DC circuit breakers are very expensive and therefore not used between all
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Fig. 7.11 Location of the protection devices for the wind farm.

turbines, the faulted part can not simply be disconnected, instead the system must be dis-
charged before the disconnecters (DC switches) can be opened. The disconnection of a
faulted part and the resulting disturbance for the output power depends on if there is a DC
circuit breaker for each radial. Here, the detection and location of the fault is discussed as
well as the disconnection of a faulted part, with and withoutDC breakers.

Detect and Find the Location of the Fault

The disconnection of a faulted part is just possible if the fault can be both detected and
located. In Sections 7.3.4 and 7.3.5, the detection of the faults will be studied in detail
both for line-to-line cable faults and ground faults.

When a fault occurs, it is detected somewhere in the system, but then also the location
of the fault must be determined. Therefore, for each fault, amethod of detecting the loca-
tion of the fault must be obtained. This fault detection is depending on the communication
between the turbines, and can basically be divided into three different options.

• Fault detection using full monitoring of all turbines by anoverall control system
simplifies the procedure of locating the fault, but requirescommunication of large
quantities of data.

• Reducing the communication between the turbines, each turbine will send/recieve
a fault signal as well as communication of the direction of the fault from each
turbine to an overall controller or the neighbor turbines. Then, the faulted cable is
the cable between the turbines with different directions ofthe fault and the signal
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to disconnect can come either from the overall controller orfrom communication
with the neighbor turbines.

• Eliminating the communication between the turbines, the “handshaking” method as
described in [67] can be used. Then the turbine determines the direction of the fault
and all disconnecters are opened in the faulted radial. Then, the turbines that see a
fault further out in the radial increases the voltage on the cable towards the main
converter. The next turbine then see the increase in the voltage and connects the
turbine. However, if the turbine see a fault towards the mainconverter, the turbine
is not restarted and no signal for reconnection is sent to theturbine towards the main
converter.

For the detection and location of the faults in Sections 7.3.4 and 7.3.5, it is stated if the
faults need full communication to be detected and located, if limited communication is
sufficient or if the handshaking method can be used without communication. However,
it should be noted that a limited communication is still needed to disconnect all turbines
in the case of a fault. As shown in these sections, for low impedance short circuit faults,
the fault can be detected and the direction of the fault can bedetermined in each turbine.
Thereby, the overall controller just needs to handle two status signals from the turbines
for these faults; the signals showing the detection of the fault and also the direction of the
fault. Also high impedance ground faults can be detected in each turbine and the direction
can be determined. However, the fault detection is slower compared to the low impedance
faults since integration is needed for accurate detection of the fault. On the other hand,
the detection of high impedance short circuit faults requires communication between the
turbines, since the fault is detected by the resulting additional power loss.

Disconnection of a Fault without DC Breakers

When a fault has been detected, the DC bus must be discharged before the faulted part
can be disconnected and the rest of the system can be restarted. If no DC breaker is avail-
able, the whole DC bus must be discharged, including the input capacitance to the main
converter. The currents and voltages for the system during the disconnection of the fault
without DC breakers can be seen in Fig. 7.12

When the fault has been detected at t = 0.12 s, a signal is sent to the turbines to be turned
off and to operate in the same stand-by mode as during a grid fault. The input currents to
the DC bus from the turbines are then decreased to zero as seenin Fig. 7.12 (b). When
the inputs to the DC bus have been turned off, the DC bus is discharged by a breaker re-
sistance located at the input of the main converter. This breaker resistance is dimensioned
to take the rated output power from the system. Consequently, the voltage for the DC bus
is decreased as seen in Fig. 7.12 (c) and the currents in the radials are decreasing rapidly
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(a) Currents in the faulted radial.
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(b) Currents from the turbines.
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(c) Voltages in the faulted radial.
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(d) Currents from the radials.

Fig. 7.12 Voltage and current waveforms for the internal DC bus during the disconnection of a
fault without DC breakers.

with the decreasing voltage as seen in Fig. 7.12 (a). Also thecurrents from the radials are
decreasing as seen in Fig. 7.12 (d), and the current from the main converter has changed
direction since the breaker resistance is located before the main converter.

The voltage is decreasing until just 10 % of the rated voltageis remaining, and then the
disconnecter is opened as seen in Fig. 7.12 (c). After the opening of the disconnecter and
isolating the faulted part (the fault is between turbines 5 and 6 in radial 2), the system can
be recharged again, and then the wind farm can reconnect to the main converter and the
HVDC link. As seen in Fig. 7.12 (b), the output currents from the turbines are increased
and also the currents in the radials to the main converter. The reason for the high currents
in the beginning of the reconnection is the low voltage at theDC bus. When the rated
voltage for the DC bus has been reached, the main converter isturned on and after an
overshoot in the voltage, the main converter keeps the DC busvoltage at the rated value.

The input current and voltage for the HVDC link during the reconnection are seen in
Fig. 7.13. Here, it can be seen that the main converter is turned off when the discharging
starts for the DC bus. Consequently, the input current decreases as seen in Fig. 7.13 (a)
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(a) Input current to the HVDC link.
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(b) Voltage at input of the HVDC link.

Fig. 7.13 Voltage and input current for the HVDC link during the disconnection of a fault without
DC breakers.

and after some oscillations the current goes to zero. At the reconnection, there is an over
current when the main converter eliminates the over shoot inthe voltage. Also the voltage
for the HVDC link seen in Fig. 7.13 (b) have some oscillationsresulting from the current
oscillations during turn on and turn off.

Looking at the time for the disconnection of the faulted part, it can be seen that the slow-
est part is the discharge of the system, which takes 220 ms. The charging of the system
takes 46 ms, and the total time for disconnection of a faultedpart and the reconnection
of the non-faulted part are thereby just below 300 ms. However, if the over current from
the turbines in Fig. 7.12 (b) is limited to the rated current,the time for charging increases
to 163 ms. The time for the disconnection can be decreased considerably if a breaker
resistance allowing a larger current is used.

Disconnection of a Fault Using DC Breakers

In the case when a DC breaker is available at the connection between each radial and
the main converter, the faulted radial is disconnected immediately when a fault has been
detected. The voltage and current waveforms during the disconnection can be seen in
Fig. 7.14.

As seen in Fig. 7.14 (d), the non-faulted radials stay connected, and there is just a de-
crease by 20 % in the current to the main converter. For the faulted radial, the procedure
for the disconnection is the same as for the fault without theDC breaker. When the fault
has been detected, the DC breaker is opened to isolate the faulted radial. This radial is
then discharged with a breaker resistance as shown in Fig. 7.14 and when the voltage
has been reduced to 10 % of the original voltage, the disconnecter to the faulted part is
opened. The time for the discharge is faster, even though themaximum discharge current
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(a) Currents in the faulted radial.
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(b) Currents from the turbines.
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(c) Voltages in the faulted radial.
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(d) Currents from the radials.

Fig. 7.14 Voltage and current waveforms for the internal DC bus during the disconnection of a
fault using DC breakers.

is the same as the rated current for the disconnected part, just as in the case without the
DC breakers. However, the radial is disconnected from the main capacitance at the input
of the main converter, and just the capacitances in the radial have to be discharged. The
time for discharge is 80 ms compared to 220 ms for the case without the DC breaker.
When the faulted part has been disconnected, the capacitances for the part that should be
reconnected are charged again. This charging is also fasterthan for the case without DC
breakers, 25 ms compared to 46 ms for the system without DC breaker. The total time for
the disconnection of the faulted part and the reconnection of the non-faulted parts is then
just above 100 ms, which should be compared to 300 ms in the case without DC breakers.
Further, if the over current from the turbines during the charging is eliminated, the time
for charging the radial increases to 45 ms.

Looking at the input to the HVDC link, the current and voltagewaveforms are shown
in Fig. 7.15.

Here, it can be seen that the current is not decreased to zero as in the case without DC
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(a) Input current to the HVDC link.
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Fig. 7.15 Voltage and input current for the HVDC link during the disconnection of a fault using
DC breakers.

breakers. During the disconnection, the current from the faulted radial is removed, and
after the disconnection the current from the non-faulted part is reconnected. This results
in much less disturbances for the HVDC link, and also the voltage have significantly less
oscillations than in the case without a DC breaker.

7.3.4 Detection of Line-to-Line Cable Faults in the DC Grid

For line-to-line short circuit faults, the detection of thefault is depending on the impedance
of the fault. For a low impedance fault, the detection is quite easy due to the large fault
currents. Also, a fast detection is important to lower the stresses for the components dur-
ing the fault. In the case of a short circuit fault for the DC bus, a large fault current will
discharge all capacitors connected to the DC bus. For a low impedance fault, the fault
will be harder to detect since there is no large fault current. However, the detection is not
as critical as for low impedance faults since there will not be that large stresses for the
system. When a fault occurs in the system, the fault must be detected and the faulted part
must be disconnected if the non-faulted parts of the system should continue to operate.
Here, both the detection of the fault and the procedure to findthe location of the fault are
described.

For the line-to-line short circuit faults, it is stated in [16] that short circuit faults can
be detected by an over current, and the direction of the faultcan also be determined by the
fault current. For the simulation of these faulted conditions, a line-to-line fault is inserted
between turbines 5 and 6 in radial 2 in the wind farm, as shown in Fig. 7.16 with the
resulting fault currents.

As can be seen in the figure, when a short circuit fault occurs there is a fault current
discharging the DC link capacitors, which size depends on the fault impedance.
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Fig. 7.16 Location of the short circuit fault between turbines 5 and 6 in radial 2 with the resulting
fault currents.

Low Impedance Line-to-Line Faults

In the case of a low impedance fault, the voltage at the DC bus will be decreased when
the capacitors are discharged. This gives high fault currents, and if the fault has not been
detected and the turbines are still in operation, this current will be added to the steady
state current. The resulting currents in the faulted radialare plotted in Fig. 7.17 and the
currents from all 5 radials to the main converter are shown inFig. 7.18. It should be noted
that the currents from radials 1 and 3 are the same as well as the currents from radials 4
and 5.

−0.5 0 0.5 1 1.5 2 2.5 3
−5

0

5

Time [ms]

C
ur

re
nt

 i 22
 [p

u]

 

 t10
t9
t8
t7
t6
t5
t4
t3
t2
t1

(a) Fault resistance 10Ω.
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(b) Fault resistance 1Ω.

Fig. 7.17 Current in radial 2 in the case of a low impedance short circuit fault between turbines 5
and 6.

In these figures, the currents are plotted in pu of the currentat full power. It can be seen
that there are large over currents in the case of a short circuit fault when the capacitances
in the system are discharged. Also, there will be a large current flowing into the faulted
radial in the case of a short circuit fault.
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(b) Fault resistance 1Ω.

Fig. 7.18 Current from all radials in the case of a low impedance short circuit fault between tur-
bines 5 and 6 in radial 2.

Starting with the detection of the fault, it can be seen in Figs. 7.17 and 7.18 that there
is an obvious over current that can be detected as well as the reversal of the direction of
the current from radial 2, which should not occur during normal steady-state operation.

When the fault has been detected, the fault must also be located if the faulted part should
be disconnected. Looking at the currents in the faulted radial in Fig. 7.17, it is obvious
that the fault is between turbines 5 and 6 since turbines 1-5 have negative fault currents
and turbines 6-10 have positive faults currents. Each turbine then knows the direction of
the fault current, but to be able to locate the fault, the direction of the fault current must be
compared for the different turbines. To avoid a complicatedcommunication, each turbine
finds the direction of the fault current that is sent to eitheran overall controller for the
wind farm or to the turbine next to each other. If two turbineshave the same direction
for the fault current, the fault is not between the turbines and they can stay connected.
However, if two turbines have different directions of the fault current, there is probably a
fault in between them, and the turbine closest to the main converter will then disconnect
the cable to the next turbine. Here, also the “handshaking” method can be used since the
turbines can determine the direction of the fault without using communication between
the turbines.

High Impedance Line-to-Line Faults

For high impedance short circuit faults, there is no fault current large enough to detect the
fault and there are no large stresses for the system. However, detecting a fault with high
impedance can prevent the fault to develop into a low impedance fault with resulting over
currents. Also, it is desirable that the fault is detected ifthere is a personal accident in the
wind turbine. If a person is causing a short circuit, the aim is to detect and clear the fault
as soon as possible. The fault resistances used in the simulations are 3 kΩ of a dry person
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and 1 kΩ of a wet person [72].

As previously mentioned, a fault with a high resistance doesnot cause high over cur-
rents due to the discharge of the DC link. In Fig. 7.19, the current in the faulted radial
is shown in the case of a short circuit fault between turbines5 and 6. Here, the highest
current is at turbine 1 closest to the main converter and the lowest current is at turbine 10
which is the last turbine in the radial.
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(a) Fault resistance 3 kΩ.
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(b) Fault resistance 1 kΩ.

Fig. 7.19 Current in the radial in the case of a high impedanceshort circuit fault between turbines
5 and 6.

In the figure, it can be seen that turbines 6-10 have the same current before and after the
fault, but the current for turbines 1-5 are decreasing. For the short circuit fault, the fault
currentifault can be expressed as

ifault =
V2

Rfault

, (7.9)

whereV2 is the DC link voltage andRfault is the fault resistance. For the rated voltage
V2 = 32 kV and the fault resistances 3 kΩ and 1 kΩ, the resulting fault currents are 10.7 A
and 32 A. Consequently, the powerPfault is dissipated in the fault, which can be calcu-
lated as

Pfault = ifaultV2 =
V 2

2

Rfault

. (7.10)

For the fault resistances 3 kΩ and 1 kΩ, the power dissipated in the fault is 340 kW and
1024 kW. Depending on the location of the fault in the radial and the operating point of
the wind farm, the power dissipated in the fault can be a significant part of the transmit-
ted power. In Fig. 7.20, the fraction of the losses in the fault compared to the transmitted
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power in the cable is shown for all turbines in the radial for the fault resistances 3 kΩ and
1 kΩ. The turbines are operating at full power, and a lower power level would increase
the fraction of the losses.
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Fig. 7.20 Fraction of the losses dissipated at a short circuit fault depending on the location in the
radial.

As seen in the figure, the relative power losses caused by a high impedance fault differs
depending on the location in the radial. For the last turbinein the radial, the power loss
is 15 % for a 3 kΩ fault and 45 % for a 1 kΩ fault. For the turbine closest to the main
converter, the power for the fault is just 1.5 % for a 3 kΩ fault and 4.5 % for a 1 kΩ fault.
Measuring the power sent from one turbine and the power received at the next turbine, the
power losses in the cable can be calculated. A significant increase in the power losses in
the cable will then indicate a fault. Consequently, in the case of ideal measurements, all
faults can be easily detectable. However, if there are deviations in the measurements, the
faults with highest impedance close to the main converter can be hard to detect.

To detect the high impedance short circuit faults, communication is needed between the
turbines in order to calculate the power loss between the turbines. Thereby, the fault de-
tection is slower since data of the power flow must be processed by the overall controller,
and not just signals stating the occurrence and direction ofa fault from the turbines.

7.3.5 Detection of Line-to-Ground Faults

At the connection point of each turbine to the DC bus, grounding is inserted using ground-
ing capacitors as suggested in [16]. In the case of a ground fault at the DC bus, all
grounding capacitors contribute to the fault current [16].The fault current will then be
lower compared to the short circuit fault where all DC link capacitors are contributing.
The main fault currents during the discharge of the grounding capacitors are shown in
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Fig. 7.21.
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Fig. 7.21 Location of the positive ground fault between turbines 5 and 6 in radial 2 with the
resulting fault currents.

The fault can either be detected by an over current or by the changed potentials for the
lines. For low impedance ground faults that could be detected by an over current, the
first over current at the discharge should be detected and thedirection of the fault current
should be determined. When the fault current is not high enough to detect an over current,
the second option for fault detection is to detect the deviation in the potential for the lines.
Then, integrating the difference between the positive and negative line currents can show
the location of the fault.

Here, ground faults with both low and high impedance will be investigated and the detec-
tion and location of the faults will be shown. Further, the grounding capacitors as well as
the series resistance will be dimensioned for a robust detection of the ground faults.

Low Impedance Line-to-Ground Faults

Starting with low impedance ground faults, there will be a high discharge current when the
grounding capacitors are discharged as shown in Fig. 7.21. When a ground fault occurs,
the grounding capacitor connected to the faulted cable is discharged and the non-faulted
cable will take the whole line-to-line potential. In Fig. 7.22, the currents and the voltages
for the faulted radial are shown in the case of a ground fault for the positive cable with a
fault resistance of 10 mΩ. The values used for the grounding capacitors areCg = 10µF
andRgr = 40Ω. Here, it can be seen that when the fault occurs at t = 0.1 s, thepotential
for the faulted cable is decreased to the ground potential and there are some oscillations
for both the currents and voltages before the operation goesback to the same operation
point as before the fault, but with changed potentials for the cables.

In Fig. 7.23, the behavior of the system in the case of a groundfault is shown in detail.
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(a) Currents in the faulted radial.
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(b) Line-to-line voltages for the faulted radial.
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(c) Currents from the five radials to the main con-
verter.
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(d) Potentials for the lines, both at the fault and at
the main converter.

Fig. 7.22 Currents and voltages for the DC bus in the case of a low impedance ground fault be-
tween turbines 5 and 6 in radial 2.

132



7.3. Internal Faults in the Wind Farm

0 2 4 6 8 10

−5

0

5

Time [ms]

C
ur

re
nt

 i 22
, p

os
. c

ab
le

 [k
A

]

 

 t10
t9
t8
t7
t6
t5
t4
t3
t2
t1

(a) Currents in the positive cable of the faulted ra-
dial.
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(b) Currents in the negative cable of the faulted ra-
dial.
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(c) Line-to-line voltages for the faulted radial.
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(d) Currents from the five radials to the main con-
verter.
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(e) Currents for the grounding capacitors closest to
the fault.

0 2 4 6 8 10
−40

−20

0

20

Time [ms]

C
ab

le
 p

ot
en

tia
ls

 [k
V

]

 

 
Pos. cable
Neg. cable
Pos. cable main
Neg. cable main

(f) Potentials for the cables, both at the fault and at
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Fig. 7.23 Currents and voltages for the DC bus in the case of a low impedance ground fault be-
tween turbines 5 and 6 in radial 2.
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Starting from the fault currents discharging the groundingcapacitors seen in Fig. 7.21, it
can be seen that the fault currents for turbines 6-10 are positive and the fault currents for
turbines 1-5 are negative, which is also seen in Fig. 7.23 (a). It can also be seen, both for
the currents in Fig. 7.23 (a) and the voltages in Fig. 7.23 (c), that there is a time constant
for the discharge between the different turbines where eachcable segment gives a delay.
However, there is not just the currents discharging the grounding capacitors that contribute
to the increased currents in the system. In Fig. 7.23 (b), it can be seen that there is an in-
crease in the current also for the negative potential. Further, in Fig. 7.23 (c), it can be seen
that the voltage is initially decreased, which means that the filter capacitors connected to
the output of each turbine are discharged, resulting in an increased current. Consequently,
there will be an increase in the current also for the negativecable. For the positive cable,
this discharge of the capacitors will be added to the currentfor discharge of the ground-
ing capacitors for turbines 6-10. However, for turbines 1-5, the discharge current from all
grounding capacitors in the system becomes much larger thanthe discharge current for
the filter capacitances and the current will therefore be negative. In Fig. 7.23 (d), it can be
seen that the major part of the negative current for turbines1-5 is from the discharge of
the grounding capacitors in the other radials.

For the grounding of the DC bus, both the values of the capacitances and the series resis-
tances should be chosen. Starting with the resistances, thevalue should be small enough
to detect a significant over current. Looking at the wind farmoperating at full power, the
load resistanceRload seen from a radial is calculated as

Rload =
Vload

iload

=
32000

710
= 45Ω. (7.11)

Assuming that the resulting current from the discharge of one capacitor should be sim-
ilar to the load current, the resistance should have a similar value as the load. However,
it should be considered that each ground capacitor just havehalf the line-to-line voltage
which will reduce the load current. On the other hand, currents from several grounding
capacitors will contribute to the over current. Thereby, the resistanceRgr is chosen to be
40Ω. In the case of no inductance in the system, the initial valueof the current discharg-
ing the capacitor is then the voltage divided by the resistance giving 16000/40 = 400 A.
As seen in Fig. 7.23 (e), the initial current is 300 A due to theinductance in the system
and also the fast decrease of the potential for the positive conductor seen in Fig. 7.23 (f).
In Fig. 7.24, the currents and voltages are shown for different values of the resistanceRgr

connected in series with the grounding capacitors. Further, the discharge current for the
grounding capacitors is shown in Fig. 7.25.

Here, it can be seen that for a lower value of the resistance, the oscillations for both the
currents and the voltages are increasing as seen in Fig. 7.24. However, the difference is
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(a) Current at turbine 6 in the faulted radial.
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(b) Current at turbine 5 in the faulted radial.
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(c) Voltage at turbine 5 in the faulted radial.
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(d) Voltage at turbine 10 in the faulted radial.

Fig. 7.24 Currents and voltages for the DC bus in the case of a low impedance ground fault be-
tween turbines 5 and 6 in radial 2, using grounding resistances 4Ω, 40Ω and 200Ω.

not proportional to the value of the resistance since a largepart of the over current is a
result of the voltage oscillations at the cable. For the discharge current of the grounding
capacitors shown in Fig. 7.25, the relation between the value of the resistance and the
resulting current magnitude is more obvious. The large current magnitude for the low re-
sistance will then result in the larger oscillations for both the current and the voltage seen
in Fig. 7.24.

Also, the value of the capacitance should be determined. In Fig. 7.26, the resulting cur-
rent and voltage waveforms are shown for a low impedance ground fault using different
grounding capacitances. In Fig. 7.27, the current for the discharge of the grounding ca-
pacitances is shown.

For a constant value of the resistance, an increasing value of the capacitance will increase
the time constant but not the peak current from each capacitor as seen in Fig. 7.27. How-
ever, the peak current in the faulted radial will increase since the increased time constant
for the discharge will result in that a larger number of the capacitors are discharged at
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Fig. 7.25 Current for the grounding capacitor in the case of alow impedance ground fault between
turbines 5 and 6 in radial 2, using grounding resistances 4Ω, 40Ω and 200Ω.

the same time as seen in Fig. 7.26 (a) and (b). The time constants between the different
turbines and thereby also the different capacitors should also be considered. If the capaci-
tance is low and the grounding capacitors closest to the fault have been discharged before
the discharge of the next capacitor has started, there will be a lot of oscillations and it is
hard to detect the location of the fault. As seen in Fig. 7.23 (c), the approximate delay
between the discharges of two capacitors are 0.2 ms. Thereby, an appropriate value of the
time constantτg for the discharge of the capacitor can then be 0.4 ms. The value of the
capacitorCg will then be

τg = RgrCg ⇒ Cg =
τg

Rgr

=
0.4 · 10−3

40
= 10µF. (7.12)

In Fig. 7.23 (e), it can be seen that the current for the capacitors closest to the fault have
decreased from 300 A to 30 A 1 ms after the occurrence of the fault. Thereby, it can be
seen that the additional inductances in the system make the discharge slower, especially
when there are large current derivatives for the lines as shown in Fig. 7.23 (a). Using the
capacitance 1µF, this time constant is 0.15 ms and for 100µF it is about 10 ms as seen i
Fig. 7.27.

Regarding the detection and localization of a low impedanceground fault, it can be seen
that the over current in the faulted radial indicates the occurrence of a fault and also the
change in potentials for the cables indicates that there is afault and for which cable the
fault has occurred. Knowing the faulted cable, the locationof the fault can be detected by
the direction of the fault currents in the faulted cable. However, the location of the fault
must be found using the first transient of the fault current since there are large oscillations
for the system where the location of the fault can not be determined. Consequently, the
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(a) Current at turbine 6 in the faulted radial.
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(b) Current at turbine 5 in the faulted radial.
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(c) Voltage at turbine 5 in the faulted radial.
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(d) Voltage at turbine 10 in the faulted radial.

Fig. 7.26 Currents and voltages for the DC bus in the case of a low impedance ground fault be-
tween turbines 5 and 6 in radial 2, using grounding capacitors of 1µF, 10µF and 100µF.

low impedance ground faults can be detected in each turbine without communication and
the direction of the fault can also be determined. Then, fastfault detection methods can
be used due to the limited need of communication.
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Fig. 7.27 Current for the grounding capacitor in the case of alow impedance ground fault between
turbines 5 and 6 in radial 2, using grounding capacitors of 1µF, 10µF and 100µF.
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High Impedance Line-to-Ground Faults

In the case of a high fault impedance, it is harder to detect the fault just using the mea-
sured currents. In Fig. 7.28, the currents and voltages can be seen for a faulted radial for
the fault resistances 0.01Ω, 1 Ω, 10Ω and 100Ω.
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(a) Current at turbine 6 in the faulted radial.
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(b) Current at turbine 5 in the faulted radial.
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(c) Voltage at turbine 5 in the faulted radial.
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(d) Voltage at turbine 10 in the faulted radial.

Fig. 7.28 Currents and voltages for the DC bus in the case of a ground fault between turbines 5
and 6 in radial 2, with the fault resistances 0.01Ω, 1 Ω, 10Ω and 100Ω.

As seen in the figures, the over currents during the fault are significantly lower for an in-
creasing value of the fault resistance. Also the voltage oscillations are decreasing. Thereby,
it can be hard to detect and determine the location using the over currents as was done for
the low impedance ground faults.

A high impedance ground fault can be detected by measuring the potentials for the ca-
bles. Measuring at the main converter, the potentials for the cables are shown in Fig. 7.29.
Here, it can be seen that the detection of a ground fault can bemade by measuring the
potential for the cables, but the location of the fault can not be determined.

To find the location of the fault, the currents must be used. Asshown in Fig. 7.21, a
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Fig. 7.29 Potential for the cables in the case of a ground fault between turbines 5 and 6 in radial
2, with the fault resistances 0.01Ω, 1 Ω, 10Ω and 100Ω.

ground fault gives common mode currents that in the case of a low impedance fault can
be detected by subtraction of the cable currents [16]. For a high impedance fault, Fig. 7.30
shows the currents in the positive and negative cables at theturbines located closest to the
fault.

In the figures, it can be seen that there is a clear difference between the currents in the
negative conductor and the positive conductor in the case ofa ground fault. It can also be
seen that the difference is largest for turbine 5 and much smaller for turbine 6. The reason
for this is that there are just 5 grounding capacitors that are discharged through the ca-
ble at turbine 6, while the remaining 44 grounding capacitors are discharged through the
cable at turbine 5. The differences between the currents in the positive and the negative
cables are shown in Fig. 7.31.

In the figures, it can be seen that there is a clear difference in the cable currents for the
faults with low impedance, but the difference is smaller andharder to detect for high
impedance faults. Also, it can be noticed that the sign of thedifference between the cur-
rents in the cables on the different sides of the fault is different. Thereby, the location of
the fault can then be determined using a differential measurement of the cable currents.
However, for the high impedance faults, it can be hard to measure the difference in cur-
rent with good accuracy. One way to improve the detection of the differential currents is
to integrate the difference and thereby see longer trends rather than noise and oscillations.
In Fig. 7.32, the integrated difference between the currents seen in Fig. 7.31 is shown.

Here, it can be seen that the integrated difference shows that the charge removed by the
fault currents is the same independently of the fault resistance since the capacitor values
are the same. The integrated current difference for the cable at turbine 5 is about 8 times
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(a) Current for the positive cable at turbine 6 in the
faulted radial.
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(b) Current for the positive cable at turbine 5 in the
faulted radial.
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(c) Current for the negative cable at turbine 6 in the
faulted radial.
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(d) Current for the negative cable at turbine 5 in
the faulted radial.

Fig. 7.30 Currents for for cables in the DC bus in the case of a ground fault between turbines 5
and 6 in radial 2, with the fault resistances 0.01Ω, 1 Ω, 10Ω and 100Ω.

the value for the cable at turbine 6. This is due to the 44 capacitors discharged through
that cable compared to 5 capacitors for the cable at turbine 6. Further, the location of the
fault can be detected using the sign of the integrated current difference for the different
turbines. Also for the fault with the highest fault resistance, the integrated values of the
current differences clearly show the location of the fault.

Also for the high impedance ground faults, the fault can be detected and the direction
of the fault can be determined in each turbine. What is limiting the speed of the fault
detection is the time needed for integrating the differencein current between the cables.

7.4 Summary

In this section, the fault handling for the wind farm with an internal DC grid has been
investigated. For the faults in the connecting main grid, the performance of the wind farm
is shown in the case of a total interruption in the power transfer. At the occurrence of the
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(b) Current difference between the cables at tur-
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(c) Current difference between the cables at tur-
bine 6 in the faulted radial.
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(d) Current difference between the cables at tur-
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Fig. 7.31 Current difference between the cables in the DC busin the case of a ground fault be-
tween turbines 5 and 6 in radial 2, with the fault resistances0.01 Ω, 1 Ω, 10 Ω and
100Ω.

fault, the required performance of the HVDC link is determined. For the reconnection af-
ter the fault, the full power is available after 14 ms, which is well within the requirements
in existing grid codes. For the internal faults in the wind farm, the focus has been on the
faults at the DC bus. The detection and the clearing of the fault was shown for different
faults. For the low impedance faults, the detection is made using the resulting over cur-
rents and the location of the faults can be found in the same way. For high impedance
faults, more communication between the turbines is needed to detect the fault and find the
location. When the fault has been detected, the faulted partcan be disconnected and the
non-faulted parts can be reconnected within 100 ms with a DC breaker for each radial and
within 300 ms without DC breakers.
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Fig. 7.32 Integrated current difference between the cablesin the DC bus in the case of a ground
fault between turbines 5 and 6 in radial 2, with the fault resistances 0.01Ω, 1 Ω, 10 Ω

and 100Ω.
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Chapter 8

Conclusions and Future Work

8.1 Summary and Concluding Remarks

In this thesis, a wind farm with an internal DC collection grid is investigated with focus
on the design, the losses and the dynamical behavior of the DCgrid. For the implemen-
tation of an internal DC grid, the DC/DC converters are identified as key components.
A suitable design of the DC/DC converters is obtained including the choice of topology,
the control of the converter and also the choice of switchingfrequency. For the chosen
switching frequency of 1 kHz, the weight of the medium frequency transformer in the
DC/DC converter is reduced by 90 % compared to a corresponding 50 Hz transformer. In
addition, the loss calculations for the DC/DC converters are verified using a down scaled
experimental setup.

For the investigations of the DC collection grid, a wind farmwith the same layout as the
wind farm Lillgrund is chosen. Here, 48 turbines of 2.3 MW each, located in 5 radials,
are connected to an offshore platform. In the investigated DC system, a DC/DC converter
in each wind turbine increases the 1.5 kV DC link voltage in the turbine to 32 kV for the
internal DC bus. Then, a main DC/DC converter for the whole wind farm increases the
DC voltage to 130 kV for the HVDC transmission. For the DC system in the wind farm,
the total losses are 3 % of the transferred power, where the losses for the DC/DC converter
in the wind turbine are 1.35 % and for the main DC/DC converter1.41 %. The losses in
the internal DC bus are 0.24 %. The losses for the DC system aresimilar to the losses for
a corresponding AC system.

Considering the dynamic operation of the internal DC collection grid in the wind farm, the
DC/DC converters control the power flow and thereby also the voltage levels for the DC
links. The voltage control for the DC collection bus is achieved by the main DC/DC con-
verter connected to the HVDC link, and the voltage for the DC link in the wind turbine is
controlled by the wind turbine DC/DC converter. The controlmethod used for the control
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of the voltage is a droop control that works without communication within the wind farm.
By determining the maximum voltage variations, and limiting the bandwidth due to the
1 kHz switching frequency, the required DC link capacitances were found to be 152 mF
for the DC link in the wind turbine and 16 mF for the internal DCbus. The stored energy
in both DC links will then correspond to 74 ms transferred rated power. This capacitance
can be lowered by increasing the bandwidth of the controller, but then the stability mar-
gin is decreased. Further, the startup procedure of the windfarm has been developed and
shown to be appropriate. Due to the unidirectional power flowin the DC/DC converters,
the system must be energized from the wind turbines, and it isshown that the wind farm
can start up and the DC bus can be energized using 500 V power sources in the wind
turbines.

In the case of a fault in the connecting main grid, there are two options to decrease the
output power during the fault; either by decreasing the output power from the turbines or
by dissipating the excess power in a breaker resistance at the HVDC link close to the grid
side converter. In the case of a large breaker resistance, the wind farm will not experience
the fault and the power can be reconnected immediately afterthe fault. If the power flow
should be stopped in the turbines, the detection of the faultmust be investigated as well as
the reconnection after the fault. Here, it was shown that thefault can be detected both with
and without communication between the different parts in the system. Also, the required
HVDC link capacitance needed to limit the over voltage was determined. Further, after
the reconnection of the system, the output power has reachedthe rated value after 14 ms
and the oscillations have been damped after 70 ms, which is well within the time frames
specified in the German, Irish and English grid codes.

For the internal faults in the wind farm, the procedures of detecting and locating the
fault as well as disconnecting the faulted part have been investigated. For a fault in a wind
turbine, the turbine is disconnected and it will not influence the operation of the wind
farm significantly. For a severe fault in the main DC/DC converter or the HVDC cable,
the whole wind farm must be shut down. However, if there is a fault in the internal DC
bus, the operation is affected, but the wind farm can continue operating if the faulted part
is disconnected. Here, methods for detecting and finding thelocation of both line-to-line
faults and ground faults have been determined. Also the procedure of disconnecting the
fault was shown, both without full power DC breakers and witha DC breaker in each ra-
dial. In the case of a DC breaker, four of five radials can continue to deliver power during
the disconnection of the faulted part, compared to the case without DC breakers where
the whole DC bus must be discharged. In the case without DC breakers, the faulted part
is discharged and the non-faulted parts back in operation within 300 ms, and with DC
breakers this time will be reduced to just above 100 ms.
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8.2 Proposals for Future Work

For the DC/DC converters, the fraction of the losses are significantly higher at lower
power levels compared to high power levels. One possible wayto reduce the losses at low
power is to instead use a modular approach for the DC/DC converters. This could result
in that the active modules are operating closer to their rated power at all operating points
and thereby also the fraction of the losses will decrease. Also, the high power medium
frequency transformer needs further investigation.

In the case of a grid fault, further investigation is needed regarding the interaction be-
tween the wind turbines and the DC/DC converters. During steady state operation, the
wind turbines aim at maximizing the output power within the allowed operating range and
the DC/DC converters control the input voltage level by adjusting the transferred power.
However, in the case of a limitation in the output power, the wind turbines must decrease
the output power. Thereby, in the case of an increased DC bus voltage, the converter in
the wind turbine must limit the power flow, and consequently also the turbine must limit
the output power. In this thesis, just the option of stoppingall power flow during a grid
faults is investigated. However, if the power flow just should be limited during the fault,
the control interaction between the DC/DC converters in theturbines, the main DC/DC
converter and the wind turbines must be investigated further to avoid oscillations. This is
also the case if the wind farm should support the frequency for the main grid and thereby
must control the output power.

For normal operation, an aim for further investigation is toreduce the required DC link ca-
pacitances by improving the control of the DC/DC converters. As shown in Chapter 6, the
control is designed assuming no communication and no limitations for the power vari-
ations leading to large required DC link capacitances. Introducing fast communication
between the converters can reduce the required DC link capacitance. Also by introducing
an integral part of the controller and temporarily allowinglarger over voltages or limiting
the allowed voltage variations can decrease the needed DC link capacitances.

For further studies of high frequency transients, an improved model of the wind farm
with high frequency models of the components should be used.Since the used models
for the cables areπ-link models, the accuracy for high frequencies can be improved using
a high frequency model of the cables. This is mainly interesting for the behavior of the
system during internal faults with fast transients.
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Appendix A

Symbols and Glossary

A.1 Selected Symbols

Here, the the symbols related to the wind farm layout are shown, which are used in Chap-
ters 4-7. The location of the variables in the wind farm can beseen in Fig. A.1 and in the
HVDC link in Fig. A.2.
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Fig. A.1 The equivalent circuit of the internal DC grid.

C1 DC-link capacitor for the wind turbine.
C21 Cable capacitance and filter capacitance.
C3 Input capacitor for the main DC/DC converter.
i11 Input current to the H-bridge in the wind turbine DC/DC converter.
i12 Output current from the diode bridge in the wind turbine DC/DC converter.
i22 Current in the DC bus.
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i22c Input current to the main DC/DC converter.
i31 Input current to the H-bridge in the main DC/DC converter.
i32 Output current from the diode bridge in the main DC/DC converter.
ig Output current from the inverter towards the DC/DC converter.
L1 Filter inductance for the wind turbine DC/DC converter.
L2 Inductance for a cable segment.
L3 Filter inductance for the main DC/DC converter.
n1 Ideal voltage ratio for the wind turbine DC/DC converter.
n3 Ideal voltage ratio for the main DC/DC converter.
R1 Filter resistance for the wind turbine DC/DC converter.
R2 Resistance for a cable segment.
R3 Filter resistance for the main DC/DC converter.
V11 Input voltage for the DC/DC converter in the wind turbine.
V12 Output voltage from the diode bridge in the wind turbine DC/DC converter.
V2 Output voltage from the DC/DC converter.
V31 Input voltage to the main DC/DC converter.
V32 Output voltage from the diode bridge in the main DC/DC converter.
V4 Output voltage from the main DC/DC converter.

Lcable Rcable

C41 Ccable/2
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+

-
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+

-

i32
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Fig. A.2 The equivalent circuit of the HVDC link.

C41 Input capacitance for the HVDC link.
C42 Output capacitance for the HVDC link.
Ccable Capacitance for a cable segment.
i41 Input current to the HVDC cable.
i42 Output current from the HVDC cable.
i5 Input current to the HVDC converter connected to the main grid
Lcable Inductance for a cable segment.
Rcable Resistance for a cable segment.
V4 Output voltage from the main DC/DC converter.
V42 Voltage at the middle of the HVDC link.
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V5 Output voltage of the HVDC link cable towards the main grid.

A.2 Glossary

BJT Bipolar junction transistor
DFIG Doubly fed induction generator
FB Full bridge
HVAC High voltage alternating current
HVDC High voltage direct current
IG Induction Generator
IGBT Insulated gate bipolar transistor
LCC Series parallel resonant converter
SAB Single active bridge
VSC Voltage source converter
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