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Abstract

In this thesis, the internal DC collection grid for a windrfars investigated regarding
the design, losses and dynamic operation for both normaktipg conditions and for
different fault conditions. The main advantage for the D@emion grid is the consider-
ably lower weight of the 1 kHz transformers in the DC/DC catwes compared to the
equivalent 50 Hz transformers. For a wind farm with 48 2.3 M\iidvturbines, and a
DC/DC converter in each turbine as well as a main DC/DC cdavéor the whole wind
farm, the losses for the DC system are 3 % of the transferregipovhich is similar to
the losses of a corresponding AC collection grid. For theadlyic control of the wind
farm, the DC/DC converters control the power flow in the wiadhi and thereby also
the voltage levels for the 1.5 kV DC link in the turbine as wadifor the 32 kV DC col-
lection bus. For the limited bandwidth resulting from thatshing frequency 1 kHz and
the maximum voltage deviations of 5 % for the DC voltages,rdpiired capacitances
are 152 mF for the DC link in the wind turbine and 16 mF for the B3, both giving
a stored energy corresponding to 74 ms transferred ratedrpbwthe case of a fault in
the connecting main grid, the output power from the wind fanost be decreased. Here,
assuming that the excess power is dissipated in each tuthiealetection of the fault
as well as the disconnection and the reconnection of the faima are investigated. The
requirements for the HVDC link to avoid over voltages durangrid fault are stated and
it is also shown that the reconnection can be done within 14vhih is well within the
time specified in existing grid codes. Further, the behawfdhe system during internal
faults for the DC bus is investigated. Methods for detecaing finding the location of
the faults are determined, and it is shown that a faultedqaartbe disconnected and the
non-faulted parts reconnected within 300 ms without usiriy fated DC breakers.

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

Introduction

1.1 Problem background

The introduction of DC technology for wind farm applicat®is a present development
including both research and commercial projects. The nwaind in this stage is to use an
HVDC (High Voltage DC) transmission between the wind farnd &me connecting grid.
A first demonstration project was built in Tjeereborg, Derkriar2000, where a 8 MVA
HVDC link was connecting a small wind farm with 4 turbines e igrid [1,/2]. A larger
wind farm of 400 MW is currently being constructed outsider@any, where the trans-
mission distance for the HVDC link to the connection to thiel g 200 km [2]. The main
purpose of having an HVDC transmission for a wind farm is tal#e a long distance
cable transmission of high power. As more large wind farnespanned for offshore lo-
cations, HVDC transmission will be a more common transraissolution for new wind
farms. There are also suggestions of having multi-terntthdDC systems connecting
several wind farms.

For wind farms, and especially for offshore locations, theghit of the components is
an important issue. If the DC technology also would be usagptace the internal AC
grid in the wind farm with a DC grid, the traditional 50 Hz tsfarmers are replaced
with DC/DC converters including medium frequency transfers, and the AC cables are
replaced by DC cables. The weight of the medium frequencysfaamers in the DC/DC
converters is significantly lower than the weight of equéveltraditional 50 Hz transform-
ers. Thereby, the weight of the turbine and also the offspta#form connecting to the
HVDC link can be reduced. Also, the DC cables have lower losisan the AC cables and
there is no limitation for the transmission distance. Totlag key components for the DC
grid for a wind farm, the DC/DC converters, as well as the D€alers are still under de-
velopment and not commercially available. Also, the openatf the wind farm including
control during normal operation and during different fauttust be studied further.



Chapter 1. Introduction

1.2 Overview of Previous Work

The previous work regarding DC solutions for wind farms hasny been focused on the
possibility to use HVDC as the transmission system. Stgstiith the steady-state char-
acteristics for the HVDC link, the resulting losses for thé{ system have been com-
pared with the losses using the traditional HVAC (High VgaAC) system in([3,14,]5].
Also the cost has been evaluated for the HVDC transmissiorpeoed to the HVAC sys-
tem [4,[5]. It is found that for long transmission distandbkg HVDC transmission has
both the lowest price and the lowest losses. Further, tHerde through properties for
wind farms with HVDC transmission have been investigateffjiv]. Here, the two op-
tions are to either use a breaking resistance in the HVDGCdirik "mirror” the fault from
the main grid to the internal wind farm grid using the buitfault ride through system
for the wind turbines. The operation of a wind farm conned¢tean HVDC transmission
is discussed further in[8] 9, 10], also considering the dyical behavior. The possibil-
ity to connect several wind farms, or several clusters withe same wind farm, with a
multi-terminal HVDC system is investigated in [11].

The electrical system for the internal grid in the wind farande designed in many
different ways. From the solution of having an internal A@gronnected to an HVDC
transmission, the groups of turbines can be made smaller [Ad], where a wind farm
consists of 25 groups of 4 turbines where each group of tagagconnected to a separate
HVDC converter. In[[9], all turbines in the wind farm have gamte HVDC converter,
thus forming a multi terminal HVDC system within the windrarThis solution has the
advantage of no extra substation, but the disadvantage dfigih voltage for the HVDC
transmission present in each turbine.

By introducing high power DC/DC converters, it is possildaive an internal DC bus in
the wind farm with a lower voltage level, and the voltage mrtincreased by the DC/DC
converter to the HVDC transmission level. The high power DC/converters, that are
key components for the implementation of a wind farm withm@ernal DC bus, are still
under development [12]. These DC/DC converters have medliequency transform-

ers that are significantly smaller and less heavy compareddioary 50 Hz transform-

ers [13]. A low weight is a significant advantage, especialhyoffshore locations. Having
the possibility of different levels of the DC voltage, diféat solutions for the internal grid
in a wind farm have been investigated|in[[L4] 15].[In/[14]fefént configurations of the
internal grid for the wind farm have been studied and the viamoh with an internal DC

grid was shown to be an interesting alternative. Also thesipdgy of series connection
of the wind turbines is considered in_|14] to eliminate theddor an offshore substa-
tion. In [15], different layouts for the internal DC grid inveind farm are investigated,
including the control of the HVDC transmission. Here, thkion with the lower losses
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is found to be the case where the inverter towards the gemeasadirectly connected to a
common low-voltage DC bus. The DC bus is then connected to ®DEonverter that
increases the low output voltage from the generator to thtag® for the HVDC link.

Previously, multi terminal DC systems have been mainly m&rég systems with lower
voltage and power. In_[16, 17], the design and control is i@red of a DC bus con-
nected to a number of sources and loads, also considerimgiect 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, furthresearch is needed consid-
ering the design and control of the system. For steady sgaeation, the losses should
be obtained and compared to the losses of a wind farm withtamial AC grid. Inves-
tigating the control during steady state conditions wilbwtthe performance of the DC
system and also give the resulting requirements for theydedithe system. Further, the
evaluation of fault cases will show the possible operationrdy 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 applicatwml find a suit-
able topology and design for the wind farm with an internal @@ection grid.
Contribution: The most suitable DC/DC converter topology for the opegation-
ditions in a wind farm has been identified, and for this togg|a suitable control
strategy has been determined as well as the switching fnegue

* 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 wind farm with an
internal AC grid.

« Aim: To develop the control of the system during steady state abermine the
resulting requirements for the design of the system.
Contribution: A control strategy for the wind farm has been developed, e/tiez
DC/DC converters control the power flow and thereby also tlelibk voltages.
It has been identified that the bandwidth of the controllet gre limitation of the
voltage variations to 5 % determine the required DC link c#tpaces, which are
obtained for the investigated system.

» Aim: To show the operation of the wind farm during different faudhditions, both
for faults in the main grid and for internal faults in the wifadm. Both the detection
and the clearing of the faults should be investigated, aadehuirements for the
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system should be determined.

Contribution: The safe operation of the wind farm for both external andrivete
faults has been demonstrated. For external faults, thé ridel through operation
has been established including the detection of the faultthe required system
properties to avoid over voltages. Also, it has been prolahthe wind farm can
reconnect after the fault well within the time specified insérg grid codes. For
internal faults, a methodology for a robust detection awdliaation of the fault has
been demonstrated for different faults for the DC bus. Rmn#ie detection of an
internal fault and the disconnection of the faulted partlheen established together
with the resulting disturbance in the output power to the HB/IK.

1.4 Layout of the Thesis

This thesis investigates the design and operation of amniatéC collection grid for
a wind farm. First, an overview of a wind farm with an interixC grid is given in
Chaptef 2. Here, some possible layouts of the internal ctodie grid are shown and the
components in the wind farm are presented. The DC/DC caengeare identifies as key
components that are studied further in Chapter 3, focusmthe operation in a wind
farm with an internal DC grid. A suitable topology for the %2 converter is found for
the operating conditions in a wind farm. Then, design aspaetcontrol of the converter
and choice of switching frequency and IGBT modules are siowtine chosen topology.
Finally, the loss calculations for the DC/DC converter aegified with a down scaled
experimental setup.

Knowing the design of the DC/DC converters, the complete Di&ction grid, including
the DC/DC converters, is designed in Chapter 4. Here, thmuleyf the wind farm used in
the investigations of the operation of the wind farm is cimosmed the design of the compo-
nents in the wind farm is determined. For the chosen laybatidsses for the internal DC
grid are presented, including the losses for the cablestenB€/DC converters. Further,
the dynamic modeling of the wind farm is made in Chapter 5. Mbéels of the different
parts are shown in detail, and also an overview of the cormpletd farm model is given.

Using the dynamic model of the wind farm, a control stratemytfie DC collection grid
during normal operating conditions is developed in Chafitéy basic control is achieved
for the wind turbines to obtain the power flow to the DC grididgrnormal operation.
Further, the control of the DC/DC converters is investigatemaintain stable operation
with limited voltage deviations for all possible operatitwnditions, and the resulting re-
quirement for the DC bus capacitance is obtained. The comethod is verified using
a down scaled experimental converter. Also the operatiomgstartup of the system is
shown. Continuing with the operation during faulted coiodis, both internal and external
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faults are investigation in Chapter 7. First, the operatloring a fault in the connecting
main grid is discussed considering the ability of the systemetect a fault and stop the
output power. Also, the reconnection of the wind farm aftgrid fault is investigated.
Further, the operation during internal faults is discus3é@ behavior of the system dur-
ing a fault in the DC collection bus is shown including theedtion of these faults and
the disconnection of a faulted part. Finally, in Chapier 8imary and also concluding
remarks are given. There are also some suggestions foe futnk.

1.5 Publications

The publications originating from this project are:
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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 aeveral design aspects
that must be considered. First, the layout of the wind farnstne chosen including the
connection for the turbines. Then, also the different congms must be determined. In
this chapter, an overview is given of the layout and the mammonents, which are the
wind turbines and the DC/DC converters as well as the DC sadtel 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 sevditiérent ways|[13, 14,
15]. One option is to design the wind farm with a DC grid in a ighmway as a wind
farm with an AC grid, where the turbines are connected inaladb 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 ttaial wind farm with

an AC grid are replaced with DC cables, and the 50 Hz transdsrare replaced with
DC/DC converters with internal medium frequency transfersn As seen in the figure,
a number of wind turbines are connected to a common DC bussiainnected to a
DC/DC converter that will achieve the voltage level needwdlie transmission system.

For the wind turbines connected to the internal DC collectjoid, the output must be
a DC voltage, and in Fid. 2.2 the electrical system used foiral wurbine with a DC
output is shown.
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8—|WT| B—lWTl 8—|WT| H—lWTl
| | | |

H—lWTl B—lWTl B—lWTl H—lWTl offshore
| | I I platform

B—|WT||B_|WT||B‘|WT||B—|WT|| DC bus DCDC
8—|WT||8‘|WT||B-|WT|| 8_|WT||

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

HVDC

|

Mechanicall AC “4—
G = [

system DC DCl—
|

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

In the wind turbine with a DC output, a full power convertecanected to the generator.
A DC/DC converter is then connected between the internaliBiCih the turbine and the
DC collection grid to control the power flow and increase tbkage level. Consequently,
there will be two DC/DC converters between each turbine &edHVDC transmission,
one converter in the turbine and one converter for the whatel iarm increasing the
voltage to the HVDC transmission as shown in Figl 2.1.

For the wind farm shown in Fig§. 2.1 ahd 2.2, the voltage Eean be chosen freely
for the DC link in the turbine, the internal DC collectiond@and the HVDC link. In[[15],

three different options are compared for the internal D@ectibn grid. The first option

is to use the layout shown above, with a DC/DC converter it @&nd turbine and also
a DC/DC converter between the internal DC bus and the HVDK Tiitne second option
is to remove the DC/DC converter in the wind turbine and thgtewer the losses. How-
ever, the voltage for the DC bus is then limited by the geenatltage and the DC link
voltages in the turbines can not be controlled indepengdotleach turbine. The third
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2.3. Components in a Wind Farm

option is to remove the DC/DC converter between the integndl and the HVDC link
and keep the converter in the wind turbine, which also wilree the losses. However, in
this case the voltage for the HVDC transmission will be pnege all turbines, affecting
the design of the turbines. The losses for these system®arpared in[[15], and it was
shown that the configuration with two DC/DC converters gitres highest losses. Fur-
ther, it was stated that the transformer for one turbine édgaed efficiency compared to
larger components, and therefore the solution with justi@@éC converter towards the
HVDC link has the lowest losses.

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

HVDC

H
I 1
I 1
] 1
] 1

E
-
H
—
H
—
E
—

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

For the series connected DC wind farm, the HVDC transmisgadtage is obtained by

adding the output voltages of the turbines connected ies€efihe advantage of using this
configuration is that the DC/DC converter towards the HVD® s not needed, and the
disadvantage is the high potential present in the turbiRegher, the output voltage for

the turbines must be overrated in case of the loss of a tufb#je

2.3 Componentsin a Wind Farm

2.3.1 Wind Turbines

There are different ways to convert the mechanical powen fitoe rotor blades to elec-
trical energy. For a wind turbine connected to an AC gridoild either be done with
a fixed speed generator or with a variable speed generatferdit types of generator
systems are described more in detaillin[[4, 18] and are heseribed briefly, and also
compared to the wind turbine with a DC output. For all systethe rotational speed
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Chapter 2. Design Overview of a Wind Farm with a DC Grid

of the wind turbine is fairly slow and a gearbox is therefoeeded to adjust it to the
electrical frequency.

Fixed Speed Turbine

The fixed speed generator in Hig.12.4 consists of an indugeémerator (IG) directly con-

nected to the grid. The speed of the turbine is fixed and datedby the grid frequency,

the gearbox and the pole-pair number of the generator. Dtreettiocked” speed opera-

tion it is not possible to store the energy in turbulence gatianal energy. The turbulence
will then result in power variations leading to mechanicakwand also affect the power
quality of the grid. The fixed speed turbine system often Haxefixed speeds, which

can be achieved either with two generators with differetings and pole pairs or by a
generator with two windings with different ratings and ppérs.

|

Transformer
-{— Gearbox stSa(r)tfet:r T (X/F
1L L

J S

b Capacitor bank

Fig. 2.4 Fixed speed turbine with an induction generator.

Variable Speed Turbine with Doubly Fed Induction Generator

The system in Fid. 215 consists of a wind turbine with a dodbtyinduction generator
(DFIG). In the DFIG, the stator is directly connected to thig gvhile the rotor is con-
nected to a converter via slip rings. The converter only bdsandle 20-30 % of the total
power and the losses in the converter can be reduced comigeatieel converter that has
to handle the full power. This system has a sufficient speededo also smoothen out
incoming wind power variations.

Full Variable Speed Turbine

For the variable speed wind turbine in Hig.12.6, the rotati@peed of the turbine is con-

trolled by a full power converter. The generator could blegita synchronous generator
or an induction generator. If the generator is designed witiftiple poles, the gearbox

can be eliminated. In the variable speed wind turbine, pdlwetuations caused by vary-

ing wind speed can be absorbed by slightly changing the spieed.

10
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Transformer

== Gearbox ) ( )_

1
\J AC ——{pC
pC —— /AC

Power electronic
converter

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

Transformer

AC DC
bk Gearbox = K (=
DC AC

Power electronic
d converter

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

Turbine with a DC Output

The wind turbine with a DC output shown in Flg. P.7 is similarthe wind turbine with
full variable speed. The difference is that the inverter 8@dHz transformer towards the
internal grid is replaced with a DC/DC converter.

” r Medium Frequency ]|
| Transformer
L
Gearbox AC _—||=: bC mAC i
DC t AC DC
| |
U DC/DC converter

Fig. 2.7 Variable speed turbine with a DC output.

2.3.2 DC/DC converters

As shown in Figd. 2]1 arild 2.7, the DC/DC converters are keypoo@nts in a wind farm
with an internal DC collection grid. For the DC/DC convertan overview of the main

components is shown in Fig. 2.8.
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Chapter 2. Design Overview of a Wind Farm with a DC Grid

Medium Frequency
Transformer

mn @A
—1/ AC DC|—

Fig. 2.8 Overview of the DC/DC converter.

Here, the inverter (DC/AC) at the input gives a one phasejuneftequency AC voltage

that is applied at the transformer. On the secondary sideedfansformer, the AC voltage
is rectified to a DC voltage. The waveform of the medium freopyeAC voltage depends
on the topology of the converter. Further, also filters airnipait and output of the DC/DC

converter are needed.

DC/DC converters for these high power levels are still urdsrelopment [12], and are
described further in Chaptét 3. When designing the comgertke choice of topology
is important to achieve as low losses as possible and alsod dymamic performance
for the wide range of operating conditions in a wind farm.dlthe medium frequency
transformer needs further development before it is comialgravailable.

2.3.3 Cables and Protection Devices

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

For a DC system, the protection is a critical issue. In thee a#sa fault, it is advan-
tageous if the faulted part can be disconnected. There aitalble breakers for an AC
system, but for the DC system the breakers are still undezldpment[[19]. Additional
protection devices needed are breaker resistances fdragigng 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 femmpperating conditions
must be known. The operating point can be found for each wieed, but if the aver-
age losses should be calculated, the wind distribution imeikhown. The most common
probability density function to describe the wind speethés\veibull function[20], which
has the probability function

12



2.5. The Investigated Wind Farms
k [wy\ k-1 W \ *
flo) =2 () o [‘ (%) } ' @D

In 2.1), % is a shape parameteris a scale parameter ang, is the wind speed. If = 2,
the Weibull distribution is known as the Rayleigh distribatwherec is given by the av-
erage wind speed,, [18] as

C= ——=Wy. (2.2)

The probability distribution is then given by the averagedvspeed [20] as

W 7TCU2
Fwa) = 222 exp { w} | 2.3)

-2 T A2
202, 402,

Evaluating the probability function for the wind speed foe tiverage wind speed, = 8.5 m/s
[21], gives the resulting values shown in Hig.12.9.

0.1

0.087--

0.067 -

0.041 -

Probability density

0.021 /

0 5 10 15 20 25
Wind speed [m_sl]

Fig. 2.9 Probability distribution for different wind spesd

2.5 The Investigated Wind Farms

When investigating a wind farm, both for the operation of Wiele wind farm and the
properties of the components, the layout of the wind farmtrbaschosen. In these in-
vestigations, the same layout is chosen as shown in Eigar?iP.2 with one DC/DC
converter in each turbine and one main DC/DC converter fenthole wind farm. The
aim is to have a layout that is as similar as possible to th&tiegi wind farms with inter-
nal AC grids. Also, a larger number of DC/DC converters giveseased controllability

13



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

The same principal layout of the wind farm is used in all inigegtions. However, there
are two different alternatives for the size of the turbined also the number of turbines
in the wind farm, one alternative for the investigation aé tdC/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 me@tef B, a smaller wind farm

with large 5 MW turbines is chosen as described further intief8.2.2. It is assumed

that these large turbines will be standard in the future &g are therefore used in the
investigations. However, the results will be similar fortimes of different sizes since
similar components will be used. For this investigatiorthtmnstant 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 thetgm losses and the dynamic
operation, the layout of an existing wind farm is chosen. seguently, smaller wind
turbines of 2.3 MW are used and the wind farm consists of alangmber of turbines.
The layout of the wind farm used for the investigations ofdigramic operation is shown
in Sectior 4.P.

2.6 Summary

In this chapter, an introduction was given to the layout dreldomponents for a wind
farm with an internal DC grid. It was shown that a layout santio the layout of a wind
farm with an internal AC grid is used, and that there is a DCtd@verter in each turbine
as well as a main DC/DC converter for the whole wind farm caetee: to the HVDC
transmission. Further, it was stated that the high poweriunedequency DC/DC con-
verters as well as the protection devices for the DC wind farenkey components that
requires further development.

14



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/D@verters are key
components for the realization of a wind farm with an intéf@& collection grid [12].
When designing the DC/DC converters, a suitable topologgtrba chosen and the de-
sign of the converters must be determined for the specificatipg conditions in a wind
farm.

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

In this chapter, three different topologies are evaluatedtie operating conditions in
a wind farm with a DC collection grid. This is shown more inalein [24,(25], where the
topologies are evaluated regarding losses, contributiemérgy production cost and also
additional factors as design and control of the convertdese, the DC/DC converters
are designed for a large 5 MW turbine using different eleatrsystems. The operation
and the losses for the different topologies will be simitardifferent sizes of the turbines.
When the topologies have been evaluated and a suitablemplos been chosen, the de-
sign of the converters is evaluated further. Finally, tresloalculations for the converters
are verified using a down scaled experimental setup.
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Chapter 3. Design of the DC/DC Converters for a Wind Farm Agapion
3.2 Choice of Converter Topology

3.2.1 Compared Topologies

Here, the three used topologies are described, which aé hawllbridge that gives a
medium frequency voltage to the transformer. Then the dwitige will rectify the volt-
age, giving a DC voltage as output. The difference betweeifuitbridge (FB) converter
shown in Fig[ 3.l and the single active bridge (SAB) convent&ig.[3.2 is the output fil-
ter which is current stiff for the fullbridge converter andltage stiff for the single active
bridge converter. For the resonant (LCC) converter showfidr3.3, resonant elements
are inserted close to the transformer, achieving soft sivitcconditions for the IGBTs
(Insulated Gate Bipolar Transistors) in the input bridglso&he resonant converter has a
voltage stiff output.

g J@ @} - J: - S

Vin T % é LS T Vout
o T o
Fig. 3.1 Topology for the fullbridge converter.
(e, T ] 0
+
ey .

Vin - 3 ; LS e Vout

LI tt ol

o 1 J

Fig. 3.2 Topology for the single active bridge converter.

Starting with the fullbridge converter, the output voltageontrolled by the duty cycle
for the input bridge, and the output voltage is basicallyportional to the duty cycle at a
constant input voltage. The converter can either be cdattdly the hard-switching duty
cycle control or the soft-switching phase shift controltte hard switching duty cycle
control, the off-state is achieved by turning all switchés Bhereby, 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 curreither in the transformer
nor in the input bridge. Using this control method, there rawesnubber circuits across
the transistors in the input bridge and the turn-off lossestberefore be large. Another
issue to consider when using duty cycle control is that tlvare be oscillations in the
input bridge during the off-state. In order to reduce the-oif losses for the transistors,
snubber capacitors can be connected across the transisféics [3.1. The converter is
then controlled using phase shift control as described2nZg,27]. During the off-state,
one transistor and one diode are conducting in the inpugbridroviding the possibility
of soft switching for the transistors. This gives lower shkihg losses but a more com-
plicated control for the input bridge and higher conductiosses during the off-state.
However, since the leakage inductance of the transformamadl, there will just be soft
switching of the leading leg of the input bridge [24, 28]. Tlagging leg will be hard
switched since the energy stored in the leakage inductanuat ienough to achieve soft-
switching of the transistors. In this first comparison, thege shift control is used to
lower the switching losses.

The single active bridge converter in Fig.13.2 looks simtathe fullbridge converter
but due to the voltage stiff output it behaves differentld accordingly it is controlled in

a different way[29]. Here, the output filter creates a vadtagff output and the current
waveforms in the converter are dependent on the voltagesitine leakage inductante

of the transformer. Here, the current in the transformereases during the on-state and
then decreases during the off-state. Consequently, teerériangular current waveform
in the transformer and the switches turn off at the peak atyrresulting in high switching
losses.

For the resonant converter shown in FigJ] 3.3, the switchosges are reduced by switch-
ing at zero current and/or zero voltage. This is achievechbyrésonant tank consisting
of the inductancd., and the capacitanc€$ andC, as shown in detail ir [30]. However,
there are some disadvantages with the load resonant cers.efhe need of a wide fre-
guency range makes the dimensioning of passive componiffitalt{31], and resonant
converters also have the disadvantage of a large resomauatance and capacitancel[22].
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Chapter 3. Design of the DC/DC Converters for a Wind Farm Agapion

Resonant operation is used In [12], where a three-phasessesonant 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 ataiegd for the same operat-
ing conditions. Therefore, the operating conditions arsedbed for a local wind turbine

grid with 5 turbines of 5 MW each. The average losses are lzaknidepending on the av-
erage wind speed [24, 25] and are then used for the evaluzttbe converter topologies.

The operating conditions in a DC based wind farm depend botthe produced power
and voltage from a wind turbine as well as the control stsafegthe voltage levels in the
internal grid for the wind farm. As shown in Sectibn 2]3.1e thind turbine with a DC

output in Fig[3.4 looks similar to the standard full powenwerter variable speed wind
turbine with an AC output. However, the electrical systerdifferent since the DC/DC
converter has replaced the inverter towards the grid. Thegse of the DC/DC converter
in the wind turbine is mainly to increase the rectified voltdg a level suitable for the
local wind turbine grid.

1 1

1 1

I | Mechanical AC DC —l—l
I system DC DC ————
1

1

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

The output voltage and output power from the rectifier in thedaturbine depend on
the wind speed, the type of generator and the control sirabe@ variable speed wind
turbine, the ratio between the wind speed and the rotatspegd of the turbine is kept
constant at low wind speeds, until the rated speed of thénirb reached, and after this
the speed is kept constant. The adjustment of the rotatgp®d according to the wind
conditions at low wind speeds is made in order to convert ashnaind energy into me-
chanical (shaft) energy as possible. In Fig] 3.5 a) the dyipwer from the rectifier is
shown and Fidg._3]5 b) shows the output voltage. The figure shbat for this turbine,
the cut-in wind speed is 4 m/s, the rated rotational speedashed at 10 m/s and the
maximum power is obtained at 12 m/s.

Two different electrical systems are considered for theegatior; the rectifier could either
be a diode rectifier or an IGBT rectifier. Using a high efficigdcode rectifier, the output
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Fig. 3.5 Output from the wind turbine rectifier. a) power andditage.

voltage of the rectifier is assumed to be proportional to theeed of the generator while
the controllable IGBT rectifier gives a constant output ag# as seen in Fig. 3.5. The
output voltage for the diode rectifier is assumed to be 2 kVatgland 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 itieee between 2 kV and
5 kV or constant 5 kV depending on the rectifier used, the apgya@onditions can be
found for the converters. To obtain the operating condgitor the DC/DC converters
for different control methods for the internal voltage lsvim a wind farm, a local wind
turbine grid for five turbines is used as shown in FFig] 3.6.r€hare three different po-
sitions for the wind turbine converter, positions 1a, 2a aadvith the input and output
voltages shown in Fid. 3.6 and described in detailin [24]e Biperating conditions for
these three positions in the local wind turbine grid will ksed in the evaluation of the
DC/DC converters. For position 1a, the diode rectifier isduging an input voltage to
the DC/DC converter between 2 kV and 5 kV while the outputagdtis constant 15 kV.
The diode rectifier is also used for position 2a, but for thasipon the output voltage is
varying between 6 kV and 15 kV, and is proportional to the ingitage. For position
3a, the IGBT rectifier is used resulting in a constant inputage of 5 kV and also the
output voltage is constant at 15 kV. Consequently, the aberseat positions 2a and 3a
have a constant ratio between the input voltage and the bugiitage. For position 3a
these voltage levels are fixed and for position 2a the voltegels are proportional to
the rotational speed of the generator. The converter atipogia has to compensate for
the voltage variations and thereby has a varying ratio batvilee input voltage and the
output voltage. In the same way for the main DC/DC conveptesjtions 1b and 3b have
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identical operating conditions with constant voltage Is\moth for the input 15 kV and

the output 75 kV. For position 2b, the input voltage is vagyiretween 6 and 15 kV while
the output is constant 75 kV.

wind turbines

T T T T T T s Mw |
1 1
1| Generator DC i
1| and rectifier )
' 25KV P D1C | Group
1 - 0s.1a
l 2-5kV Pos.2a | DC/DC
b ___3kV_Pos.3a ] converter
:— 0-5 MW : 0-25 MW
1 1 E—
Il Generator DC i £ DC
and rectifier : c 75kV
: DC 1 N DC |
1 2-5kV Pos.la 1
: 2-5kV Pos.2a |
beemoooo-_3kV _Pos3a ]
o Control strategy 1:  15kV ~ Pos. 1b
° Control strategy 2: 6-15kV ~ Pos.2b

Control strategy 3:  15kV ~ Pos.3b

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 fumofithe wind speed. After that,
the losses are integrated over the probability distrilsutibthe wind speed to achieve the
average value of the losses.

There are two main components of the losses that are expgectad/ between the topolo-
gies; the losses in the semiconductor components and theslas the transformer. The
losses in the input and output filters are not considerecedime design of the filters is
dependent on the requirements for the local grid. The lcmsesalculated using the op-
erating conditions obtained from current and voltage wawa$ from simulations with
ideal components together with known data for the companéir the IGBT module,
data for losses during hard-switching is found in the daées[82] and data for switching
losses during soft-switching conditions is foundlin![33)r Fhe diode module, the losses
are found in the data sheet for the component [34].

The transformer losses include both copper losses and ossed. The copper losses
are calculated from the rms-current and the resistancesafrémsformer windings at the
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3.2. Choice of Converter Topology

operating frequency. Here, the skin effect is consideretaamAC-resistance coefficient
is used as shown in [35, 36]. For reducing the copper losded vainding is used for the
primary winding and a Litz-wire is used for the secondarydimg.

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

Pcore = Klft[;2(Bmax)K3‘/core- (31)

Here the core los#.,,. is a function of the peak value of the ac flux dendity,,, and
the switching frequency,,. Further,K;, K5 and K5 are constants that vary between the
materials and’,,,. is the volume of the core. For the chosen core material of phuars
metal, the constants ar€, = 46.7, K, = 1.51 andK; = 1.74 [38]. However, loss coeffi-
cients are often provided from the manufacturer of the cabhg for sinusoidal excitation.
For non sinusoidal excitation, the core losses can be giyen b

1
Pcore = _KlfK2_1(Bmam)K3‘/co7‘e (32)
T

eq

assuming no temperature dependence of the core losse®9]3blede,r is the switching
period andf., is the equivalent frequency. The calculation of the eqentirequencyf,,
is shown in[[36] 39].

3.2.4 Resulting Losses for the Different Topologies

Here, the resulting losses are shown for the three diffeopaiogies based on the method
for loss calculations described above. For the differerdgrating conditions shown in
Fig.[3.6, the resulting losses are obtained for an averagd speed of 7.2 m/s as de-
scribed in Sectioh 214, and the resulting losses are showiyif8.7.

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

converter suffer from the large power variations sinceatleto a limitation of the snub-
ber capacitors. The resonant converter has no significargase in the losses due to the
large range of operating conditions, but the stresses ®irthut and output filters are
large for operation at low power levels. Also, an issue wltd tesonant converter is that
the peak voltage for the transformer is considerably highan the input voltage to the
converter since the transformer is a part of the resonahkt @onsidering the losses, the
contribution to the energy production cost, simple desigghe@asy control, the fullbridge
converter is found to be a suitable choice for the wind farpliaption [24, 25].

3.3 Design Aspects for the Fullbridge Converter

When the fullbridge converter has been chosen as the stitapblogy, the design and
control are investigated further. First, two different tohstrategies are investigated and
then the design of the transformer as well as the semicoadocamponents are chosen.

3.3.1 Choice of Control Strategy

For the fullbridge converter, both hard switched operatiod soft switched phase shift
operation have been extensively studied [26,/31, 40]. Theeeseveral suggestions to
achieve soft switching in a large operating range, inclgdioxiliary circuits and differ-
ent control techniques. Also, in [41] it is shown that the ssoft switching fullbridge
converter has a slightly higher efficiency than the soft shirtg fullbridge converter.
However, using the soft-switching operation of the coreeiit is shown in Figl_317 that
there are high losses for the converters that have to corapeefts voltage variations in a
wind farm. Here, the hard switching duty cycle control is gamred to the soft switching
phase shift control. Comparing the losses using duty cyarol and phase shift control,
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3.3. Design Aspects for the Fullbridge Converter

the results can be found in Flg. B.8 and are also shown inlde{d2].
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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 afasiarithe two control meth-
ods, but for position 1a, the duty cycle control results indolosses. The loss distribution
for position 1la is shown in Fi§. 3.9 for both duty cycle cohtind phase shift control.

— 6] Total losses — 6 Total losses

S % Transformer lossgs S, % Transformer lossds

g |- Turn-off losses 3 N Bl Turn-off losses

§ 41 O Conduction losses 2 O Conduction losses

B B — o o ° ° §
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(a) Duty cycle control. (b) Phase shift control.

Fig. 3.9 Loss distribution for position 1a.

In the figure, a clear difference in the losses can be seerhétvwo control methods;
the duty cycle control results in lower conduction lossedlgher switching losses com-
pared to the phase shift control. The converter using phaiftecentrol has lower turn-

off losses due to the snubber capacitor connected acroseatisestors. However, since
just the leading leg is soft switched, the reduction in th@-ff losses due to the soft
switching operation is limited. On the other hand, the catidn losses during the off-
state are higher for the phase shift control. Using the dytyeccontrol, the current only
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flows through the rectifying bridge at the off-state. For pise shift control, during the
off-state the current will flow through the output bridgee tihansformer as well as one
transistor and one freewheeling diode in the input briddps Will lead to larger conduc-
tion losses in the case of the phase shift control at low dytiec Regarding the average
losses, the increase in conduction losses for the phagecshifol is significantly larger
than the reduction of turn-off losses by the snubber capacior position 1a. For the
converter at this position, the duty cycle is lowered at higid speeds leading to a large
difference in conduction losses between the control methéar positions 2a and 3a, the
losses are equal for the control methods as seen i_Fig. 8ilfithg from the constant
transformation ratio, the off-state is short for the coteer at positions 2a and 3a. Here,
the decrease in switching losses for the phase shift cootropared to the duty cycle
control is similar to the increase in conduction losses.

3.3.2 Choice of Switching Frequency and Transformer Core Mte-
rial

The choices of switching frequency for the converter and coaterial for the transformer
are important for the performance of the DC/DC convertee $Witching frequency is a
trade-off between low losses for the converter and low wieafithe 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 weightfiberent switching frequencies.

At low switching frequencies, the conduction losses forgamiconductor components
are the dominating losses followed by the losses in the fioamer. As the switching
frequency increases, these losses are fairly constang Wiel switching losses increase.
Consequently, at a certain switching frequency, the totdés increase considerably due
to the increasing switching losses, and it is found to be pt@pmately 1 kHz, depending
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3.3. Design Aspects for the Fullbridge Converter

on the operating conditions of the converter. Since thedfizbe transformer is reduced
with increasing switching frequency, a suitable value béll kHz, where the transformer
is as small as possible keeping fairly low total losses ottheverter. As seen in Fig. 3]10,
the weight of the 1 kHz transformer is approximately 10 % @& weight of the 50 Hz
transformer. Also in[[12], 1 kHz is found to be a suitable shihg frequency. In[[13],
it is stated that the estimated weight of a 1200 Hz transfois8 % of a comparable
50 Hz transformer for 3 MW. Since the weight is critical foetbomponents in a wind
turbine [13], and the transformer losses are a small fraafdhe total losses in the con-
verter at high wind speeds (as shown in Figl 3.9), the dedigimeedransformer aims at a
low weight (considering the constraint of a maximum leakigkictance for the 1 kHz
transformer).

Regarding the core material of the transformer, a laminatedl core gives consider-
ably higher losses than a core made of an amorphous metglfallonedium frequency
transformers. In[[30], it is stated that laminated steelssdufor low-frequency applica-
tions (below 2 kHz) due to the high core losses. A core of ammoug metal alloys gives
lower losses, but the saturation flux density is slightlyéovand is then preferably used
for medium frequencies. For high frequencies (above 10 kidmjtes is a suitable choice
with lower losses [30, 43]. However, for the medium frequetnansformer, the consider-
ably lower saturation flux density for the ferrites gives asiderable increase in the size
of the transformeli [44]. Also in [37], it is stated that, fod &Hz transformer, amorphous
and nanocrystalline core materials are more suitable thaite’s due to their high satu-
ration flux and mechanical strength. Materials consistihgnoorphous metal alloys are
also used for the transformers shownlin![12, 13] with switghfrequencies 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 k\fhet input and 15 kV
at the output for the DC/DC converter in a wind turbine, thare large stresses for the
components. The semiconductor components used in thistigagon are IGBT modules
with rated voltage 3300 V and rated current 200 A for the irpidge. These IGBT mod-
ules were chosen since there is available loss data fossatthing conditions [33]. For
the output bridge, a diode with rated voltage 2500 V and ratecent 2000 A is used. For
the IGBT components, it is assumed that one module condigi8 parallel connected
devices with 200 A each, resulting in a total current ratihg@00 A.

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

Here, it can be seen that the press pack IGBT has lower canduosses but higher
switching losses, which results in low losses at low switghirequencies and higher
loses at high switching frequencies. However, for the usettking 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 describethim¢hapter have the same
principle of operation as low power, low voltage DC/DC comees. However, there are
of course a number of design issues that must be given fucthesideration when in-
creasing the power and voltage ratings of the DC/DC conkgerte

Due to the high voltage, semiconductor components with kigtage (above 2.5 kV)
must be connected in series. However, even if the blockingge is limited for each
semiconductor module, the insulation towards ground isygyortant issue that must be
solved [46]. Additionally, if the semiconductor componeare connected in series, the
voltage slope during the switching must be decreased aniobsnsl must probably be
used. Here, both the semiconductor components and thenswgtitequency is similar as
for the VSC HVDC stationd |2, 47]. Therefore, it is assumeat the design of suitable
switching valves is possible.

Also the high power, medium frequency transformer for theiges and voltage levels
is a component that has to be developed further before th€gB® 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 assineulated waveforms, a
down scaled experimental setup is used. Here, the measaezforms and losses are
compared to the results from the simulations and loss cionls that are performed in
the same way as for the full size converters for the wind fappliaation.

The design of the fullbridge converter aims to construct wrdscaled converter suit-
able for tests that can be compared with simulations. It khbe large enough to have
similar characteristics as the full scale converter, butheother hand it should be small
enough to be realized using the existing laboratory equipnide resulting converter is
described in detail iri [48] and will here be presented bri&lphoto of the experimental
setup is shown in Fig. 3.12.

Input
capacitor

IGBTs
Output
Diodes capacitor
[+ X r o
Transformer : G AT N Output

inductor

Fig. 3.12 Photo of the experimental setup.

The power rating of the converter is 9 kW with an input voltafe300 V and an in-
put current of 30 A. The transformer of the converter has #t®r1:1, which gives the
maximum theoretical output voltage of 300 V. In reality, thatput voltage is slightly
lower due to losses in the converter and also the loss of dutg cThe main components
of the converter are the IGBT modules for the input bridge, diode modules for the
rectifying bridge, the transformer, the filter inductancel aapacitances as well as the
control system. Additionally, there are auxiliary compotsesuch as the driver circuits,
the measuring system, the cooling and the power supply taukidiary components.

27



Chapter 3. Design of the DC/DC Converters for a Wind Farm Agapion
3.4.1 Semiconductor Components

The IGBT modules used in the input bridge are the SemixS3A2Z8B modules from
Semikron with rated voltage 1200 V and rated current 320 AdAge circuits for the
IGBT modules, twoskyper?» 32Pro from Semikron are used. They are mounted on the
corresponding evaluation boarBgal uationBoard1Skyper 7" 32Pro.

For the rectifying bridge the SGS - ThomsonMicroelectrerd T230PI1V - 1000 mod-
ules are used with a rated voltage of 1000 V and a rated cuwfé&@t A. However, using
the rectifying bridge without over-voltage snubbers ressinl large oscillations at turn-off
close to the maximum voltage for the diodes. To reduce thesilations RC-snubbers
are inserted across each diode with the valugs#602 and C = 2.8 nF.

3.4.2 Transformer

The transformer used is a custom-made transformer witlsfibamation ratio 1:1 which
can be seen in Fig._3.13. From the measurements of the trarefeoltage and current,
the stray inductance is determined to/48 and the main inductance to 14 mH. Further,
the core material is the iron based magnetic alloy 2605SA fMetglas. However, it
should be noted that the core material is no-field anneallandiven data for core losses
in the data sheet is based on a core with longitudinal fieleéalhtn order to achieve the
desired operation for the phase shift control, an additimuictance of 52:H is inserted

in series with the transformer.

3.4.3 Filter Components

As the input capacitor, Rifa Elyt Long Life PEH169UV439AQ capacitor is used with the
capacitance value of 39Q(. In the output bridge, Bifa Elyt Long Life PEH169UV4330Q
capacitor with 330Q:F is used. The real value of the capacitance has a large podsib
viation from the rated value, which is - 10 %/+ 30 %. This makedifference for the
loss calculations in steady state, but for the dynamic cbofrthe load voltage, the value
of the output capacitor is significant. Here, it is found ttied output capacitor has an
approximate capacitance of 4008, which is 21 % above the rated value. Since the full-
bridge converter requires a current-stiff output, the atifpter inductance needs to be
large, especially since the switching frequency is as lovlddz. The inductance chosen
was an existing free-standing inductor of 20 mH that can leaadurrent 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 circuitSjmulink/ MATLAB file is used
where the control signals are generated from the phasedsii@tmined by the user. Fur-
ther, the control signals are connected to the drive csouid a dSPACE DS1103 con-
troller board and two additional cards for obtaining théatigoltage levels for the control
signal to the drive circuits.

The measurements for the circuit are done in two differentsyaither by an oscillo-
scope or by using a measuring card and feeding the measgredsback to the dSPACE
system. The dSPACE system has the drawback of a limited bdtidsince the sampling
time is 50us, and therefore, the high-frequency signals are measuitadive oscillo-
scope. However, the input and output voltages are measutiethe dSPACE system via
a voltage transducer card. In the same way, the input andibatprents are measured
using LEM-modules and a measuring card, described in [48kther with the dSPACE
system.

3.4.5 Stray Resistances

In [24], where the waveforms from the experimental modelex@mpared to the wave-
forms from a simulations model, it was found that some st@pmonents were needed
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to give an accurate representation of the circuit. In this-li@al simulation model, some
loss components are included in the circuit. The ideal s model is modified by
adding non-ideal switches, and also including the resigtsuof the transformer and the
output filter. Finally, the resistances across the inputarigut capacitors are added. The
added resistances can be seen in[Fig.]3.14 and the valuesaifittponents are shown in
Table[3.1. For the bleeder resistanégs,, and Rq;..4, the values are known and for the
transformer and the filter inductance, the resistance sdlie and Ry, are measured
at 1 kHz for the transformer and at DC current for the filterwidwger, the value of the
resistance for the filter inductance is increased from thaswmesd 37.6 1 to 50 n12 for
obtaining the AC resistance.
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Fig. 3.14 Non-ideal simulation model for the experimentaiwerter.

Table 3.1: Calculated losses for the simulated circuit.

Component Resistance

Rein 47 kO
Rcioad 10 k2
Ry, 72 mQ2
Rrioad 50 M

3.4.6 \erification of the Loss Calculations

Starting with the measured waveforms, the input and outmwueforms for the trans-
former are compared to the simulated waveforms in [Eig.] 3b6.the simulations, the
model shown in Fig.-3.14 is used.
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Fig. 3.15 Measured and simulated current and voltage wawsfat the input and output of the

transformer.

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

culations.

Continuing with the loss calculations, Fig. 3.16 (a) sholes talculated losses for the
converter including the loss distribution for the duty @ clontrol. In Fig[3.76 (b), the
calculated losses are compared to the measured losses.
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(a) Calculated loss distribution.
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(b) Calculated total losses compared to thea-
sured losses.

Fig. 3.16 Calculated total losses and loss distributionaned to the total measured losses.

It can be seen that the major contributions to the lossefialesses in the semiconductor
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components and in the transformer, which are the lossesinskd loss calculations for
the full scale converter. Regarding the comparison betwlegalculated losses and the
simulated losses, it can be seen that they are similar atchighcycles, but at low values
of the duty cycle the measured losses slightly exceed tloeledé¢d losses. For comparing
the losses for the different control methods, [Fig B.17 sh@yshe measured losses and
(b) the calculated losses for duty cycle control and phagecgimtrol.
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(a) Measured total losses. (b) Calculated total losses.

Fig. 3.17 Calculated and measured total losses for bothayatg control and phase shift control.

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

3.5 Summary

In this chapter, the high power medium frequency DC/DC caeve have been studied
for the wind farm application. Three different topologiesre evaluated and it was found
that the fullbridge converter with a current stiff outputdil is the most suitable topology.
For this topology, a suitable switching frequency is 1 kHhgeve the weight of the trans-

former is reduced by 90 % compared to a 50 Hz transformer anlbises are reasonably
low. It was also found that, in the case of varying voltagelsythe hard switching control

gives lower losses than the soft switching phase shift obriEmally, 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 dmaling the system perfor-
mance and suitable control strategies, the design of thd famm must be determined.
In this chapter, the layout of the wind farm is determined a# as the designs for the
components, using the chosen design of the DC/DC convdrtersChaptef B. 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 issdroto be similar to the wind
farm Lillgrund as shown in [21]. The Lillgrund wind farm cdets of 48 wind turbines
with rated power 2.3 MW each [21], and the turbines are calesith an internal 33 kV
AC grid as shown in Fid. 411. In the wind farm, the voltage isréased to 33 kV AC by
a transformer in each wind turbine and there is one main foamer at platform W-01
that transforms the 33 kV voltage in the internal grid to tB8 kV transmission voltage.
Further, in this study it is assumed that the distance betwreeturbines is 500 m.

The wind farm with an internal DC grid used in this study has$hme layout as the AC
based wind farm, but the AC cables are replaced with DC caridghe transformers are
replaced with DC/DC converters. The internal voltage les@2 kV DC and the voltage

level for the HVDC transmission line is 130 kV DC. The mainattecal components of

the wind farm can be represented by the equivalent circoivehn Fig.[4.2.
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Fig. 4.2 The equivalent circuit of the internal DC grid.

Here, one wind turbine, including the generator and thefrectis connected to the wind
turbine DC/DC converter that transforms the voltage to 3ZéMhe internal grid. The
DC/DC converter is here simplified to a variable transforifnepresenting the inverting
fullbridge, the medium frequency transformer and the diagtgifier) and the input and
output filters for the converter. The converter is then categ to the internal DC bus
together with several other wind turbines as shown in[Efy. Bhe internal DC cables are
then connected in parallel to the main DC/DC converter thariases 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 compoeare 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 pogv converters are used [21].
The electrical layout of these wind turbines is shown in Bi§.

J@ J@ J J J@ J@
J@ J@ J J J@ J@

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

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

@J—@ J@ JQS JQS JG& ¥)) ]
Gog | ag b

Fig. 4.4 Wind turbine with a DC output.

In the DC wind turbine, the three phase inverter and the 50r&fzsformer are replaced
with a DC/DC converter. In the DC/DC converter, a fullbridgeerter gives a medium-
frequency square-wave voltage that is transformed to theined voltage level by the
medium frequency transformer. On the secondary side ofémsformer, a diode bridge
rectifies the output voltage.

Comparing the AC turbine with the DC turbine, it can be seext the mechanical sys-
tem, the generator and the rectifier are the same for botinegbThe main advantage for
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the DC configuration is that the transformer is smaller siheeswitching frequency is
~1 kHz instead of 50 Hz. The disadvantage is the additionalallridge that is needed
at the output to rectify the voltage.

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

Xm 3 Ri(1-s)/s > o,

O

Fig. 4.5 Equivalent circuit for the induction generator.

Table 4.1: Parameters for the induction generator.
Parameter Value unit
Stator resistance R, 0.005 pu
Stator leakage reactanceX,;, 0.09 pu
Magnetizing reactance X,, 3.3 pu
Rotor resistance R, 0.008 pu
Rotor leakage reactanceX,; 0.1 pu

4.3.2 Cables

In [21], it can be seen that the internal grid for the wind fdras a voltage level of 33 kV.
Further, the cross sectional area of the 33 kV cable depamtiseolocation in the wind
farm. For the first 6 wind turbines the cable has a smaller traa for turbine 7-9. Also,
the connection between the last turbine and the offshorstatibin has a larger diameter
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4.3. Design of the Components in the Wind Farm
due to the mutual heating of the cables inside the gravitpdation [21].

In a similar way, the DC cables are dimensioned dependingheridcation in a wind

farm, where the voltage level is 32 kV DC. For the first 6 tudsinthe maximum current
is431 A, at turbine 9 the maximum current is 650 A and for altdr®ines 720 A. Choos-
ing a single core copper cable, the resulting cross sedwomauctor areas are 185 mMm

400 mnt and 630 mrh respectively. For the HVDC cable, the resulting diametethef

cable is 630 mrh

A cable segment can be modeled with thénk model as shown in Fid. 4.6 [17]. When
choosing the voltage rating for the cables, the grounddaulist be considered. During
normal operation, the mid point grounding will gi#e€l6 kV for the DC bus. However,
in the case of a ground fault, the potential can increaselafm 32 kV for a conductor.
Therefore, the voltage rating for the cables should be thetib-line voltage, which is
30 kV nominal voltage (maximum 36 kV) for the DC bus and 130 kyminal voltage
for the HVDC link.

I—Cable Rcable
ot Y Y Y \_| o
= Ccable/2 = Ccable/2
o ]

Fig. 4.6 7-link model for the cable.

When simulating and calculating the losses for the systeencable parameters must be
known. Starting with one cable, the values for the capacédr),, for one cable can be
found in the data sheet of the cable as 210 nF/km, 280 nF/kri34bdF/km respectively
for the DC bus cable and 210 nF/km for the HVDC cable. ThencHide capacitance
C..nie for both cables can be obtained as

Ccable = 5 - (41)

The resistancé,;, of one cable is calculated using the resistivitfor copper as well as
the cross sectional area A and the lengbihthe conductor as

p
Ry = 1. (4.2)
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The resulting resistances are 8&tkm, 40 n12/km and 24 nf/km for the DC bus cable
and 23 nf2/km for the HVDC cable. The total resistanBg,;;. in thex model is then the
sum of the resistance ni the two cables.

Rcable = 2Rph- (43)

The total inductancé...;,. of two parallel wires can be calculated using![50]

1
Lcable = @ <_ +In C_Z) ; (44)
™ \4 r

whered is the distance between the centers of the two conductors asdhe radius
of the conductors. Assuming that the cables are locatedtaesdch other, the resulting
inductance values are 0.77 mH/km, 0.69 mH/km and 0.64 mHtkmthie DC bus cable
and 0.74 mH/km for the HVDC cable. Finally, the cable pararseare summarized in
Table[4.2.

Table 4.2: Parameters for tHel6 kV DC bus and the-65 kV HVYDC connection.

Conductor area Roie L cabie Ceabie
185 mnt 168 nY/km 0.77 mH/km 105 nF/km
400 mnt 79 mQ)/km  0.69 mH/km 140 nF/km
630 mnt 48 m/km  0.64 mH/km 170 nF/km
HVDC

630 mn¥ 47 mQkm  0.74 mH/km 105 nF/km

For the HVDC link, a capacitor of 5¢F is connected to each end of the cable. The
values for these capacitors are determined by the faultthiceigh properties shown in
Sectiorl_ 7Z.P. 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 taubed in the chosen lay-
out for the DC based wind farm, the DC/DC converter in the wuntbine and the main
DC/DC converter for the whole wind farm. As was seen in theipies section, the gen-
erator is connected via an IGBT based rectifier giving a @nsiutput voltage. Conse-
guently, both converters have fixed voltage levels, the edavin the wind turbine should
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4.3. Design of the Components in the Wind Farm

increase the voltage level from 1.5 kV to 32 kV and the mainDCktonverter should
increase the voltage from 32 kV to 130 kV.

When choosing the voltage ratios for the transformers ildi@é>C converters, the limi-
tation for the converter to step down operation should baicened. Therefore, the trans-
former ratio should be chosen so the converter can be ctedroi case of the lowest
possible input voltage and the highest possible outpuageltHaving a maximum steady
state deviation in the voltage &f5 % from the nominal voltage level, it is assumed that
the peak voltage deviations are withi10 % of the nominal voltage. Also, assume that
there is a loss of duty cycle of 10 % due to the time for curremersal in the leakage
inductance in the transformer. Consequently, for the nahimput voltagd’;,, and output
voltageV,.;, the transformer ratie are calculated as

1.1- Vo

= out 4.
0.9-0.9- Vi, (4-5)

n

Using the nominal voltage levels 1.5 kV for the DC link in thend/ turbine, 32 kV for
the DC bus and 130 kV for the HVDC connection, the resultiagsformer ratios are 29
for the wind turbine converter and 5.5 for the main conveiitee steady-state duty cycle
for nominal voltage levels will then be 80 %. The ratings foe turrent and voltage for
the converters are summarized in Tdblé 4.3.

Table 4.3: Parameters for the DC/DC converters.

turbine converter main converter

Rated power 2.3 MW 110 MW
Input voltage 1500V 32 kv
Output voltage 32 kV 130 kV
Input current 1.5kA 3.4 kA
Output current 72 A 850 A
Transformer ratio 29 5.5

The DC/DC converters are fullbridge converters with dutgleycontrol as described in
Chapter B. For the choice of IGBT modules, it was shown in Bi@1 that there is no
major difference in the losses, and the chosen IGBT moduleeis the 2.5 kV 2000 A
press-pack module since it is designed for operating inllpaend series connections.
Also, diode modules with the same power rating will be choseable[4.4, the maxi-
mum stresses for the semiconductor switches are shownéd\lineralues for the currents
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are the peak values).

Table 4.4: Maximum stresses for the semiconductor comgenen

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 geagses for the com-
ponents should be considered. The used semiconductoredavave the voltage rating
2.5 kV and the current rating 2 kA. For the converter in thedatimrbine, 1.5 kV DC link
voltage would require one 2.5 kV IGBT (or an IGBT with slightligher voltage rating).
For the current rating, the peak current is the same as taé catrent, and therefore just
one component is needed. However, to have redundancy irateeaf the failure of an
IGBT module, two IGBTSs are connected in parallel to lowerc¢herent stresses and also
allow continued operation in the case of a failure of a sifnGIBT module. For the diode
bridge, it is assumed that each diode should withstand M2&ekulting in 34 series con-
nected devices. Since the rated current is much smallerzhan(just 72 A), only one
diode is needed in parallel. For this diode, the currenhgatian be decreased to about
500 A, which is 25 % of the original current rating. For the maonverter, it is also as-
sumed that each component should withstand 1.25 kV in statlyto have some margin
for transients and fault of a single component. The largebrarmeeries connected devices
gives a redundancy in the case of a failure of a single diodeaosistor. Regarding the
choice of failure mode for the devices, the components otteden series (all diodes and
the transistors for the main converter) should fail to a sbiocuit and the transistors for
the wind turbine converter should fail to open circuit. Thenber of modules needed for
each switch are summarized in Tablgl4.5.

The parameters for the filter inductances for the convess¥hosen to bé; = 0.3 H
for the DC/DC converter in the wind turbine, and als9p= 0.3 H for the main DC/DC
converter. The inductance is chosen to just achieve camtimagonduction in the case of
the lowest wind speed for the DC/DC converter in the wind ingband for the main
converter at 3 % of the rated power. For lower power levels,dbnverter will operate
in discontinuous conduction mode. The values of the filtgrac@ors are determined in
Sectior] 6.3.2 and arg; = 152 mF for the wind turbine converter ang = 11 mF for the
main converter (plus additional 0.1 mF at the connectiorathdurbine). 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 wisi§bO kg for the transformer
in the wind turbine DC/DC converter and 28000 kg for the ma@YDC converter.

4.4 Loss Evaluation for the Wind Farm

For the wind farm with an internal DC grid, the parts that afeecent from a wind farm
with an internal AC grid are the DC/DC converter in the wintbine, the DC bus and the
main DC/DC converter, which are shown in Hig.14.7. Here, thady state losses in the
wind farm are calculated for these components for diffeogratrating conditions.

o DC bus
il

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

offshore
platform

HVDC

4.4.1 Losses for the Cables

For the losses in the cables, the cable resistances areardbd thosen core areas. Here,
it is assumed that the distances between the turbines aren500reality, the distances
will vary depending on the layout of each radial. The resgltiosses 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 inmgeasm less then 0.02 %

of the input power at low power levels to above 0.3 % at high@olevels. 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 caseles in Figl_4.9.
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(a) Converter losses. b) C ter| fraction of the input p

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 powdrfanlow power levels
2.6 %. Looking at the distribution of the losses, it can baghat the switching losses are
proportional to the input power. The fraction of conductiosses is almost constant, but
increase slightly due to the increased on-state resistrtugh current. The transformer
losses is a larger fraction of the total losses at low poweel¢e This is due to the core
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losses that just depend on the voltage applied at the tnansfaand therefore the abso-
lute value of the core losses is constant for all power le\étsvever, the total losses in

the transformer increase at high power levels due to theardppses that increase with
increasing current. Additionally, assuming an averageldsipeed of 7.2 m/s, the average
losses for the DC/DC converter in the wind turbine are 1.3% e input power.

The losses are also calculated for the main DC/DC convevtaare the results are shown
in Fig.[4.10
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(a) Converter losses. (b) Converter losses as fraction of the input power.

Fig. 4.10 Losses for the main DC/DC converter.

Also for the main converter it can be seen that the fractiahetosses is smaller for high
power levels, 1.35 % of the input power, and higher for lowdvapeeds with 3.27 % of

the input power. The average losses for the average windlsgfeg2 m/s are 1.41 %.

Similarly to the DC/DC converter in the wind turbine, thedtian of transformer losses
decrease with increasing power while the fraction of cotidndosses increase. Here,
also the fraction of switching losses decrease slightihwitreasing power.

4.4.3 Total Losses for the DC System

Adding all losses for the two DC/DC converters and the DC haldes, the resulting
losses can be found in Fig. 4111.

For the total losses, it can be seen that the DC/DC convértars the largest contribu-
tions to the total losses. The total average losses are 3fQ¢ transferred power, where

the wind turbine converter have 1.35 % losses of the trarefgrower, the main converter
1.41 % and the DC bus cables 0.24 %.

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

AC grid connected to an HVDC transmission. The losses forA@egrid will depend
on the chosen electrical system for the wind turbine. Assgrthat there is a full power
converter wind turbine, the difference between the turbmeuld be the inverter in the
AC case and the DC/DC converter in the DC case as seen in[Efysnd[4.4. Here,
the losses for the transformers can be assumed to be the aathalso the losses for
the inverter towards the internal grid in Fig. 4.3 can be as=ito have similar losses as
the fullbridge connected to the transformer in Eigl 4.4. Wraén difference in the losses
would then be the additional losses for the rectifying dibddge for the DC turbine. The
losses for the diode bridge are 0.2 %, which can be comparttetotal losses for the
wind turbine DC/DC converter that are 1.35 %. Further, thesés for the main DC/DC
converter of 1.41 % can be compared to the losses of the moetthe installed VSC
(Voltage Source Converter) HVDC transmissions, where eaokierter station has 1.6 %
losses([51]. This figure is expected to decrease due to thelaewent of VSC HVDC,
so the losses of the main converter can be assumed to be tleeasatie losses for an
HVDC converter station. The cable losses will be higher ierinternal AC grid, but due
to the relatively small cable losses for the short distamtdise wind farm, this increase
in losses is expected to be small. The additional losses theDC/DC converters are
then 0.2 % of the transferred power, and consequently trsedofor the AC system are
2.8 % of the transferred power compared to 3.0 % for the DGegysHowever, it should
be noticed that the losses vary significantly for differe gystems; if a DFIG turbine
is used instead of a turbine with full power converter, trests 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 f&hich will be evaluated
in Chapters 6 and| 7. The layout is the same as for the wind faligrind, but the AC
collection grid is replaced with a DC grid. The wind farm cists of 48 wind turbines of
2.3 MW each connected in five radials. In each wind turbinexes a DC/DC converter
thatincreases the 1.5 kV for the DC link in the wind turbin82kYV for the DC collection
bus. Then, there is a main DC/DC converter for the wind farat tbnnects the 32 kV DC
bus to the 130 kV HVDC transmission. Further, the designi®ttbles and the DC/DC
converters have been determined as well as the losses inGhgiB. It was found that
the total average losses are 3.0 % of the transferred powsatpdted with 1.35 % losses
for the wind turbine converter, 1.41 % for the main conveated 0.24 % for the DC bus
cables.
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Chapter 5

Dynamic Modeling of the Wind Farm

5.1 Introduction

In Chaptef 4, the design of the wind farm was determined aedo$ses for the system
were calculated. In addition to the steady state lossesiéowind farm, also the dynamic
properties are important. The dynamic operation of the via@noh should be investigated
both for normal operation and for different faults condisoTo carry out these investiga-
tions, a dynamic model of the wind farm must be developedigdhapter, the dynamic
models of all components are presented as well as an oveofitwe system model.

When modeling a large DC power electronic system, a largdoenof subsystems can be
used [52]. These systems consist of for example a DC/DC ctanie each subsystem.
The simulation model described in this chapter will also bedal on submodules with
a wind turbine in each subsystem. When investigating theushya behavior of the sys-
tem, the simulation model that is used depends on the condithat should be studied.
Looking at the startup of the system, the dynamics of the wankine are important and
must then be modeled. However, if transient conditionsHerC bus should be studied,
these are must faster than the dynamics for the wind turtainieh then can be neglected.
Three different models will be used for the simulations @& thind turbine; one model
in Matlab/Simulink and two models in PSCAD/EMTDC, one siffipl model and one
switching model. For the simulations of the whole wind famadels in PSCAD/EMTDC
will be used.

5.2 Model of the System

In the wind farm, the wind turbines are connected in five hadma common DC bus that
is connected to the main DC/DC converter as shown in[Eig. Phi&. simulation model
consists of an overview model where the turbines and the mM&MC converter are
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modeled in submodules. Starting with the submodule of a wunoine, an overview of
the model is given in Fig. 5.1.

Wind turbine
| i e 1
(DIU E (Dr Tel :
! T Mechanical v Generator i ¥
i e'a‘ system . 113‘ and rectifier | _¢ )
] 1
oo CooooIIIITTTTTee
i Ig V11:
Vv 1 Dc/DC i
2 converter 12)

Fig. 5.1 Overview of the wind turbine model.

In the model, the inputs and outputs for each submodule angrsh.e. which parameters
that are determined in the submodule and which parametatrand inputs. For the wind
turbine, the inputs to the system are the wind spegdand also the voltag&; at the
connection point to the DC bus, which is determined by thenrdt/DC converter. The
output from the model is the current delivered from the turbine to the DC bus. For the
mechanical system, the turbine rotor is modeled. The wirddps acting on the rotor
disk and together with the rotational speed and the pitcheamgmechanical torque is
given. Using the electrical torque from the generator, #sulting speed is obtained for
the generator. The output from the mechanical block is ttegiomal speed, that is also
the input to the model of the generator and the rectifier. Tbdehof the generator and
rectifier determines the electrical torqig acting on the rotor and also gives the output
current;, from the rectifier to the DC/DC converter in the wind turbifibe second input
to the generator is the DC link voltad&, in the wind turbine. Finally, the output current
from the rectifier is the input to the model of the DC/DC comeerThe DC/DC converter
controls the DC link voltage and the output of this model isréby the DC link voltage
V11 as well as the output currefi, to the DC bus.

Using the submodule with the model for the wind turbine, a etaaf the wind farm
can be made as shown in Hig.]5.2, representing the wind faomrsm Fig.[5.3.

When studying the model, it should be noted that the voltagesietermined from the
main DC/DC converter, and the voltage at the turbines ardthdink voltage for the
main converter plus the voltage drop along the cable. &taftom left in the figure, the
last wind turbine in the radial has the input voltdge, from the cable between turbines
9 and 10 and gives the output currént;, to the cable. For all wind turbines, the wind
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Fig. 5.2 Overview of the model of the wind farm.

speedw,, is an input parameter. In the same way for turbine 9, the inpliageV; o is
obtained from the cable model between turbine 9 and turbirme@ this voltage is also
the input voltage for the cable between turbines 9 and 10oThmut from turbine 9 is the
currentiy, 9 that together with the current, ;, is fed into the cable model. All turbines in
the radial are connected in the same way, with a cable modekbea each turbine. The
current in the cable is the current from the turbine plus tiresmt from the cable connect-
ing the turbines further out in the radial. Looking at theleaimodel between turbine 1
and the main converter, the total current is the curigntfrom the turbine added with the
currentis, » from the cable connected to turbine 2, which is the totalentrfrom turbines
2-10. The other side of this cable model is connected to the owaverter together with
the other four radials as shown in Fig.15.3, where the outpuieatis, ;,; is added to
the output current from the other radials and then givesrthaticurrents, . to the main
converter as shown in Fig. 5.2. Further, the input voltagiéocable between turbine 1
and the main converter is the DC link voltage for the main eotar V3;. For the main
converter, the input voltage, is the DC voltage at the HVDC connection and the input
currentiy, . is the total current from all turbines in the wind farm. Thetputs are the
HVDC currentiz; and the DC bus voltag;; at the input of the main DC/DC converter.

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

5.3 Model of the Wind Turbine Generator and Rectifier

For the simulations of the internal grid in the wind farm, qdate models for the wind
turbines are required to achieve realistic operating da in the internal grid. In this

section, the wind turbine models used for the three diffesenulation models are pre-
sented. There are two different parts of the model, the iidatpart and the mechanical
part. When modeling the mechanical part of the turbine, tloelehis made as simple
as possible still keeping the same characteristics seemttie DC/DC converter in the
wind turbine. Consequently, factors that are compensatehyf the inverter controlling

the generator are not seen by the DC/DC converter and caefdherhe neglected in a
study focusing on the DC/DC converters. This applies mainithe models of the wind

and the mechanical system.

Starting with the mechanical part, a large part of the mosl@iven by equations and
is therefore the same for all simulation models. Howeves,diinamics and the inertia
for the turbine rotor and generator is modeled slightlyed#htly. Continuing with the
electrical model, the differences are larger between théatso In the Simulink model,
a simplified model of a DC generator is used while the builtriadel for an induction
generator is used in PSCAD. For the rectifier, ideal modelsiaed in Simulink and the
simplified model in PSCAD while a more detailed model of thetifer will be used for
the switching model in PSCAD.
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5.3. Model of the Wind Turbine Generator and Rectifier

5.3.1 Mechanical System

Starting with the mechanical part of the wind turbine getarahe overview of the model
is seen in FiglL5l4. A similar mechanical system for modetingind turbine is shown
in [31].

(V) : Q)
©0 Wind o
field -
7\, ? actuator
B 3 disk

Fig. 5.4 Model overview for the mechanical part of the wintbtne.

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

Model of the Wind

The main input to the system is the wind speed, which detersnihe power that can
be obtained from the system. When the wind speggis measured, it is done in one
certain point and differs from the average wind speed atdhgel area of the rotor. To
obtain a more realistic value of the average wind spegdt the rotor, a spatial filter is
used [31, 58]. The simplified transfer function for the sapldilter is

1

sb+1’ (6.1)

HSF(S) =

whereb = ~r,./w,, and~ is the damping factor;, is the radius of the rotor and, is the
average wind speed at hub height. To obtain a more realisiadehof the wind field at
the rotor disk, also a rotational sampling filter can be u%&]. [However, it is assumed
that the effects of this filter can be removed by the invednd it is therefore neglected
in this model.

Model of the Actuator Disk

The main part of the mechanical system is the actuator deskdbnverts the power in
the wind to mechanical power on the shaft. The mechanicalubyowerp,,.., from the
actuator disk is calculated as

Pmech = %Arcp<)\a 6)“3 (52)

w?
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where p,;. is the air densityA, is the area swept by the rotay,, is the wind speed
andC, (A, B) is the power coefficient [18]. The power coeffici€nj( ), 5) determines the
amount of power extracted from the wind and is dependentepitch angles and the
tip speed ratio\ that is calculated using the rotor speed the rotor plane radius,. as

well as the wind speed,, as

A= (5.3)

The values of”, are dependent on the design of the blades and a table of \&lndse
obtained from detailed calculations. Here, the valu€’pfor steady state operation can
be found from a lookup-table using the values shown in[Eig [%4].

Fig. 5.5 Values of the constagt, as a function ofA\ andg.

Knowing the values of that are obtained by (8.3) artithat is a result of the controller
described in sectidn 6.2, the value@f can be obtained and the mechanical poR®gr.;,

is calculated usingd (5.2). The mechanical power is therddiyiby the rotational speed of
the rotorw, (on the low-speed side of the gearbox) to obtain the mechbt@ueT,, ...,

on the shaft. The electrical torqlg, is subtracted from the mechanical torque resulting
in the torquél,.;;, acting on the rotor.
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5.3. Model of the Wind Turbine Generator and Rectifier

Model of the Mechanical System

The mechanical system in a wind turbine is generally modaka two-mass model,
considering the inertias of both the turbine and the geaenasing a soft shaft model [53].
However, here it is assumed that the effects of a two mass Imaithea soft shaft can be

compensated by the inverter controlling the generatorréfbee the average power from
the turbine and the rotational speed of the turbine are rettaid significantly by the

choice of soft or stiff shaft. Therefore, a stiff shaft is usesimplify the model of the

turbine.

5.3.2 Electrical System

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

Generator Model in Simulink

In the simulation model in Simulink, the generator and femstiare represented by a DC
generator and the inverter is modeled as a variable transfoas seen in Fig. 5.6.

Lg lg,t

i
—_— g
—f H : O .
+ Rg * *
emf C) Vt V11
; ;
n2:1

Fig. 5.6 Equivalent circuit for the model of the generatoSimulink.

The simplified model used for the generator, including thekleEmf and well as the in-
ductancel, and the resistancg, in the generator windings gives the transfer function
for the electrical system,(s) as

1

Fu(s) = ———.
(5) Lys+ Ry

(5.4)

The implementation in Simulink of the model is shown in Figl.5
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Fig. 5.7 Model overview for the electrical part of the windlune in Simulink.

The induced voltagem f in the circuit is determined by the rotational speed of thedwi
turbine. To obtain the valuen f of the back emf, the rotational speed of the turbine
must be multiplied by the ratigear of the gearbox that gives the rotational spegdf
the generator, as well as the constantthat gives the value ofm f. The current in the
generator, and thereby also the electrical poRgand the electrical torqué,;, are con-
trolled by the voltagéd/; applied at the generator. This voltage is the input voltagenf
the IGBT based rectifier. The current in the generator isrgive

.
emf —V, = Ls% + Ryig,. (5.5)

The resulting current, , in the generator is multiplied with the induced voltage f to
obtain the electrical poweP,;. The electrical power is divided by the rotational speed of
the rotorw, to get the electrical torqug,, on the low-speed side of the gearbox. As shown
in Fig.[5.4, the electrical torque will determine the torgueplied at the rotor and thereby
control the operating point of the wind turbine as shown itisa[6.2. The control of the
generator will be achieved by varying the voltdgepplied at the generator. This is done
by varying the ration, that represents a variation in the duty cycle for the rectifiat
controls the generator.

Generator Model in PSCAD/EMTDC

When using PSCAD/EMTDC, there is a built-in model for theuntion machine that
is used in the simulations. In Fig._5.8, the simple model i€RB is shown where the
generator is controlled by three ideal voltage sourcesfameach phase.

The main difference for the switching model is the model a thctifier, as seen in

Fig[5.9. Here, the generator is modeled in detail using nsoofehe semiconductor com-
ponents.
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)

| &
(- Multimass | { Induction O I

model generator N\

U )

N\

Fig. 5.8 Simple generator model in PSCAD/EMTDC.
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Fig. 5.9 Switching generator model in PSCAD/EMTDC.
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5.4 Model of the DC-DC Converters

When modeling the DC/DC converters, the models varies fsognitly depending on the
requirements of the simulation and the used simulatiomswoé. When using Simulink, a
state space average model is used assuming the fullbrichyerter to be an ideal trans-
former connected to the input and output filters. This modabkaers the average charac-
teristics of the system and can not be used for detaileditiget®ns of the behavior of the
DC/DC converters. Using PSCAD, the DC/DC converter can bdeteal in detail using
IGBT switches, and thereby also be used for detailed inyastins of the DC/DC con-
verters. The disadvantage with the detailed model is tleasimulation requires a short
time step and will thereby be slow. The simplified model in RBds more similar to
the model used in Simulink, and is not considering the switghehavior of the DC/DC
converters. It should be noted that even though the outpet fd current stiff, there is a
capacitor connected to the output to limit the current epphis capacitor is not included
in the model of the DC/DC converter, instead it is added toctygacitance 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 algiothe non-linear behav-
ior be expressed as a state-space function using state-apa@ging [29]. However, the
linear state-space averaging will eliminate the ripplesealby the switching operation of
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the transistors.

Here, the state-space equations will be shown starting théhmain DC/DC converter.
The circuit representation of the DC/DC converter used fidaiming the state-space equa-
tions is seen in Fid. 5.10. The input to the converter is tHeage V, for the HVDC link
that is determined by the outer system. The input curigntis the sum of the generated
currents from the wind turbines in all radials and will tHeyealso act as an input signal.
The states are the voltage across the capatitorand the output currernit, that is also
the current in the output inductance. As output signalsytieagels; is applied at the
DC bus connecting the wind turbines, the output curignis forwarded to the model of
the HVDC connection and the voltad®,. across the capacitor is only used for monitor-
ing. The variable that controls the circuit is the varialbéasformer ratia;. The variable
ns is not an input signal but a variable parameter in the staéeesequations.

o— 1] I

Va1 Ve C3§§ Vs, V,y

1:n;3

Fig. 5.10 Equivalent circuit for the main converter usedtfe state space equations.

To obtain the state-space model, the equations for theitintist be known. Starting with
the expression for the voltagg, the derivative for the current, can be calculated as

di . di n R \%
Vi = Vaieng — L?’d—?z;? — Raizy = d—?f = V31CL—2 - 132L—2 - L—i- (5.6)

Continuing with the expression for the currégtin the capacitor gives the expression for
the derivative of the voltagg;, . across the capacitancg as

. d‘/.?)lc . . . .
131¢c = 037 =122, — 131 = 122,¢c — 132M3. (5-7)

For the outputs from the state-space model, bgtandVz, . are states anty; is given by
Va1 = Va1 — t22,c Rin- (5.8)
Using equationg (516)-(5.8), the state space equatiorsharen below.
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Input signals¥y, I .

States:‘/glc , 132

Output signalsVsy, 132, Vaie

Control variablens

State-space variables, Input signald/ and output signal¥’:

Va1
X:{Vl?’c},(]:[[m’c},}f: L5 (5.9)
I39 Vi v
3lc
State-space equations:
X =AX + BU (5.10)
; 0 —H3/03] |:‘/31c} {1/03 0 } |:]220:|
X = + ’ 5.11
Il3/L3 —Rg/Lg ]32 0 —1/L3 ‘/;1 ( )
Output signal:
Y =CX+ DU (5.12)
Y=10 1 {‘f“}+ 0 0 [ijl] (5.13)
10 5 0 0 *

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

The same state-space equations are used as for the main OMVErter, but the ratio
ny Of the inverter has to be taken into account. This affectvé#hees ofi, andV;; as

(5.14)
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Fig. 5.11 Equivalent circuit for a wind turbine converteeddor the state space equations.

5.4.2 Circuit Models Used in PSCAD/EMTDC

When using PSCAD/EMTDC, the circuits are constructed irreudi simulation software
and no state space equations needs to be made. In Fif. 5.dizcthiemodels are shown
for (a) the switching model and (b) the simplified model.

; Jieer Q Q r yaY T a '

V2

L :

(a) Switching model.
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(b) Simplified model.

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

As seen in the figure, the switching model is a model includithgwitches and diodes.
The values of the filter components,, L, and C;, are the same as for the model in
Simulink. This model is connected to the model of the geweramd rectifier shown in

Fig.[5.9. For the simplified model, the filter components heetame as for the switching

58



5.5. Model of the DC-Cables

model, but the fullbridge has been removed and replaced amtldeal transformer. As
seen in Figl 58, there is no electrical connection to theegeor and rectifier. Instead,
there is a current source in the model of the DC/DC convedpreasenting the output
current from the rectifier. The value of the current is cadted using the electrical power
from the rectifier as well as the voltadg, for the DC link. Here, it should be noted that
in the Simulink model there was a resistance between the topghe converter and the
DC link. Therefore, the voltage;;. at the DC link is not the same as the input voltage
Vi to the converter. However, in the model in PSCAD, this resis¢ is neglected and
the DC-link voltagel;,.. is equal to the input voltagg;;. Assuming the voltageg,, V;
andV, as well as the currents, i, and. in the phases for the rectifier, the currgptan
be calculated as

o Pel o 'L.a‘/a"'ib‘/b“_ic‘/c
R P Vi

7

(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 withrtliek model as shown in
Fig.[5.13 [17].

I—Cable Rcable
o Y Y'Y\ o
= Ccable/2 = Ccable/2
o ]

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

When simulating the system, the cable parameters usedasm & Table 4.2. Each cable
segment is located between two capacitors, which are thpubfilter capacitors for the
wind turbine DC/DC converters. The filter capacitance iseaid the cable capacitance
in the-link model. Since the cable segments are short, the dyrsaanécvery fast and a
more detailed cable model consisting of 2Qinks will just affect the results in the case
of very fast transients. For a simulation model with a timepdbnger than a fews, the
model with oner-link and the model with 1@-links will not give different results.
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5.5.2 Model of the HVYDC-Connection
The model of the HVYDC connection is shown in Hig. 5.14.

i32 a1 i42 is
— > >
o
] + + + .
Wind Lcable Rcable Lcable Rcable Ma_m
farm v, == cy Coable/2 = Vaz = Ceanie/2 Ci == Vs 9rid
side side

Fig. 5.14 Model for the HVDC cable.

Since the HVDC cable is assumed to the be 40 km, it is modele®id®ries connected
m-models as shown in Fig. 514 of 5 km each. Also the paramétethe HVDC cable
are shown in Tablg4.2.

5.6 Summary

In this chapter, a dynamic model is obtained for the wind falesigned in Chaptéd 4.
A model of the wind turbine and the DC/DC converter is madehbotSimulink and
PSCAD/EMTDC, while the whole system model is made in PSCADIBC. This model
will be used to evaluate the control during normal operagi®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, thesign of the wind farm
was determined in Chapter 4 and the dynamic model was pessenChaptel 5. In this
chapter, the control of the wind farm is developed and evatliasing the obtained sim-
ulation models. For the control of the wind farm, the windoines should be controlled
as well as the DC system. For normal operation, the contréh@fwind turbines aims
at extracting as much power as possible within certain §miihe control of the DC/DC
converters aims at keeping the voltages at the DC links atatieel values by controlling
the power flow in the system. The control method for the DC/@@verters is verified
using a down scaled experimental setup. Also, the starttiofind 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 axhelectrical power as possi-
ble up to a certain maximum power and then keep the generateergonstant at higher
wind speeds. Further, in the case of a variable speed wilhihijrthe rotational speed
should be limited below a maximum value. The control of thedviurbine can there-
fore be divided into three different operation modes witlfiedent control schemes [54].
In [55], two different operating regions are consideredwgiimilar 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 winkiie can be adjusted
to obtain as large value @f, as possible and thereby also maximum mechanical

61



Chapter 6. Control of the Wind Farm with a DC Collection Grid

power. The rotational speed of the wind turbine is contbbig 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. Howthecontroller will still
find the value of pitch anglg that gives the maximum mechanical power from the
wind and the rotational speed will be kept by controlling éhectrical 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 maxinmalue. Since the
rotational speed also should be kept constant at the maxisteady state value,
the pitch angle3 must be controlled in order to adjust the mechanical toraqueke a
keep the rotational speed constant.

In this study, the control scheme should be made as simpl@ssihbe to reduce the
computational power needed for the simulations. Theretiwe control is simplified to
the control of the rotational speed by the electrical tor@ueuding the low and medium
wind speeds regions) and the control of the generated poyérebpitch angle (in the
high wind speed region).

Control of the Electrical Torque

When controlling the wind turbine, the rotational speedhaf wind turbine is an impor-
tant factor. As shown in sectidn 5.3, the extracted meclaampiower from the wind is
dependent on the power factoy. The value olC), is a function of the ratio. between the
tip speed of the wind turbine and the wind speed. Consequémd extracted mechanical
power from the wind is dependent on the control of the rotaticpeed of the wind tur-
bine. The rotational speed can be controlled by the torqpbegpat the turbine rotor (the
mechanical torque minus the electrical torque) up to thedratectrical power where the
electrical torque can not be increased further to limit titational speed. The control for
the rotational speed of the turbine is shown in Eigl 6.1.

O‘)r,ref (’Or,ref (Dr,e Telref Tl ref
O, | @uty lim lim

r.max Tel,max

Fig. 6.1 Overview of the speed control of the turbine.
The control of the rotational speed applies when the maxipower is not reached. The
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reference rotational speed,., is the speed that gives the value)of, resulting in the
largest value of’,. This value is calculated as
)\7‘6 w
Wppep = eI (6.1)

Tr

However, there is a maximum speed for the turbine and thexefdimit is inserted that
limits the reference speed to the maximum speed. Knowingdfexence value of the
speed, the torque applied at the turbine is controlled uaifi-controller. The actual
speedw, is subtracted from the reference speed and the error signab the input to
the Pl-controller. The output of the controller is the refeze value for the torqug, .,
applied at the turbine from the generator. However, sineeelbctrical output power is
limited, there is a resulting limitation in the electricafrque depending on the speed of
the turbine. The reference value of the electrical torqubes the input to the control of
the generator.

To validate the control methods and also see the differeatveden the simulation models
during normal operation, simulations are made with the saxaenple wind speed. The
used wind signal is shown in Fig._ 6.2, showing both the meabwind signal.,,, and
the average value,, 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 contreldpeed of the turbine to
follow the reference speed. In Fig. 6.3 (a), the resultirepsids shown for the three simu-
lation models &, ; for the Simulink modelyw, . for the simple PSCAD model ang ..o,
for the switching PSCAD model), together with the refereapeedy, ,.;. Also the re-
sulting electrical output power is seen Hig.16.3 (b)
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(b) Electrical output power.

Fig. 6.3 Resulting speed and electrical output power usiagontrol of the electrical torque.

In the figure, it can be seen that both the resulting speedhandléctrical output power
are very similar for all simulation models and also that thkerence value for the speed

is followed closely.

Control of the Pitch Angle

The speed control described in the previous section keepsitid turbine at the desired
operating point as long as the electrical power needed iewaethe reference value of the
electrical torque does not exceed the maximum electricakepdf the electrical power

reaches the maximum value, it is limited and the control efribtational speed is then
achieved by changing the pitch angle to instead control teehanical torque from the
turbine. As seen in Fif. 6.4, there are two different waysctueve the value of the pitch
angles depending on the wind speed.

3 control 1

[} control 2

A

lookup Bref
table
k,,+

B ref

Fig. 6.4 Control methods for the pitch angle

The first strategy for the control gf is when the speed control mentioned above is used
and the electrical power is below the maximum value. Thearéference valug,.; is
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6.2. Control of the Wind Turbines
the value that gives the highe&s for the given tip speed ratid.

The second strategy is when the electrical power needeadnio the rotational speed
exceeds the maximum value. The electrical torque will betéichand instead the pitch
angles of the rotor blades is used to limit the captured mechaniwakp. Since the power
in this case is kept constant and can not be controlled, thiead@f 3 aims at keeping the
speed constant. Therefore, the input to the controllerésatitual rotor speed, and the
reference rotor speed ,.;. The error signab, . is the input to the Pl-controller that gives
the resulting reference value fof. ;. Also for the control of3, the results are compared
for the different simulation models. The input wind speéattis in the high speed wind
region, is shown in Fid. 615 (a). The resulting rotationadeghcan be seen in Flg. 6.5 (b),
showing that the variations in the rotational speed areldoradll simulation models and
also that the results from the models agree well.

20 = 16.2 W
—_— S
7y 0 = - ('or,e
e 184 e —w 3
- (N o 16.14 wr,econv
(%]
8_ 16 < - T wr,ref
g N \ s 16____/2:.f.__,;\_‘m..__f,_M
£ 14 g N\ \/
= <]
[vd
12 : ‘ ‘ ; 15.9
20 40 60 80 100 20 40 60 80 100
Time [s] Time [s]
(a) Input wind speed. (b) Rotational speed.

Fig. 6.5 Input wind speed for the control of the pitch angland the resulting speed.

6.2.2 Control of the Generator

As mentioned previously in this chapter, the output fromabetrol of the wind turbine
is the pitch angled and the reference value of the electrical torqug.;. The reference
value of the electrical torque is then the input to the cdrdféhe generator. The control
of the electrical torque is done in different ways for the &limk model and the PSCAD
models.

Control of the Generator in Simulink

For the generator in Simulink shown in Fig. 6.6, it can be sbanthe electrical power
from the shaftP.; can be obtained from multiplying the curregt and the induced volt-
ageemf.

65



Chapter 6. Control of the Wind Farm with a DC Collection Grid
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Fig. 6.6 Equivalent circuit for the generator.

Therefore, the reference value of the currgpt. ; can be calculated as

Tel,refwr

(6.2)

igt,ref - emf

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

By applying a voltageA V" across the inductandg, and the resistancg, in the wind-
ings, the generator currefy, is controlled. An overview of the control scheme is shown

in Fig.[6.7.

Fi(s) Deli(s) 22| Fifs) ot

|gt,ref

A 4

|gt,meas

Dely(s) |(

Fig. 6.7 Control of the electrical torque for the generatoBimulink.

The input value to the control is the reference value of theegator current,, ,.; that is
obtained from the reference value of the torque which is tliput value of the mechani-
cal control of the wind turbine. The measured value of thaadenerator currefif; ,,cqs

is then subtracted and the error valye is achieved. This is the input to the Pl-controller
Fi(s) that has the transfer function
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6.2. Control of the Wind Turbines

kie

Fi(s) = hpe + = (6.3)

The resulting value of the voltag®V is applied across the inductance and resistance as
shown in the electrical model described in secfioh 5.3. Téwesfer functior¥,(s) is then
used to get the value of the generator curigptand is expressed as

1

F =
(5) Ly,s+ R,

(6.4)

Additionally, there are two time delays inserted into theteyn, Del; (s) and Dely(s) to

represent the behavior of the converter. These delays prresented with Padé approxi-
mations in the transfer functiorigel, (s) and Dely(s). When operating a real converter, it
can be assumed that there are three major contributione torie 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, ésgedl voltageAV
should be calculated and also the voltdgeapplied to the generator. This takes
some computational time and there is also a delay due to thplsa of the mea-
sured values. The time needed for the sampling of the measataes and the
calculation of the reference values is assumed to be a hadfreng periodT. This
time delay is assumed to be a part/odl; (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 therang behavior to an
average value for the applied voltage for a duty cycle. Hamevhen the duty cycle
is changed, it takes half a switching period until the averague of the voltage is
changed. Further, the modulation of the transistors shbeldalculated from the
given value ofn,. Consequently, the time delay can be estimated as one swgtch
periodT. Also this time delay is a part dDel; (s).

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

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

Fi(s)Fe(s) 1

1+ F(s)F.(s) roRe 1

Gryo(s) (65)
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Assume that the closed loop transfer function should betafider system with the band-
width a, and the time constarit,, it can be expressed as

Gn(s) = 7= (6.6)
Combining functions (6]5) and (6.6) gives
L= (S;Fe ok L]jpif:gs = hpsTy + kie = Lys + Ry, 6.7)
ldentifying the parameters results in the valueskigrandk;. as
kpe = % = L,a, (6.8)
and
ki = % = Ry (6.9)

For the system without time delays, the control parameterglasigned to have a rise
timet, of between 0.1 ms and 10 ms and the resulting step respondée fdosed loop
systemG,.,(s) are shown in Fid. 618.

1.2
1 —
Q _: - - ’ -
ERad B Phs
=3 1: 7z
50'6; // —t =0.1ms
0-4':‘ Y t =1ms
/
021, - — -t =10ms ([
r
0 : : .
0 5 10 15 20
Time [ms]

Fig. 6.8 Step response for the transfer functi@n, for different rise times for the closed loop
system without time delays.

In the figure, it can be seen that the system is stable everefgrshort rise times. How-
ever, in the real system, time delays are added and the ¢biastics of the system are
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6.2. Control of the Wind Turbines

changed. The total time delays in the sys@m(s) arex 27, = 1 ms (since the switching
frequency for the inverter is set to 2 kHz). The rise time & $lystem should be consid-
erably larger than this delay time in order to maintain alstaipstem. This can be seen in
Fig[6.9 (a), where the step response is plotted for diffetisettimes for the system.

1; N —= — 1
g |, L 8
2 S/ e —t=3ms 2
= I AEtd _ =
Eosf:) -~ [ =10mL £ o
< -y - = =t =22ms -
T B Including delay$
./ - = 1 =50ms - — = No delays
0¥ 0 ‘ ‘ : :
0 20 40 60 80 100 0 20 40 60 80 100
Time [ms] Time [ms]

(a) Different rise times for the closed loop systdf. Rise time 22 ms compared to the system with-
out time delay.

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

It can be seen that for the rise time 3 ms, the system is stablpdorly damped. If the
rise time is increased to 22 ms, the system is well dampedand additional time delay
will not give an unstable system. Comparing the charadiesi®f the system with and
without time delays for the chosen rise time gives the resiibwn in Figl_6)9 (b).

As can be seen in the figure, there is no major difference legtwiee systems with and
without the time delays. Therefore, the time delays can lgtented to lower the com-
plexity of the system in the case of the system time const2am®

Knowing that the rise time of 22 ms for the control of the irteergives a stable sys-
tem, is must also be investigated that the controller isdasugh to control the system.
The aim of the current controller is to control the currend #mereby also the electrical
torque for the generator. In Fig. 6110 the resulting torquglotted together with the ref-
erence value of the torque for the wind signal that was showig.[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-phadedtion generator. The
input to the controller of the generator is the referencgueras well as the measured
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(a) Overview. (b) Zoomed figure.

Fig. 6.10 Resulting electrical torque for the Simulink miode

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

For the control of the generator, the induction generatogpsesented with the inverge
model, as shown in Fig. 6.111 (b). This model can be compargat® model in Fig. 6.11 (a)
that the parameters for a generator normally are given for.

Rs L Ly R, Rs Lsigma Rr
— "1 — "™
L
L % R(1-s)ls )w,. L % Re(1-s)ls D:? o,
(o] [
(&) T model. (b) Inversel model.

Fig. 6.11 Equivalent circuit for the induction generatoingsboth the T model and the inver§e-
model.

Consequently, since the parameters are given for the T naodiethe control is made for
the inverseF model, the parameters have to be transformed as shown/in [57]

Ls = le + Lm
LT’ - Lrl + Lm

2 2
Rp=1%2"Ly =5=R,
Lsigma = Ls - LM

(6.10)

The first step in the control of the generator is to calculagedurrent in the rotating dg-
frame. Starting from the measured phase currgnts andi., the two-phase currents in
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6.2. Control of the Wind Turbines

fixed coordinates;, andig are obtained as

2]
8
where K =,/3/2. The next step is to transform the current to synchronousdaoates,

but then the angle of the flux must be known. The estimatecevailthe angleO is cal-
culated by integrating the estimated rotational speedefltix v, as

1
V3B

O Wi
W=
— =

Uq
] vy | s (6.11)

Ve

o= u, (6.12)

S

where the rotational speed of the flux is estimated as

) Rpi,
We = W, + .
f T \IIR

(6.13)

Here,i, is the current in the g-direction in the stator afg is the estimated flux in the
rotor.

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

g = 1q COSO + igsin © (6.14)
ig = —laSInO +igcos O '

From the input signals, the reference value of the torquadsvk. The reference current
in g-directioni, . needed to obtain this torque is calculated as

Tel,ref
U

(6.15)

The reference value of the current in the d-direction is meteed using the reference
value for the flux in the machine as
1

id,ref = E\IIR,ref- (616)

Knowing the reference values for the curreii$rer = tqrer + J - ig.ref, the closed loop
current control gives the voltages that should be appli¢eagjenerator. The applied cur-
rents in dg-coordinates are calculated as

. . kzz . . .
qu = (ldq,ref - 1dq) (kp,i + j) + 1dq<Rfilt - Ra +]wr(Lfilt + Lsigma)) +]wr\IIR- (617)
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Here, in addition to the closed-loop current control, tearesadded to compensate for the
filter inductancel ;;;; and resistanc& ;;;; and also introducing a feed forward term using
R, and L, .. Finally the termw, U ;. compensates for the back-emf. The values of the
control parameterg,, k,; andk; ; are calculated for the bandwiddh of the controller as

Ra = acLsigma - RS - RR
kp,i = acLsigma (618)

— A2
ki,i - acLsigma

A voltage limitation is inserted fovy, , depending on the DC link voltage, and also an
anti-windup is introduced in the closed loop current cantfdnen the voltages in dg-
coordinates must be transformed back to the phase voltagesandv,. as

Uy = V4 COS O — v, sin ©

6.19
vg = vgsin © + v, cos © (6.19)
SN
“ 1 3 Vo
wl=%| "5 1 { o5 ] : (6.20)
Ve e |

These voltages are inputs to the ideal voltage sources wdieg the ideal model, and for
the switching model they are inputs to the calculation ofdhty cycle for the transistors.

As seen in the previous equations, the value of the flyxis used in the calculations.
This value is not measured in the machine, instead it is estidifrom the measured cur-
rents. As seen in_[57], there are several ways to estimatéukeSince it is assumed
that the speed is known in this case, the “current model” &lug/here the flux can be
estimated using the current in d-direction as

RRL M

Vp=—"7""14.
R LMS—FRRM

(6.21)

In the same way as for the control of the generator in Simuthdkcontrol of the generator
must be fast enough for the electrical torque to follow tifenence value. As shown for
the Simulink model, a rise time for the closed loop system2ofid should give sufficient
stability for the controller in case of a switching frequgiod 2 kHz. The reference value
for the torque electrical is plotted as well as the resulélegtrical 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 getwrmodel in PSCAD/EMTDC.
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Fig. 6.13 Resulting electrical torque for the switching gi@tor model in PSCAD/EMTDC.

It can be seen that for both the simple and the switching mddekeal value follows the
reference value.

6.3 Control of the DC/DC Converters

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

The design of the control depends on the conditions for thedviarm. Here, it is as-
sumed that the maximum allowed voltage deviations are 5 % filee rated voltage.
Further, there is no communication between the convertaiisaéso no restrictions for
the variations in the power from the turbines. Consequethtéy/system must be designed
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to handle an immediate increase in the input power from zetbe rated power without
exceeding the voltage limitations, and thereby the comgnetrified 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 wayflosimulation mod-
els seen in Fig._6.14. The control aims at controlling theyaytle D for the switching
PSCAD model and the ratio, of the “variable transformer” used in the Simulink model
and the simple model in PSCAD. For the models in PSCAD, thisteexeR;,, is ne-
glected and consequently, . is equal toV;;.

For the DC links, the allowed voltage range+$ % from the nominal voltage. Conse-
guently, the voltage band for the DC link in the turbine isnfrd425 V to 1575V, the
voltage for the DC bus is from 30.4 to 33.6 kV and the voltagdlie HYDC connection
is between 123.5 kV and 136.5 kV. At startup of the systemyvtiitage levels can be
lower while the DC links are charged.

As shown in [17], the design of the voltage controller is degent both on the possi-
ble bandwidth and the capacitance for the DC link. Here, thssible bandwidth of the

system will be investigated as well as the required DC linkacitances to keep the DC
link voltages within the desired voltage levels. First, tbatrol of the voltage level will be

investigated assuming an ideal control of the output carifEmen, the control of the out-
put current is investigated. These control methods areaimegor 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 beenistupreviously in[[17, 58]
for multi terminal DC systems. However, it was assumed thatcontrol of the DC link
voltage was achieved by the sources feeding power to the BQrothe case with the DC
grid for the wind farm, the voltage level is instead conedlby the load converter during
normal operation.

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

In the figure, it can be seen how the current for the convedatrolling the DC link

voltage depends on the voltage level. It should be notedttieateference direction of
the current is into the DC link. If the regulating convertetsaas a load with negative
input current, an increased voltage level, resulting fronegincrease of the power flow
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Fig. 6.14 The different simulation models for the DC/DC ocener.

into the system, will increase the output current from the IDK. In the same way, a
converter acting as a source will decrease the input cudeatto an increased voltage
level. Consequently, the same control is used both whendheecters that control the
voltage level act as sources and when they act as loads. faeedce will be that the
deviation from the reference voltage will be negative if mirces control the voltage
level and positive if the loads are controlling the voltageel. In [17], the sources control
the input power depending on the power to the load, resuiltiregvoltage level slightly
below the reference voltage. For the DC bus in the wind fansteiad the load controls its
transferred power depending on the input power from thenesh The resulting closed
loop control system is shown in Fig. 6]16. Here, the negaiige for the gaink, , 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 Di@K.
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Fig. 6.16 Closed loop control system for control of the D& MoltageVi;.

The input value to the controller is the reference valg,., for the DC link voltage.
Subtracting the measured DC link voltagg, passed through a low pass filter, gives the
error signal. The low pass filt&¥,,, (s) has the transfer function

Wipw
Gipo(s) = ﬁ (6.22)
p,v

The error signal is the input to the controller, which in tbése is a P-controllek, ,,. As
previously mentioned, when controlling the voltage wita thad converter instead of the
source converter, the P-controller must reverse the sigimeaérror. Since the current that
is controlled is the output current from the DC link insteddh@ input current, the value
should increase if the voltage level is too high. The outpuhe reference valug; ;.
for the input current to the converter. The reference inpuatent is the input signal to the
current control of the convertér..,,.. ,(s), where the output is the real input current
When investigating the dynamics of the voltage control dineent control is assumed to
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be ideal and thereby, is the same a#; ,.;. Making this assumption, the dynamics of
the voltage controller must be chosen to be considerablyesithan the dynamics of the
current controller. Also in[59], it is stated that the cortee dynamics can be neglected
if the bandwidth of the converter is considerably highenttiee bandwidth of the voltage
controller. The current,, to the capacitor is given by the difference between the atirre
iy, from the generator and the current to the converter. From the curreft, to the
capacitor, the voltag®]; is obtained as

, 1
‘/11 = 'lcapf. (623)
1

Assuming an ideal current controller, the closed loop fiomcbf the voltage controller
G« Can be written as [17]

(3 + Wlp,v)(_Kp,v/Cl)
$2 4 swipw + Wipo(—Kp/C1)

Goals) = (6.24)

Assuming an input curremnj from the turbine, the DC link voltagi; can be expressed as

(S + Wlpm)(Kp,v/Cl)
s? + SWipv T wlp,v(Kp,v/Cl)

(S -+ wlp,v)/Cl

Vi —
11(s) $2 4 swipp + Wip.o(Kpo/Ch)

‘/11,ref<5> +

ig(8)-
(6.25)

Looking at the transfer functio@, .;, the characteristic polynomigals) is given as

p(s) = % + swipp + Wip,uKp o /Ch. (6.26)

Assuming a bandwidth ab,, , and a damping of, the characteristic polynomial can be
expressed as

p(s) ="+ 2w, o +w? . (6.27)

ldentifying the coefficients gives an expression for theta@mparameters’, , depending
on the chosen dampingas also shown in [17]
- wlp,vcl

Ko =557 (6.28)

In the same way, the bandwidth of the controller is given lg ¢hoice of cut off fre-
quencyw;, , for the low pass filter as well as the dampings

o wlp,v
= (6.29)
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Knowing the parameters for the controller, the steady $takavior of the converter can
be investigated. From (6.25), the steady state expressidhé DC link voltage/;; can
be expressed as

)
Vi1 = Vi1 re g_. 6.30
11 11, f+Kp,U ( )

Here, it can be seen that when the currgnfrom the turbine is increased, the voltage
V41 for the DC link is also increased. This steady state incr@atiee voltage should be
controlled to stay within the allowed voltage range. Fron8(9, it can be seen that a
higher value off,, , would give smaller variations in the voltage level. Howewer can
be seen in(6.28), the value &f, , depends on the bandwidih, ., for the low pass filter,
the damping, and the value”; of the capacitor. The bandwidth of the low pass filter is
limited by the bandwidth of the current controller and alse value for the dampingis
limited. Consequently, the capacitor is the parameterdaate dimensioned to limit the
voltage variations.

As seen in[(6.30), the voltage increases with increasingentir Therefore, the limiting
operation point for the design of the capacitor is at thedrgtverP,. At this power, the
voltage droop is denoted),. Also, assume that the power is constant for this operating
point. The load resistande, at rated power can be calculated as

11,ref
R, = Vires 6.31
P, ( )

If the current at rated power with no voltage droopjs, then the current with voltage
droopi;, ,, can be expressed as

Z./ o Pn o 7:g,n
o ‘/ll,ref(l + 5n) 1 + 5n ‘

(6.32)

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

1 Vitre
Raroop = —— = —2"L — R (14 6,)0,. (6.33)
Kpo 35

Inserting the expression fdt, , from (6.28) gives

1 (20
Ro(1+6,)0, = — = . 6.34
(140 = =25, (6.34)
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EliminatingC; and inserting the expression fér, gives

A¢? I
Cy = . 6.35
' wlp,v(l + 5”)5” ‘/lzl,ref ( )

This equation can then be used to choose the valdg that limits the voltage droog,
to a certain value for the rated powgs.

Further, an integral park; , can be added to the controller to eliminate the steady state
error, and the resulting control functidf(s) can then be written as

Kiv
Fy(s) = Ky + =2 (6.36)

Then, the closed loop transfer function for the systém;(s) can be written as

Goals) = —(Kpws + Kiy) (s +wip)/Ch . (6.37)

Ky yw K; yw
3 2 _ BpouWipw _ HoWipv
$3 + wip.vs & (s) o

As shown in[16], The close loop transfer function shouldéhacharacteristical polyno-
mial given by
2 Kp,vwlp,v Ki,vwlp,v

p(s) = s* +wip s — o ST @ = (8% + 2w s + wfl,v)(s + Wpp). (6.38)
1 1

The parameters will then be

’UC w?L vC
PR (o NN P N (6.39)
1+ 2( 1— 2( Wip.w

Control of the output current

As seen in Figl_6.16, the voltage control assumes that theakee of the current in the
output inductor of the converter follows the reference gallo be able to obtain this, a
current controller is needed that is considerably fastan the voltage controller. The aim
of the current controller is to control the current as seen in Fig. 6.14 (a). In Fig. 6117,
the closed loop transfer function of the current contraeshown.

The input value to the current controller is the referendeesé ., which is obtained
from the reference curremt; ,.; as

: i1,
112, ref = nTef . (640)
1
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Fig. 6.17 Closed loop control system for control of the cattigs in the filter inductance.

The controller is designed in the same way as the voltageatart The difference be-
tween the reference curreit .., and the real curren, is the error signal in to the con-
troller K, .. The output is the reference valigV. ; for the voltageDV applied across
the inductorL; and the resistoR;. Here, the transfer functio&.,,.(s) represents the
characteristics of the converter from the reference valig,. ; of the voltage acrosg;
andL, to the real valueDV'. Also for the current control, the low pass filt€¥,.(s) has
the transfer function

Gipels) = —pe (6.41)

5+ Wip,e

Assuming the converter to be ided¥ .. .(s) = 1), the closed loop transfer function
G« (s) for the current control can be written as

K, .5+ wp, JK
Gcc = be P Pt . 6.42
’ l(s) Lys? + (Rl + Llwlp,c)s + wlp,c(Rl + KP,C) ( )
For this transfer function, the characteristic polynomial) is given by
p(s) = Li1s* + (Ry + wipe)s + wip Ry + K. (6.43)

Assuming a bandwidth af,, . and a damping of, the characteristic polynomial can be
expressed as

p(s) = 8% + 82w, . + wi’c. (6.44)

Set the coefficients equal, the bandwidth of the low pass {filig. is given by

Ry

Wip,e = 2<wn,c - L_la (645)
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6.3. Control of the DC/DC Converters

and the control parametésf, . can be expressed as

K,,=-—"“" _Ry. (6.46)

6.3.2 Design of the Controller and the DC Link Capacitance

In the previous section, the choice of control parametetssisussed based on the desired
bandwidthsv, . andw, , as well as the damping of the controllers assuming that the
converter is ideal. This designs of the controllers aredvdlithe controllers are slow
compared to the dynamics of the converter. For the curremtraier, the voltageDV
must follow the reference value fast compared to the coofrthe converter, and in the
same way the current controller must be fast compared toditege controller. Here, first
the current controller is investigated to determine theedpd the controller. Knowing the
bandwidth of the current controller, the possible bandwaitthe voltage controller can
be determined. This is done both for the DC/DC converter ewtind 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 thatalierage voltage applied across
the inductorZ; and the resistoR; follows the reference voltage immediately. However,
as discussed for the control of the generator, this is netfuthe real converter. First,
there is a delay of half a switching period since PWM consaised and then there is also
some additional delay for measuring the real current armitating all values. Assuming
that the total delay for the converter is one switching pefibms), the transfer function
Geonvc($) Ccan be assumed to be a delay of 1 ms as

Geonve(s) = e 14 Ty = 1ms. (6.47)

To find suitable control parameters, the step response aytbtem is studied both with
the ideal converter model and with the delay inserted (uB&gg approximation). Start-
ing with the damping, it is assumed that= 1/+/2 is a suitable value. Regarding the
bandwidth of the controller, the low pass filter should beedblfilter the ripple from the
switching of the converter at 1 kHz. As shown above, the baditivof the low pass filter
wip. for the current controller is given by

Wipe = 2wn oLy — Ry. (6.48)

Starting with the DC/DC converter in the wind turbine, chogsw, . = 800 rad/s as
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Chapter 6. Control of the Wind Farm with a DC Collection Grid

the bandwidth for the current controller, the resultingdaidth of the low pass filter is
wip = 1131 rad/s usind, = 0.3 H andR; = 0.03%2. Using [6.46), the resulting control
parameter ig<,, . = 170 for the wind turbine DC/DC converter. Both the bandwidlt the
low pass filter and the control parameter are the same for #ne DC/DC converter since
the output inductance is the same for both converters. Thatheg time step is plotted in
Fig.[6.18 for both the ideal model and the model with the tirakag

1.5 15
S 14 = g 14 =
3 /7 E o/
%_ 1 = I
S ! g 1
< 0.51/r < 0.51hi
! Ideal 1 Ideal
! - = =Time delay ! = = =Time delay
0 ‘ ‘ : : 0
10 20 30 40 50 0 10 20 30 40 50
Time [ms] Time [ms]

(a) Wind turbine DC/DC converter. (b) Main DC/DC converter.

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

In the figure, it can be seen that for the ideal converter, te esponse has a rise time
of just below 3 ms and is well damped. However, for the systath the time delay of
1 ms, the overshoot for the current is 1.5, which is consitlemdoe too high.

Decreasing the bandwidth of the systemutg. = 500 rad/s results i, . = 707 rad/s
andK, . = 106 for both converters. This gives the step response®torthe ideal system
and the system with the delay as shown in Fig.16.19.

Here, it can be seen that the overshoot of the current is @eedefrom almost 1.5 using
wn, = 800 rad/s to below 1.3 fay,, . = 500 rad/s.

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

The control described above is dependent on that the refenesdue of the voltage ap-
plied acrosd.; andR; is followed closely. For the real converter, this is not taseand
the controller will not have the same characteristics asvalio the figures above. Using
the switching model will give different results comparedusing an ideal transformer
with ratio n,; equal to the reference value of the duty cycle. For the reaexter, there
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(a) Wind turbine DC/DC converter. (b) Main DC/DC converter.

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

will be some loss in duty cycle due to blanking times and theetfor reversing the cur-
rent in the transformer. These factors will result in a ré@iween voltage®;, and Vi,
that deviates from;. Using the measured voltages, the reference value of tlyecgiate
can be adjusted so the real valuemgffollows the reference value more closely for the
switching model. However, there will still be deviationsiin the ideal model and there-
fore an integral part has to be inserted into the contrdllee transfer functior.(s) for
the current controller will change frod,, . to

%,C

S

Fo(s) = K, + (6.49)

Using the valu€y; . = 1000 will not change the step response noticeable, buelinfi-
nate remaining errors due to non-ideal parameters of theectan.

Design of the Voltage Controller

The next step is to determine the parameters for the voltaggeatler. As seen above, the
parameters for the current controller was chosen to givendwith of 500 rad/s for the
closed loop system. Therefore, the ideal converter m@dgl, ,, in the voltage controller
can be replaced with a low pass filter with the bandwidtty,0f = 500 rad/s as

Wn,e

Gconv,v = .
S+ Wpe

(6.50)

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

A¢? I

. 6.51
wlpﬂ)(l + 5n>5n ‘/121,ref ( )

¢y =
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Here, the same damping= 1/+/2 is used as for the current controller and the bandwidth
of the system is set to, , = 500 rad/s. Further, the rated powerks = 2.3 MW, the
rated voltage i$/; ., = 1.5 kV and the maximum droop & = 0.05 for the DC/DC con-
verter in the wind turbine. The bandwidth of the low-pasefils thenw,, , = 707 rad/s.
The resulting capacitor value is théfh = 61 mF andk, , = 21.5. For the main DC/DC
converter, the rated power 13, = 110 MW, the rated voltage i8;; ,.; = 32 kV and the
maximum droop i8),, = 0.05. The resulting capacitor value is thén= 6.4 mF, and the
control parameters ark,, , = 2.27 andwy,,, = 707 rad/s. The resulting step response is
seen in Figl_6.20.

15 ‘ ‘ ‘ ‘ 1.5
l#\ l#\
\ \
% 14 , v’ = 8 14 h v’ =
2 z = d
%_ ] 6. ]
IS ! IS !
< 0.51fi << 0.51h
1 Ideal 1 Ideal
I — = =Time delay d — = =Time delay
0 w : : : 0 : w : :
0 20 40 60 80 100 0 20 40 60 80 100
Time [ms] Time [ms]
(a) Wind turbine DC/DC converter. (b) Main DC/DC converter.

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

Here, the overshoot of the voltage is 1.4, which is consuiévebe to high. Further, the
bandwidth of the system is lowereddasq ,, = 200 rad/s and the bandwidth of the low pass
filter is wy,, = 283 rad/s. The resulting capacitor value for the DC/DC eotgyr in the
wind turbine isC; = 152 mF and the value ok, , = 21.5. For the main converter, the
resulting capacitor valu€’; = 16 mF and the value ok, , = 2.27. Using these values
for the capacitances, the stored energy in the DC links spomds to 74 ms transferred
power at full load. The resulting step response can be se€ig.ii®.21.

For the bandwidth of,, , = 200 rad/s for the current controller, the resulting oveyath
in the voltage is limited to 1.2. Choosing the bandwidth & tloltage controller to be
wn» = 200 rad/s, the resulting DC link voltages when the outputgrdrom 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 kelpinviit% deviation (1575 V)
from the rated voltage for steady state operation for the@C¢Eonverter in the wind

turbine. The slope seen in the voltage is due to the integndlgs the current controller.
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Fig. 6.21 Step response for the closed loop voltage coatrafingw,, ,, = 200 rad/s.
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verter.

Fig. 6.22 DC link voltage at a step in the power from 400 kW ® KW for each turbine without

integral part.

Also for the main DC/DC converter, the voltage is kept bel@wXV that is 5 % above
the rated voltage. Further, looking at the voltages at timneotion point to the turbines
in a radial during the sudden increase in the power, thetiegutalues can be seen in
Fig.[6.23. Here, the voltage at turbine 1 is denatednd similarly for turbines 4, 7 and

10 in the same radial.

It can be seen that the voltage is over the allowed 33.6 kVedtiLitbines in the end of the
radial. However, the voltage is still below 35.2 kV that is%0above the reference value
of the voltage, at which the converters are designed to rmiaithie controllability.

Further, adding an integral part to the voltage controtles,control parameters are given

by
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Fig. 6.23 DC bus voltag®, at turbines 1, 4, 7 and 10 in a radial at a step in the power witho
integral part.

(6.52)

Having the damping = 0.5 as stated in [16], the bandwidth for the contrallgr, is half
of the bandwidthv,, , of the low pass filter. For the case without integral patf, is
1/v2 timeswy, ,. However, here the bandwidth, , for the low pass filter is kept con-
stant when the integral part is added and thereby the bathlnidhe closed loop voltage
controller will be larger when having the integral part. Gequently, for this controller,
using the bandwidtty,, , = 283 rad/s gives,, , = 141 rad/sK,, = 21.5 andk; , = 1522.
The resulting step response for the system is shown i _22d. @). However, since the
overshoot for the step response is large, the integral/paris lowered by a factor of 10
to K;, = 152, where the resulting step response is seen in_Fig. 6)2Al6o, the result-
ing voltage in the case of a step in the input power from 400 &\®.8 MW is shown in
Fig.[6.25.

Comparing the peak values of the voltage for the case witimbegral part in the con-
troller in Fig.[6.22 with the voltage using a controller widm integral part shown in
Fig.[6.25, it can be seen that the peak value is slightly dsee due to the integral part.
However, there is just a small decrease and therefore iteaohcluded that the propor-
tional part of the controller determines the over voltage thre capacitor value calculated
for the controller without integral part can not be redudgdnsequently, choosing the
controller with bandwidthu,, , = 200 rad/s, the required DC link capacitance for the wind
turbine converter i)', = 152 mF.
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Fig. 6.24 Step response for the DC/DC converter in the wirtdre closed loop voltage controller
usingwyy, , = 282 rad/s.
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Fig. 6.25 DC link voltagd/;; for the DC/DC converter in the wind turbine at a step in the @ow
with integral part using,, ,, = 282 rad/s.

Inserting an integral part in the controller for the main DC/converter using the band-
width wy, , = 283 rad/s results iw,, , = 141 rad/s K, , = 2.27 andk; , = 160 giving the
step response in Fifg. 626 (a). Lowerifig, to 16, the resulting step response is shown
in Fig.[6.26 (b).

Further, the resulting DC bus voltadg, is shown in Fig[ 6.27, when the total power is
increased from 19 MW to 110 MW. It should be noted that thel iofaut capacitance of
16 mF for the main converter is distributed with 10B at the output of each wind turbine
and the remaining 11.2 mF is located at the input of the mainexer.

Also for the main converter, it can be seen in [Eig. 6.27 thafabak value of the voltage
just decrease slightly with increasing integral part. Efi@re, the capacitor value calcu-
lated for the controller without the integral part shouldus®ed. Also, the lower value
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Fig. 6.26 Step response for the main DC/DC converter closeg holtage controller using
wip,w = 282 rad/s.
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Fig. 6.27 DC bus voltag®s; for the main DC/DC converter at a step in the power with iraegr
part usingwy, , = 282 rad/s.

of the integral part for the controller is used as shown irsF&2% and 6.27. Finally, in
Table[6.1, the control parameters for the converters arensh

6.3.3 Evaluation of the Controller
Evaluation for Normal Operating Conditions

For evaluating the controllers for operation in normal wiadm conditions, the input
wind speed shown in Fi§. 8.2 is used. It is also assumed tkatame wind speed hits
all turbines. In the real case, different wind speeds fordifferent turbines will result
in smaller variations in the total input current for the meamverter. The simulations are
made both with and without integral part for the voltage colférs. The resulting current
from one radial is shown in Fi§, 6.P8.
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Table 6.1: Control parameters for the converters.

Current control \oltage control
Kp,c Ki,c Wip,c Kp,v Ki,v Wip,v C
Main conv. 106 100 707rad/s$?2.27 16 283rad/s 16 mF
Turbine conv.| 106 100 707rad/$21.5 152 283rad/s 152 mF
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Efg”:ys'thom integral part for the voltage co%) With integral part for the voltage controllers.

Fig. 6.28 Output currenks from radial 2 during normal operation.

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

Looking at the voltagé/;; for the DC link in the turbine, the resulting voltage is shown
in Fig.[6.29. Here, it can be seen that without the integret, plaere are variations in the

DC link voltage. However, the voltage stays within the liadits % from the rated voltage
(below 1.575 kV).

In the same way, the voltage for the internal bus, contrddethe main DC/DC converter
is shown in FigL6.30. Here, the voltagg at the main converter is shown as well as the
output voltagd/, at turbines 5 and 10.

Here, it can be seen that the voltdgg, controlled by the main converter, varies depend-
ing on the current if no integral part is used. Adding the gné part eliminates these
variations. The voltages at the turbines are slightly lathan the voltage at the main
converter, due to the voltage drop in the cable. The furtheitiee turbine is, the larger
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Fig. 6.29 Voltagél/;; for the DC link in a turbine during normal operation.
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Fig. 6.30 Voltaged’; andVs; for the DC bus during normal operation.

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

Possible Improvements of the Controller

For the voltage controller to be stable and keep the voltagatons within 5 % from the
reference value, it has been shown in this section that zapgeacitors are needed; 16 mF
for the internal DC bus in the wind farm and 152 mF for the D& lim the wind turbine
with the stored energy of 74 ms of transferred rated powegs&lvalues can be lowered
by increasing the bandwidth of the controller, but then tiabitity margin is decreased.

The control has been designed without communication betweesources and the load
converter controlling the voltage for a DC link. Using commaation within the wind
farm and then introducing a possible feed forward betweerstiurces and the load con-
verter can reduce the needed capacitances for the DC links.
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As stated previously, the aim of the controller is to limiettoltage within 5 % from
the reference value. Assume a feed forward of the current fte sources to the load,
the DC link capacitance must be designed to store the exoggsr pluring the delay be-
fore the load converter has followed a change in the inputgoowhis delay time\t, is
the sum of the delay for the communication..,, and the time constant for the closed
loop current controlleit,,,,; as

At = At o + At oo (6.53)

As seen previously, the closed loop bandwidth of the curentroller isw,, . = 500 rad/s,
giving a rise time of less than 3 ms as shown in Fig.16.19.

To determine the capacitance needed, the worst case islecegiwhere the input power
changes instantly from almost zero to full power. Beforeitioeease, the DC link has the
nominal voltagél,, and the nominal stored energ,,, and the relation is depending on
the value of the capacitanceas

W, — %cv,f. (6.54)

During the timeAt before the power flow in the load has increased, the excesgyene

AW is accumulated in the DC link capacitance. This excess gruang be expressed us-
ing the nominal poweP, as

AW = P,At. (6.55)

The total energyV,,; can then be expressed as

1 1
Wiot = Wy, + AW = §CV§ + P,At = §CV£t. (6.56)

Eliminating the value of the capacitance gives

2P, At

- 6.57
v, — V2 (6:57)

Assuming thatV;,; is 5 % abovel,,, the value of the capacitance can be calculated
as a function of the delay time for the communicatian.,,,,. The results are shown in
Fig.[6.31.

Here, it can be seen that the DC link capacitance for eacineirblarger than for the DC
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Fig. 6.31 Required value of the DC link capacitancgsfor the wind turbine and’; for the DC
bus as a function of the communication delay.

bus. In Tablé 6)2, the needed DC link capacitances are shewrfunction of the com-
munication delay. Also, the values for the needed capamtanthout communication is
shown. Here, it can be seen that a fast control can reducestiaed capacitance signifi-

Table 6.2: Required value of the DC link capacitancesor the wind turbine and’; for
the DC bus as a function of the communication delay.

Ateom C Cs
1ms 80mF| 8.4mF
5ms 160 mF| 16.8 mF
10 ms 260 mF| 27.2 mF
nocomm.| 152 mF| 16 mF

cantly. If the communication is faster than 4.5 ms, the céigace can be lower than for
the case without communication between the sources andddecbnverter.

There is also a possibility to reduce the required DC linkac#iance by using the in-
tegral part of the controller. As seen in Figs. 6.25 andl6a?7integral part reduces the
steady state voltage deviations but the peak voltage isgfll. One possibility to reduce
the DC link capacitance is to temporarily allow peak volsgp to 10 % above the refer-
ence value during very fast variations in the input powealdb the variations in the input
power from the wind turbines are limited, the peaks in theag# are eliminated and the
value of the capacitor can be further reduced. Another optam also be to have a breaker
resistance to reduce peak over voltages. However, it stimuttbted that the integral part
of the controller is suitable when just one converter cdstitoe voltage of the DC link. If
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instead the power flow is limited for the HVDC link and the winatbines must control
the power for the DC bus, it is more complicated to use an ratggart for the controller.
Large Signal Stability for the DC Bus

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

A Vero = C ) i0=PolVeay

Fig. 6.32 Circuit used in the derivation of the large signalgsis.

In this circuit, a constant voltage sourggis connected to a DC bus with an input induc-
tancel and resistanc& in series and then a shunt capacitantsupplying a constant
load Py. As shown in[[58], the equilibrium point for the circuit isdod using the state
equations

d\;ctap — % (ZL _ %) (658)
dl;tL = % (‘/; — RZL - ‘/cap) . (659)

Using these equations and eliminating the state variaplaadV,,,, the result is

Vep = % + /%% — RP, (6.60)
I == (6.61)

Here, the operating point is real &P, is small enough, leading to the upper limit of R as
2

v
R< 4—]3(1)” (6.62)

In [58], a safety factor of two is inserted, giving a resujtiimit for the resistance as
V2
R< 22, 6.63
30, (6.63)
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Also, a lower limit of the value for the resistance is foungg8] using the mixed potential
criterion. Using the circuit shown in Fig._6.132, the lowenit for the resistance, as shown

in [16,/58], is given by
L
R > \/5. (6.64)

For the case with the DC grid for the wind farm, a single tueb@onnected to the main

converter is considered. Instead of a constant power loditeasase shown in Fig, 6.32,
the turbine can be seen as a constant power source. Sinagrtaetdn the output induc-

tance is controlled for each wind turbine DC/DC convertecain be seen as a current
source. Further, the turbine is connected to the outputoti@pae and then connected by
the DC bus to the main capacitance. However, since the \@#tttle input capacitance to
the main converter is voltage controlled, it can be assumbéd &1 constant voltage source.

Comparing the circuit in Fig. 6.32 to the DC grid in the windnfa shown in Fig[[6.33,
the same circuit can be used if the powgris negative. Then assuming that the output
current from the wind turbine DC/DC convertgs is the same ag, the capacitot” has
the valueCs; and the cable parametefsand L are equal ta?, and L,. Further, the volt-
ageV is the input voltagés,; for the main converter.

HVDC

+H
i
i
C;IV Vs, V, E connection
1
/1 i
i
1

Generator and
rectifier

Fig. 6.33 The equivalent circuit of the internal DC grid.

Starting with the upper limit for the cable resistance, iswaiginating from the real state

condition for the voltage as
Vs V,?
‘/cap == E + ? — RPO (665)
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However, for the DC grid system, the pow@y is negative, and therefore the voltage,
is real for all values of the cable resistange

Continuing with the lower limit of the cable resistancesigiven by

R> \/g (6.66)

The resistance in the radial from a turbine to the main cdavés depending on the lo-
cation of the turbine in the radial. Here it is assumed thatehs 500 m between each
turbine and 1000 m between the first turbine and the main ctawv€or the first turbine in
the radial, the resistance is just 48while the resistance for the last turbine is 65Q.m
Also, the inductance varies between 170 nF and 695 nF. Lgakione turbine that each
have an output capacitance of 10B, the minimum value for the cable resistance is for

the first turbine
L 170 - 109
— = — = 41mf .67
B>\E= V10 100~ Hmk (6.67)
/L /695 - 10—9

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

and for the last turbine

6.4 Experimental Verification of the Control

The design of the controllers for the DC/DC converters inwired farm is here verified
using the down scaled experimental setup presented inoBEE#. The aim is to design
a controller for the experimental setup and verify the satiahs against measurements.
Using state-space averaging of the switching period foctmerter shown in Fid. 3.14,
the simplified circuit shown in Fig. 6.84 is obtained.

In the simplified circuit, the input voltage source and caaaceC;, is replaced with the
ideal voltage sourc¥;,,. Further, the leakage inductance for the transformer iteteg.

The controller of the circuit is designed in the same way ascitntroller for the full-
scale converter with an outer voltage control and an inneeaticontrol loop as shown
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iF iIoad
— —
+ + . +
RF I—F |capi

Vin } { Vin,D C = Riad Vioad
1:D

Fig. 6.34 Simplified circuit for the experimental convenising state space averaging.

in Section[6.3]1. Looking at Fif. 6.4, the load voltadgg, is controlled by controlling
the current that is charging/discharging the capacitanc&he output from the current
controller is the reference value for the filter curréntwhich is controlled by the inner
current control loop. Since the current control loop detegs the conditions for the volt-
age controller, the design of the current controller willdetermined first.

Using the voltagé/,., across the load resistance and the input voltage on the daigon
side of the H-bridgé/;,, p, the current can be expressed as
dip

DV = ‘/;n,D - ‘/load - ZFRF + LF% (669)

The transfer function fronDV to i can then be expressed as

1

p =DV —ou-—.
" LFS—I—RF

(6.70)

Using a closed loop control of the output voltagg,, with a low pass filter for the mea-
sured signal, the resulting control system is shown in[EB8.6

A 4

A 4

iF,ref DV, et DV i
@ KP,C Gconv,c(s) 1/(LFS+RF)

Gipc(s)

Fig. 6.35 Closed loop control system for control of the filtarrenti .
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6.4. Experimental Verification of the Control

The input value to the controller is the reference valug ; for the filter current. Sub-
tracting the measured filter current, passed through a les filter, gives the error signal
that is the input to the controller. The low pass fi€&..(s) has the transfer function

Gipels) = —pe (6.71)

s+ Wip,c

The transfer function for the closed loop cont® .(s), from the reference curreit,. s
to the actual filter current- is given by

(K, /L
Gcl,c(s) — 5 (3 + W};;l; )( ilj;p/c F) ) (672)
s 4+ 8((,01:,,70 + L_F) —+ LF" (Kp,c —+ RF)
For the transfer functiory,, ., the characteristic polynomia(s) is given as
2 RF Wip,c
p(s) = s + s(wipe +—) + (Kp.+ Rp). (6.73)
Lp Lp

Assuming a bandwidth af,, . and a damping of, the characteristic polynomial can be
expressed as

p(s) = 8% + 2w, o + wic. (6.74)

ldentifying the coefficients gives an expression for thetadrparameters, . depending
on the chosen damping the control parameters are given by

Wip,e = 2wn,c<- — L—F (675)
and
w2 L
Ky, =" _ Ry (6.76)
Wip,c

Assuming¢ = 1/+/2 andw,, . = 500 rad/s (the same bandwidth as for the current control
for the full scale converter), the control variables areegiby
Rr  2-500 0.05

c:2nc_—:7_—:705d, 677
Wipe = 2wnel = T V2 0.02 rad/s (6.77)

and

w? Lp 5002 - 0.02
K,,=-" Rp="""""""_005="7.04 6.78
P, Wip.e o 705 (6.78)
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As seen in Fig._6.35 the transfer functiéf,,. .(s) models the dynamics of the converter
from the reference signal of the applied voltage to the redhge for the output of the
converter. Assuming both an ideal converter and a conviréican be approximated by
a time delay of 1 ms, the resulting step response for the muc@ntrol can be seen in

Fig.[6.36.

1.5
AR
4 A Y
o 1 >
'c ~ — T
2
= I
IS 1
< 051/,
1 Ideal
1 — — =Time delay|
0 ‘ ‘ ‘
0 10 20 30 40

Time [ms]

Fig. 6.36 Step response for the current controller for thpearmental converter.

Continuing with the voltage controller, the voltage acrtdss capacitancé€’ can be ex-
pressed as

AVioa . . .
C dlt d = leap = UF — Uoad, (679)

which gives the transfer function

{
Viead = —=. 6.80
i = 2 (6.80)

The closed loop controller for the voltage is seen in Eig76.3

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

Wip.w
Gipo(s) = ﬁ~ (6.81)
p7v

The transfer function for the closed loop cont@), ,(s), from the reference voltage
Vieadres t0 the actual load voltagg,,,, is given by

(8 + wipw) (Kpo/C)

va,v

- (6.82)
8%+ swipp + TG

Gcl,v<5> =
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Vload;ref icap,ref icap Vload
_)©_> - Geonva(S) 1/(Cs) >

Gipv(s)

Fig. 6.37 Closed loop control system for control of the loattageV,.q.

For the transfer functioty ., ,, the characteristic polynomigl(s) is given as

Wip,w K p v

- (6.83)

p(s) = s? + SWip.w +

Assuming a bandwidth ab,, , and a damping of, the characteristic polynomial can be
expressed as

p(s) = 8"+ 2wy o +w? . (6.84)

ldentifying the coefficients gives an expression for thetawrparameterk, , and the
bandwidth of the low pass filtey,, , depending on the chosen dampifigand the band-
width w,, ,, of the closed loop controller, the control parameters arergby

Wipw = 2wn,vC> (685)
K,, = “nC (6.86)
Wipw

Choosing the damping= 1/v/2 and the bandwidtty,,, , = 200 rad/s, the resulting control
parameters are

Wipw = 2wn( = 2-200/v2 = 283rad/s, (6.87)

~ w,C200-33-107°

Ky
P e 283

= 0.47. (6.88)
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Chapter 6. Control of the Wind Farm with a DC Collection Grid

The resulting step response is shown in Eig.16.38, assunoitingem ideal transfer function
for the convertetz,,,, ., and thatG.,,, , is a low pass filter with the same bandwidth as
the current controllew,, . = 500 rad/s.

15
7N
N

g 11 =
2
= 1
€ 1
< 0.51 i

1 Ideal

! — — =Time delay|

0 : : :
0 20 40 60 80

Time [ms]
Fig. 6.38 Step response for the voltage controller for thEearmental converter.

The closed loop voltage control for the converter is impletad both in PSCAD/EMTDC,

using a similar model as for the full-scale converter, andlie experimental setup. The
resulting voltage and current waveforms in the case of a istépe reference voltage
from 30 V to 70 V are seen in Figs. 6139 dnd 6.40. Here, it careba that there is a good
agreement between the simulated model and the experincemizrter.

701 _______________4 701 ———————————
e y

S 601 /) S 601 ’l
(4] I (4]
2 50 ' & 50 |
S I' S !

401 ] ref,load 401 1 ref,load

!
30 ! - 'Vload 30E== -7 _Vload
0 50 100 150 0 50 100 150
Time [ms] Time [ms]
(a) Measured voltages. (b) Simulated voltages.

Fig. 6.39 Simulated and measured load voltage at a step mrethence voltage.

Comparing the measured and simulated waveforms is made.iGHBil.
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(a) Measured currents. (b) Simulated currents.

Fig. 6.40 Simulated and measured load current and filteentiat a step in the reference voltage.
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(a) Load voltages. (b) Load currents and filter currents.

Fig. 6.41 Comparison of simulated and measured voltagesaments 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, thertp of the turbine must
be considered as well as the startup of the whole wind farmeaedgizing the internal
grid. One important issue for the start of the system usingeernal DC grid is if the
DC/DC converters are unidirectional or bidirectional. élethe DC/DC converters are
unidirectional and consequently power can just be traresfefrom the turbines to the
HVDC connection and not the other way. Therefore, the DC iimthe turbine must be
energized from the generator and the internal DC bus in the f@érm must be energized
from the turbines. For starting the wind turbines, sometamltal energy source is needed
to change the pitch angle for the blades and magnetize thergfen This can either be
an energy storage in the turbine, or an auxiliary power sujppin the HVDC cable since
the grid side HVDC converter is bidirectional. The rated Ik holtage in the turbine is
1.5 kV during normal operation, but during startup it is fealde if the DC-link voltage
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Chapter 6. Control of the Wind Farm with a DC Collection Grid

can be lower since the auxiliary voltage source then can adeever voltage. Here, an

auxiliary 500 V power supply is assumed with enough energhtmge the pitch angle as
well as to magnetize the generator. When simulating statofbine and the whole wind

farm, the switching model in PSCAD/EMTDC must be used siheesimple 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 singtentelr Then, the wind farm is
already in operation and the turbine should connect to thebD£that has its nominal
voltage.
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(a) Rotational speed of the rotor. (b) DC link voltageVi .
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(c) Electrical power from the generator. (d) Rotor flux.

Fig. 6.42 Rotational speed, voltage, power and rotor fluinduthe startup of a single turbine.

For the startup of a single turbine, the waveforms are plotteFigs.[6.41-6.44. When
the turbine is started, the rotor is unlocked and the winég& torque that is accelerat-
ing the rotor. The pitch angle is then decreased as seen i€ HEig (a) when the turbine
accelerates to give as high torque as possible accordirfgeto,tcurve as described in
Sectior 5.3.1. During the same time as the turbine accekertte flux is built up in the
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Fig. 6.43 Pitch angle and power coefficient during the spadfua single turbine.
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Fig. 6.44 Torque during the startup of a single turbine.

turbine as seen in Fig. 642 (d). It can be seen in[Eig] 6.4thé&)he time for the turbine
to accelerate to the rated speed depends on the wind spaetighavind speeds there
is more energy available in the wind and the rotor will acke faster. The time for the
rotor to accelerate depends on the mechanical propertiggeokind turbine. It should
also be noted that for high wind speeds (here 12 m/s), thk piigles is decreased with
a limited rate to give a smooth startup.

During the acceleration of the turbine, the electrical atfmwer is low and is first of all
used to increase the voltage for the DC link in the wind tuekdas shown in Fig. 6.42 (b).
When the DC link voltage has reached the rated value, the BD@@nverter is turned on
in order to control the DC link voltage as described in Sed83.1. When the speed has
increased to the rated speed, the turbine should be kepttatbed by braking the turbine
with the electrical torque. The torque control of the tugbdescribed in Sectidn 6.2.1 is
then used. It is shown in Fig. 6144 (a) that the electricajueris increased at this point
and eventually stays at the same level as the mechanicaletsigpwn in Fig. 6.44 (b) to
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keep the rotational speed constant. It should be noteddhaité wind speed 12 m/s the
available electrical torque is not enough to brake the m@chhtorque using the pitch
angle that gives the highest mechanical torque. Therefoeepitch angle has to be in-
creased both to stop the acceleration and also to keep tkd spsteady state operation
as seen in Fid. 6.43 (a), resulting in a lower power coefficaanshown in Fig. 6.43 (b).
This is also the reason for the overshoot in the speed shokig.ii®.42 (a) for 12 m/s. For
the cases with lower power, the electrical torque is inadde brake the turbine, while
the pitch angle has to be used for wind speed 12 m/s. The d¢aittbe pitch angle is
slower and is not started until the speed has increased d@bhevated 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 lamsl the input capacitor
to the main DC/DC converter must be energized. As mentioadiee the DC/DC con-
verters have unidirectional power flow and the DC link mustéfiore be energized from
the turbines. As seen in the design of the wind farm, the mapacitances for the DC
link are the input capacitor for the main converter as wetha&soutput capacitors for the
converters in the wind turbines.

When starting the wind farm, either just a few turbines camtsind energize the inter-
nal DC bus and the input capacitor of the main converter, argel number of turbines
can start at the same time. Here, both options will be consitid-irst the case where
just a few wind turbines are started, where the number ofrteshare depending on the
wind speed, and then the case when all wind turbines in tlieagei started almost simul-
taneously. However, when starting just a few turbines, itmédtion for the number of
turbines is that the power in the wind farm should be enoughdke the main converter
work properly. To obtain continuous conduction for the medamverter, 24 turbines at
wind speed 4 m/s are used. The resulting power at this opgnatiint is then 2.6 % of the
rated power of the converter (when all turbines are opegattrthe rated power). Having
a lower power level, the control of the converter will not bakie same performance and
the losses will be high compared to the transferred power.nBeded number of turbines
operating at start of the wind farm will be 24 for wind speed 4,8 for 8 m/s and 2 for
12 m/s. In Fig[6.455, the waveforms during startup is showrafbthree cases. For the
cases with 2 and 3 turbines, it is assumed that these turlreas different radials. The
turbine for which the waveforms are shown in Fig. 6.45 is #st turbine in a radial with
10 turbines. For the case with wind speed 4 m/s, the wavefarmshown for the same
turbine and it is assumed that 4 additional turbines ar¢estan that radial.

At the start of the wind farm, each turbine will be startedhe wvay described for the
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(c) Input currentss. to the main converter.  (d) Output currenis, from the main converter.

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

startup of a single turbine by releasing the rotor and pitghhe blades to accelerate the
turbine. During the acceleration of the turbine, the DC MalktageV/;; in the turbine is
increased as shown for the startup of a turbine. At the same the DC/DC converter
in the wind turbine is turned on and also the DC bus is chargeskan in Fig. 6.45 (a).
When the rated voltage is reached for the DC bus, the main BCtnverter is turned on
and the excess power is fed to the HVDC connection as seeq.i®Bb (d).

Another option for the turn on of the wind farm is to start aitlines more or less si-

multaneously as shown in Fig._6146. Here, the results arerrshvehen all turbines are
started evenly distributed within 2 seconds.

As seen in the figure, the start of the wind farms works in theesavay as for the case
with a lower number of turbines shown in Fig, 6.45. The défere between the cases is
the higher total current for the main converter in Figs. B@6nd (d). Also, the DC link
voltage shown in Fid. 6.46 (a) increases faster due to tigedlarumber of turbines.
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Fig. 6.46 Waveforms for startup of a wind farm at 12 m/s, 8 mkt 4 m/s using all turbines.

6.6 Summary

In this chapter, the control of the wind farm has been ingaséid. For the wind turbines,
the control method was obtained and it was shown that theersfe speed and power
could be followed closely. For the control of DC/DC convestehe design was based
on the assumptions of no communication and no limitatiomstie power variations.

Given the maximum voltage variations of 5 % and the switchireguency 1 kHz, the

needed DC link capacitance for stable operation is 16 mF#®iIXC collection bus and
152 mF for the DC link in the turbine. This corresponds to agrgy storage of 74 ms of
transferred rated power. The control method for the DC/D@/eders was verified using
a down scaled experimental setup. Also, it was shown thatvthd 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 collectioml ¢gnas been designed, a
dynamic model has been obtained and the control of the systisrheen determined dur-
ing normal operating conditions. However, also the fautidizag of the wind farm must
be considered including the required protection devices.

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

In this chapter, the fault ride through properties for thadviarm with an internal DC
grid are studied as well as the handling of internal faultthewind farm. For the op-
eration during faulted conditions, the time constants lfier ¢ccurrence of the fault, the
detection and the clearing of the fault are very short froneaegal wind turbine opera-
tion point of view. Therefore, a simplified model of the winatltiine can be used since the
operating conditions for the wind turbine can be assumee twomstant during the fault.

7.2 Fault Ride Through Operation during External Faults

Even though an HVYDC connection for a wind farm or a full powenwerter for a wind
turbine decouples the generators from the grid, the rideuthin properties are still im-
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portant [8/ 61]. When a fault in the external grid occurs, pogver transmitted from the
HVDC connection is lowered and in the worst case stopped {Bdfsequently, the power
produced in the wind turbines must be dissipated somewBeree the requirement from
the grid is that the wind farm should not disconnect duriregfdult, the wind turbines can
not be shut down since there is a significant time delay wheutbines are to be turned
on again.

The fault ride through properties of a wind farm with an inirAC grid connected by a
VSC HVDC connection have been studiedlin([B, 7, 62]. For atara$y reduced power
transmission capability to the main grid for a VSC HVDC coctee to a wind farm, there
are two methods to avoid tripping of the wind farm and prewanbver voltage [6]. Either
the wind turbines can reduce their output power, or a bre@sistance can be used at the
input of the inverting VSC towards the grid. Using a brealesistance at the HVDC link
Is the most robust solution and the wind farm will continueperate at normal operation
during grid faults. Since the DC collection grid will not b#fexrted using this option, it
will not be investigated here. Instead, the option of dia8iy the power in the turbines
will be investigated further. Using this solution, the fisep is to detect the fault, which
can be done by detecting an over voltage at the HVDC conmeclizen, the power flow
in the wind farm has to be stopped which, depending on thectiapae for the convert-
ers, has to be done within 5 to 10 ms [6]. Normally, the pravedevel for a fault is set to
30 % over voltage [6]. When the fault has been detected, tirerseveral different ways
to reduce the output power. One solution is to use a breakestaace to dissipate the
power in the wind turbine [61, 63, 64]. Another possibilig/tdo stop the power transfer
from the turbine and let the excess energy be stored asawshtenergy. In this case,
the voltage control for the DC link in the turbine is done bg tienerator side converter
instead of the grid side converter in the wind turbine [61yeOspeed is then prevented
by pitching the blades.

The focus in this study will be on the behavior of the interb& grid during a grid
fault, including both DC/DC converters and the HVDC coniattAlso, the detection
and clearing of the fault will be investigated as well as #gn@nnection of the wind farm.
In the occasion of a grid fault, the disconnection and themaection are assumed to be
the same and not depending on the length of the fault, ancharefore treated as two
different occasions. The length of the fault determinegiiheensioning of the breaker re-
sistance. If the fault is longer than the required time faitfede through, the turbines are
shut down. Here, the case where the output power is compktgbped is investigated to
show the performance and the limitations of the DC systenwéver, if the power flow is
just limited and not stopped, the control of the voltage eIt bus is instead achieved by
the wind turbine DC/DC converters while the main DC/DC coteetowards the HVDC
link is controlling its output power depending on the outpaiver towards the main grid.
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7.2.1 Fault Detection for the HVDC Link

When the fault occurs in the connecting main grid, the gride ¥SC for the HVDC link
shown in Fig[Z.ll detects the grid fault and reduces the ptowre grid. Here, the worst
case is considered where the wind turbines are running lgbduler and the power de-
livery to the grid is stopped completely. The resulting agk for the HVDC connection
will then depend on the capacitance for the HVDC link and #tsotime delay until the
fault is detected by the main converter and the power to thBEVink is stopped.

132 41, l42 I5
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] + + + .
Wind Lcable Rcable Lcable Rcable Ma_m
farm v, = Ca Ceaviel2 = Va2 = Ceanie/2 Ci == Vs grid
side side

Fig. 7.1 The equivalent circuit of the HVDC link.

The detection of the fault can be done either by communicdigtween the gride side
VSC and the main DC/DC converter connected to the wind farby@neasuring the volt-
age level at the main converter. If the voltdgeat the main converter should be measured,
it should be noted that the voltage along the cable is diffiedlee to the cable parameters
and depends on the length of the cable. Assuming that thevoltage is detected at the
output of the main converter when the output voltage is meed 10 % from the reference
value, the resulting voltage waveforms along the cable essekn in Fid. 712 for different
values of the total HVDC link capacitanc€f; + C,.), and the current waveforms can be
seen in Figl_713. In this case, the length of the HVDC link ikd®Dand the model of the
HVDC connection consists of 8 connecteanodels of 5 km each.

Normally, the DC link capacitance in an HVDC connection hasaged energy of 2 ms
transferred power [65]. In this case, the resulting capaci will be 26:F distributed to
two capacitors, one in each end of the cable. It can be setif tha requirement for the
HVDC link is that the main converter in the wind farm shouldétee to detect the fault at
10 % (143 kV) over voltage and then stop the power flow with@awitng an over voltage
of more then 30 % (169 kV) at the grid side VSC, the required D& tapacitance is
50 uF. However, to have some safety margin and allow a possiliégy die the detection
of the over voltage, a suitable value for the DC link capaagd.00.F, distributed with
50 uF in each end of the HVDC link. It should also be noted that en¢hse of a longer
cable, the delay between the rise of the voltage at the giliel @nverter and the detec-
tion of the over voltage at the main converter would be lorayet the required DC link
capacitance will be increased.
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Fig. 7.2 Voltage at the HVDC link at a fault in the main grid fiifferent DC link capacitances.

From Fig. 7.8, it can be seen that from the point when the pdleeris stopped in the
IGBTSs of the DC/DC converter connected to the wind farm,e¢hsma certain time before
the currents, in the inductancé ; has decreased to zero. The reason for this is the time to
reduce the current in the inductance from the value at falll i zero. Having the voltage

V,, = 130 kV and the current, = 850 A at normal operation, the tim&t; required for

the decrease of the current can be calculated as

L 0.3
Aty = 21, = —2 850 ~ 2ms. 7.1
L=y T 130108 s (7.1)

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

Using telecommunication between the grid side convertdrtaa main converter, there
is also a delay between the detection of the fault by the gadiel sonverter and the main
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(c) DC link capacitance 100F.
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Fig. 7.3 Current in the HVDC link at a fault in the main grid fifferent DC link capacitances.

converter. However, this delay is not as dependent on tiythert the HVDC link. Know-

ing the delay in the communication, the required DC link cilaace can be calculated.
It should also be noted that there are oscillations in the wekage and having a steady-
state over voltage of 20 % will give larger peak voltages duestillations, especially at
low value of the DC link capacitance. Here the required capace is calculated based on
a steady-state over voltage of 10 %, 20 % and 30 %. During tlag tiene A¢, the energy
AW is accumulated in the DC link capacitance. This accumulatextgy is calculated
using the power flowPy, - from the wind farm as

AW = Py pAt. (7.2)

The energy stored in the capacitances before the THlits calculated using the voltage
V,, atthe HVDC link at normal operation as

1
W, = 5Cv,f. (7.3)

It should also be noted that there is some energy stored outpeit inductancé.; of the
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main converter. This enerdy’;, can be expressed as

1
Wy, = §L31,%. (7.4)

The energy stored in the capacitors after the fagly; is then the sum of the enerdy,,
before the fault, the energk accumulated during the fault and the eneljy stored

in the inductance. The total energy can be expressed asteiunéthe total voltage after
the faultV;,, as

1
Wit = AW +W,, + W, = §CV£t. (7.5)

Inserting the expressions fa&xlV/, W,, andW/;, and eliminating the capacitance C gives

o _ L} + 2P At
Ve =W

(7.6)

Assuming that the wind farm is operating at full pow&y, » = 110 MW, V,, = 130 kV
and/, = 850 A. Further, for the possible increase in the voltagedd¥d. 20 % and 30 %,
the required value of the DC link capacitance as a functiah@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 action of the time delay in the
communication at a grid fault.

As seen in the figure, the needed capacitance is increadethwitime delay for the com-
munication. Assuming that the time delay for the telecomication is at least 5 ms, the
required DC link capacitance is 37&, 177,F and 11QuF respectively for the over volt-
ages 10 %, 20 % and 30 %. Without communication, the requapddatance is 100F
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7.2. Fault Ride Through Operation during External Faults

so there is no benefit having a telecommunication betweetethenals. In the case of a
faster communication, the required capacitance can beased. Also, in the case of a
very long cable, telecommunication between the terminagghtgive a faster detection

of the voltage. In that case, the required capacitance &bt link is depending on the

time delay as shown in Fig.7.4.

Further, there are other solutions for fault ride througintthose stated above. In [6],
it is stated that a small breaking resistor can improve tlfopaance during grid faults.
Using a small breaking resistor, some of the excess powdredissipated at the inverter
end of the HVDC link and the required capacitance can thereteaed.

7.2.2 Fault Handling for the Internal DC bus

The first step when the power flow to the HVDC link should be ptapin the case of
a grid fault is to stop the power in the DC/DC converter cotingcthe wind farm and

the HVDC link, as described in the previous section. Aftex thain DC/DC converter
has been turned off, the voltage at the internal DC bus i®asing, since power is still
delivered from the turbines. In the same way as for the manvexter, the power from

the turbines can be turned off either when an over voltageteatied at the connection
to the DC bus or when a fault signal is received from the mamveder. For the DC

bus, the value of the capacitance is given by the control®f/tiitage level as shown in
Sectior 6.3 and is in total 16 mF.

In a similar way as for the HVDC link, there is a connectionvixtn the over voltage
and the time delay for turn off of the power from the turbin&ssuming a steady state
voltageV,,, the total over voltag#’,;, the total output powePy;,  from the turbines and

the capacitance C, the allowed time delsfcan be calculated as

C(V}?)t — VQ)

1

At =
2Py

(7.7)

For the output poweP,,» = 110 MW and the voltag®,, = 32 kV, the resulting time
delays are 15.6 ms, 32.8 ms and 51.4 ms respectively forltheead over voltages 10 %,
20 % and 30 %. Just as for the main converter, there is a fimite Ai¢; for the output

current in the wind turbine converter to decrease to zerdaghwils calculated as

L, 0.3

Al =y =50

72 =~ 0.7Tms. (7.8)

Here, it can be seen that the time for the current to reachigexansiderably shorter than
the allowed delay time, and there should not be any diffieslto stop the power flow
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within the allowed time to limit the power level. Here, it issumed that each turbine
stops the output power in the DC/DC converter when an oveagelof 10 % (35.2 kV)
is detected. In Fid. 715, the voltages and currents for tH@rtas in a radial are shown.
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(a) Voltages at the connection to the turbines. (b) Currents from the turbines.

Fig. 7.5 Voltage and current for the turbines during a grigtfa

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

7.2.3 Reconnection of the Wind Farm

When the fault is cleared, the inverter towards the grid ¢art £ transmit power again
and should resume the output power before the fault as fagisssble. The first step in
the reconnection is for the main DC/DC converter in the wighf to detect the clearing
of the fault and start transferring power, and then also timel turbine DC/DC converters
need to detect the fault clearing and start the power trarisfthe same way as when the
fault is detected, the detection of the clearing of the feaiit be made either by measuring
the voltage level or by communication between the converiéssume that there is no
communication available, the voltage for the DC link mustrédase for the main DC/DC
converter in the wind farm to detect the clearing of the fdulfig.[7.6, the current at the
HVDC link can be seen during the clearing of the fault and m.[A.7, the voltage at the
DC bus can be seen.

The fault is cleared at t = 5 ms and the initial current is delognon the control of the
grid side VSC. Here, it is assumed that the grid side invext@trols the voltage at the
HVDC link and the resulting current in Fig. 7.6 (b) is then ttwarent needed for the
reduction of the DC link voltage to the nominal value with agenable slope as seen
in Fig.[Z.7 (b). When the voltage is decreased, there are smti#ations and the over
voltage protection for the main converter should be tenygrdisabled not to detect a
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Fig. 7.6 Current at the HVDC link during the reconnectioreat grid fault.
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Fig. 7.7 \oltage at the HVDC link during the reconnectioreati grid fault.

new fault at the oscillations following the reconnection.

Att=9 ms (4 ms after the clearing of the fault) the voltage teched the value 132 kV
at which the fault is detected as cleared by the main convditten, the main converter
is turned on and the current is increased to the nominal \880eA within 5 ms after the

turn on of the converter (at t = 14 ms). Then, there is an owansim the current when

the main converter decreases the over voltage at the ihf@€haus, and at t = 70 ms, the
steady state value is reached.

In [[7], it is stated that the German and Irish grid codes adldle power from the wind
farm to drop during a grid fault, but the output power musorkex to 90 % of the avail-
able power within one second. Further, it is stated in [661 th the English grid codes for
offshore generation, the wind farm should recover to 90 %efire fault value within 0.5
seconds after the fault has been cleared. Consequentig e full power is available
after 14 ms of the clearing of the fault and the steady stateliton has been reached
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within 70 ms, the grid code can be followed also when the exeesrgy is dissipated in
the turbines during a grid fault.

Continuing with the reconnection of the internal DC bus, ¢therent from all turbines
in a radial can be seen in F[g. 7.8 and the voltage at the tesbima radial can be seen in
Fig.[7.9.
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Fig. 7.8 Current from the turbines in a radial during the rewxtion after a grid fault.
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Fig. 7.9 Voltage at the connection of the turbines to thealadliring the reconnection after a grid
fault.

When the main converter has been turned on, the voltage éontbrnal DC bus is de-
creased as seen in Fig.]7.9 (b). Att = 18 ms (approx. 9 ms &féemiain converter was
turned on), the voltage has decreased to 33 kV and the dafithe fault is detected
by the turbines. Then, the current in the turbines is in@daturing 4 ms and there is
an overshoot before the current reached the steady state aat = 70 ms. Looking at
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the voltage in the radial, there is an overshoot when thertagbare reconnected as seen
in Fig.[Z.9 (a). Then, due to the integral part of the voltagetller, 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 findihg tocation of a fault are
critical issues. The availability of a wind farm with an im@l DC grid can be increased
by having a reliable system for detection and localizatibfaolts as well as a flexibility

in the possibility of disconnection of the faulted parts.

There are several papers considering fault detection fdti tetminal DC systems. Fault
detection and clearing of the faults in a multi terminal DGtsyn have been studied
in [16,/67]. In [67], both line-to-line faults and line-ta«@und faults are investigated. The
systems presented in these papers are based on a numbervatemconnecting several
AC loads/sources to a DC bus and there is a possibility totstepower flow at the AC
side of the converters. In [67], the IGBTSs are turned off ia tase of a line-to-line fault
and a large DC current is flowing in the antiparallel diodefi@ethe fault is cleared on
the AC side. However, before the converter is turned off féudt current is measured in
order to find the location of the fault. Moreover, in [67] 68¢tdetection of the fault is in-
vestigated as well as the identification of the faulted lind also the reconnection of the
non-faulted lines. This investigation is made for a ring baanecting three converters.
The detection of a DC fault is defined in [68] as the simultarsgacrease of the current
into the DC network and the reduction of DC voltage at the netwnode. Another issue
for a multi terminal DC system is to maintain operation eviemsingle converter fails as
described in([9].

In this system, the wind farm with 48 turbines is consideteat tvas shown in Chap-
ter[4. Here, a fault is assumed to occur in one of the 5 radiale. to size limitations

of the simulations, the radial with the fault is modeled utthg the DC/DC converter
for each wind turbine while the other radials have currentses as models of the wind
turbines.

In this section, first the different possible internal fautbr the wind farm are listed and

the protection devices needed for clearing a fault on the DxCdoe discussed. Then, the
procedure for disconnection of a faulted part is shown. lnehd, the behavior of the

wind farm is shown in the case of different internal faultsg ahe methods for detection

of the faults are shown as well as the procedures to detertmélecations 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 wection, there are
several possible faults that must be considered. Examptbssge faults are:

Internal faults in the DC/DC converters.

Faults in the wind turbines.

Faults in the HVYDC 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 cdaatle fault. The design of
the converter is made with redundancy, so a failure of a sisgimiconductor module
will not stop the operation of the converter. If there is aesefault for a converter, the
remaining IGBTs will be blocked and the power transmissialhlve interrupted. For a
fault in the wind turbine converter, the turbine will stopdatthe DC collection grid will
just see a decrease in the input power. In the case of a fatheimain converter, the
power flow from the internal DC bus to the HVDC link is stoppedi @he wind farm will
shut down. For the DC/DC converters, it can be assumed thaighration is similar to
a VSC used for HVYDC transmission and the failure rate shdwddefore also be similar.
In [51], it is stated that for a VSC HVDC pole (excluding thebtss) the failure rate is
1-2 outages/year. This can then be assumed to also be thiocése DC/DC converters
in the wind farm.

For thefaults in a wind turbine, it is assumed that there are existing fault detection
schemes for the turbines in operation today. When an intéan# is detected, the op-
eration is stopped and the power flow through the wind turld@DC converter will
decrease to zero. Consequently, the fault detection of the wurbine is not investigated
further. For a wind turbine, a typical failure rate is lesartl0.5 failures/year, but for tur-
bines with high power rating the failure rate can be slightiyher [69].

Also for thefaults for the HVDC link , the technology is already existing today and
it is therefore assumed that there is an available faultctiete scheme. In the case of
a fault and the following shut down of the HVDC link, the imat DC bus will expe-
rience the same conditions as in the case of a grid fault. k@ifdults in the HVDC
link, there is an average of 1-2 outages per year for the VSO©EYole excluding the
cables|[51]. Including the cable, the possibility for a faslincreasing with about 1-2
faults/100 km/year [70].
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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 wfadn, it is important to
both be able to detect and to find the location of the fault. fHu#ted part can then be
disconnected and the rest of the wind farm can continue tipgral' he possibility for
cable faults can be found in_[70] and is in the magnitude ofultfa00 km/year. Since
the total cable length in the wind farm is about 100 km thenlve approximately one
failure per year for the internal DC bus.

Summing up the different possible faults in the wind farmdgthe possibility for the
different faults are similar, around once a year for each &or the faults in a turbine or
a DC/DC converter in a wind turbine, the turbine must be stowrdand the wind farm
can operate as usual with the other turbines, just sensen¢psis of the power from a
turbine. However, if there is a fault in the main converteimothe HVDC link, the trans-
mission to the main grid must be turned off and the operatfidhe@wind farm stopped
in the same way as for a grid fault. In the case of a fault in thernal DC bus, the fault
must be located and detected so the faulted part can be disctea. The operation of the
wind farm during faults on the internal DC bus, which is a migitminal 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 aliidreal AC breakers on the
AC side of the system as well as DC disconnecters and DC thoeiakers. DC discon-
necters can not interrupt a fault current, but when the fiauiteared and the system is
de-energized, the DC disconnecters can be opened to isodallsC line [67 71]. DC cir-
cuit breakers can disconnect a fault current on the DC siddhdwve the disadvantage of a
higher cost than the AC circuit breakers[[67].Inl[71], ittated that using circuit breakers
is economically feasible for DC micro-grids with voltagedés lower than 600 V. Also,
breaker resistances are needed for de-energizing tharsy&i®re isolating the faulted
parts with DC disconnecters, and can also be used in theneslbor ride-through opera-
tion during grid faults.

For the protection of the DC bus, there are several pods#silio use the above stated
devices. In the case of a short circuit fault, the energy fed the faulted parts of the
system needs to be stopped. One possibility is to stop dines and to also stop the
power transfer in the main converter. In the case of nonddwudbnverters, both the power
transfer from the DC/DC converters in the wind turbines carstopped as well as the
power transfer from the main DC/DC converter. When thereoisnore input power to
the system, the DC grid can be de-energized and the faultégiqaa be isolated using the
DC disconnecters. Consequently, all power transfer froenvtind farm will be stopped
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and the whole DC bus will be de-energized before the faultimaisolated and the wind
farm can be turned on again. Another possibility is to haveCadcuit breaker at the
connection to each radial. In the case of a fault, the fauldelhl can be detected and
disconnected from the main converter while the remaining fadials can continue to
operate during the fault. In the faulted radial, the powenfrthe wind turbines will be
stopped, the faulted part of the radial will be isolated dmattirbines between the main
converter and the fault can be reconnected.

Considering the protection devices for the wind farm, thatest be a DC disconnecter
between each turbine to be able to isolate faulted partseafyttem. Also, if continuous
operation of the non faulted radials is considered, a DQutitreaker in each radial is
needed that is located at the connection to the main comvirte DC circuit breakers

are used, they are replaced with disconnecters. In_Figl th&docations of the DC dis-
connecters and circuit breakers are shown for the DC bus.
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Fig. 7.10 Location of the disconnecters and DC circuit beesfoptional) for the DC bus.

Further, the protection devices for all components in thelda€ed 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 detectddomated and the faulted
part must then be disconnected from the rest of the systenofdimued operation. How-
ever, since DC circuit breakers are very expensive and ftrer@ot used between all
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turbines, the faulted part can not simply be disconnectesiead the system must be dis-
charged before the disconnecters (DC switches) can be dp&he disconnection of a
faulted part and the resulting disturbance for the outputgsgalepends on if there isa DC
circuit breaker for each radial. Here, the detection andtioa of the fault is discussed as
well as the disconnection of a faulted part, with and witHoQtbreakers.

Detect and Find the Location of the Fault

The disconnection of a faulted part is just possible if thdtfaan be both detected and
located. In Sections 7.3.4 ahd 713.5, the detection of thksfavill be studied in detail
both for line-to-line cable faults and ground faults.

When a fault occurs, it is detected somewhere in the systahthbn also the location
of the fault must be determined. Therefore, for each fautiethod of detecting the loca-
tion of the fault must be obtained. This fault detection ipeleding on the communication
between the turbines, and can basically be divided inteettierent options.

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

» Reducing the communication between the turbines, eatineiwill send/recieve
a fault signal as well as communication of the direction & thult from each
turbine to an overall controller or the neighbor turbinelseit, the faulted cable is
the cable between the turbines with different directiontheffault and the signal
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to disconnect can come either from the overall controllefram communication
with the neighbor turbines.

 Eliminating the communication between the turbines, thetdshaking” method as
described in([6]7] can be used. Then the turbine determimeditbction of the fault
and all disconnecters are opened in the faulted radial. ,Ttherturbines that see a
fault further out in the radial increases the voltage on #iglec towards the main
converter. The next turbine then see the increase in thag®land connects the
turbine. However, if the turbine see a fault towards the ncainverter, the turbine
is not restarted and no signal for reconnection is sent tautine towards the main
converter.

For the detection and location of the faults in Sections&ra®d 7.3.5, it is stated if the
faults need full communication to be detected and locafddnited communication is
sufficient or if the handshaking method can be used withootroanication. However,
it should be noted that a limited communication is still negtb disconnect all turbines
in the case of a fault. As shown in these sections, for low thapee short circuit faults,
the fault can be detected and the direction of the fault cashebermined in each turbine.
Thereby, the overall controller just needs to handle twtustaignals from the turbines
for these faults; the signals showing the detection of th# &nd also the direction of the
fault. Also high impedance ground faults can be detecteddh éurbine and the direction
can be determined. However, the fault detection is slowerpared to the low impedance
faults since integration is needed for accurate detectidheofault. On the other hand,
the detection of high impedance short circuit faults reggicommunication between the
turbines, since the fault is detected by the resulting auitht power loss.

Disconnection of a Fault without DC Breakers

When a fault has been detected, the DC bus must be dischaefiae he faulted part
can be disconnected and the rest of the system can be rdstarte DC breaker is avail-
able, the whole DC bus must be discharged, including thetiogpacitance to the main
converter. The currents and voltages for the system duni@glisconnection of the fault
without DC breakers can be seen in FFig. 7.12

When the fault has been detected att = 0.12 s, a signal iscst turbines to be turned
off and to operate in the same stand-by mode as during a griid Tde input currents to
the DC bus from the turbines are then decreased to zero asrsEen[7.12 (b). When
the inputs to the DC bus have been turned off, the DC bus isdiged by a breaker re-
sistance located at the input of the main converter. Thigkeneresistance is dimensioned
to take the rated output power from the system. Consequéméyoltage for the DC bus
is decreased as seen in Hig. 7.12 (c) and the currents indfedsrare decreasing rapidly
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Fig. 7.12 Voltage and current waveforms for the internal (S Huring the disconnection of a
fault without DC breakers.

with the decreasing voltage as seen in Eig.17.12 (a). Alsauhents from the radials are
decreasing as seen in Hig. 74.12 (d), and the current from #ie converter has changed
direction since the breaker resistance is located beferendin converter.

The voltage is decreasing until just 10 % of the rated voliagemaining, and then the
disconnecter is opened as seen in Eig.17.12 (c). After theingef the disconnecter and
isolating the faulted part (the fault is between turbines @in radial 2), the system can
be recharged again, and then the wind farm can reconnect tmaim converter and the
HVDC link. As seen in Figl_7.12 (b), the output currents frdme turbines are increased
and also the currents in the radials to the main converter.r@éason for the high currents
in the beginning of the reconnection is the low voltage at@& bus. When the rated
voltage for the DC bus has been reached, the main convertemied on and after an
overshoot in the voltage, the main converter keeps the D@dltege at the rated value.

The input current and voltage for the HVDC link during theaeoection are seen in
Fig.[Z.13. Here, it can be seen that the main converter i®tuoff when the discharging

starts for the DC bus. Consequently, the input current dee®as seen in Fig. 7113 (a)
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Fig. 7.13 Woltage and input current for the HVDC link duririgetdisconnection of a fault without
DC breakers.

and after some oscillations the current goes to zero. Ateébermection, there is an over
current when the main converter eliminates the over shabiwoltage. Also the voltage
for the HVDC link seen in Fid. 7.13 (b) have some oscillatioesulting from the current

oscillations during turn on and turn off.

Looking at the time for the disconnection of the faulted piitan be seen that the slow-
est part is the discharge of the system, which takes 220 neschiérging of the system
takes 46 ms, and the total time for disconnection of a faybd and the reconnection
of the non-faulted part are thereby just below 300 ms. Howelvehe over current from
the turbines in Fid. 7.12 (b) is limited to the rated curréiné time for charging increases
to 163 ms. The time for the disconnection can be decreasesidarably 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 connectitteba each radial and
the main converter, the faulted radial is disconnected itiately when a fault has been
detected. The voltage and current waveforms during theodisection can be seen in
Fig.[7.14.

As seen in Figl 7.14 (d), the non-faulted radials stay cotetkand there is just a de-
crease by 20 % in the current to the main converter. For theethuadial, the procedure
for the disconnection is the same as for the fault withoutdkebreaker. When the fault
has been detected, the DC breaker is opened to isolate thedfaadial. This radial is

then discharged with a breaker resistance as shown irl_Hid. ahd when the voltage
has been reduced to 10 % of the original voltage, the disatent the faulted part is
opened. The time for the discharge is faster, even thougmgx@mum discharge current
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Fig. 7.14 Voltage and current waveforms for the internal (S Huring the disconnection of a
fault using DC breakers.

is the same as the rated current for the disconnected psiragun the case without the
DC breakers. However, the radial is disconnected from thie cepacitance at the input
of the main converter, and just the capacitances in thelradiee to be discharged. The
time for discharge is 80 ms compared to 220 ms for the caseoutitthe DC breaker.
When the faulted part has been disconnected, the capagstémicthe part that should be
reconnected are charged again. This charging is also thasterfor the case without DC
breakers, 25 ms compared to 46 ms for the system without D&keéreThe total time for
the disconnection of the faulted part and the reconnectidimeonon-faulted parts is then
just above 100 ms, which should be compared to 300 ms in tleeva#tsout DC breakers.
Further, if the over current from the turbines during thergivg is eliminated, the time
for charging the radial increases to 45 ms.

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

Here, it can be seen that the current is not decreased to zemtlae case without DC
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Fig. 7.15 Voltage and input current for the HVDC link durirfgetdisconnection of a fault using
DC breakers.

breakers. During the disconnection, the current from tlutdd radial is removed, and
after the disconnection the current from the non-faulted igareconnected. This results
in much less disturbances for the HVDC link, and also theag@thave 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 fiaelt is depending on the impedance
of the fault. For a low impedance fault, the detection is @iasy due to the large fault
currents. Also, a fast detection is important to lower tlesstes for the components dur-
ing the fault. In the case of a short circuit fault for the DGpa large fault current will
discharge all capacitors connected to the DC bus. For a Igredance fault, the fault
will be harder to detect since there is no large fault currdintvever, the detection is not
as critical as for low impedance faults since there will nettbat large stresses for the
system. When a fault occurs in the system, the fault must textel and the faulted part
must be disconnected if the non-faulted parts of the systesuld continue to operate.
Here, both the detection of the fault and the procedure tothiadocation of the fault are
described.

For the line-to-line short circuit faults, it is stated in6]1lthat short circuit faults can
be detected by an over current, and the direction of the éanlialso be determined by the
fault current. For the simulation of these faulted condisica line-to-line fault is inserted
between turbines 5 and 6 in radial 2 in the wind farm, as shawfig.[7.16 with the
resulting fault currents.

As can be seen in the figure, when a short circuit fault ocduesetis a fault current
discharging the DC link capacitors, which size depends eriahlt impedance.
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Fig. 7.16 Location of the short circuit fault between tudsrb 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 blidb& decreased when
the capacitors are discharged. This gives high fault ctsremd if the fault has not been
detected and the turbines are still in operation, this acinvgll be added to the steady
state current. The resulting currents in the faulted raatielplotted in Figl_7.17 and the
currents from all 5 radials to the main converter are showsigi7.18. It should be noted

that the currents from radials 1 and 3 are the same as welkasithents from radials 4
and 5.
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(a) Fault resistance 10. (b) Fault resistance Q.

Fig. 7.17 Currentin radial 2 in the case of a low impedancetsiicuit fault between turbines 5
and 6.

In these figures, the currents are plotted in pu of the cuaehill power. It can be seen
that there are large over currents in the case of a shortitciacit when the capacitances

in the system are discharged. Also, there will be a largesotifitowing into the faulted
radial in the case of a short circuit fault.
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Fig. 7.18 Current from all radials in the case of a low impexashort circuit fault between tur-
bines 5 and 6 in radial 2.

Starting with the detection of the fault, it can be seen insHig1Y and7.18 that there
is an obvious over current that can be detected as well agtieesal of the direction of
the current from radial 2, which should not occur during nakrsteady-state operation.

When the fault has been detected, the fault must also beelbdahe faulted part should
be disconnected. Looking at the currents in the faultedatadiFig.[7.17, it is obvious
that the fault is between turbines 5 and 6 since turbines avé hegative fault currents
and turbines 6-10 have positive faults currents. Eachtiertiien knows the direction of
the fault current, but to be able to locate the fault, theddiom of the fault current must be
compared for the different turbines. To avoid a complicai@eshmunication, each turbine
finds the direction of the fault current that is sent to eitheroverall controller for the
wind farm or to the turbine next to each other. If two turbitese the same direction
for the fault current, the fault is not between the turbined they can stay connected.
However, if two turbines have different directions of thaltacurrent, there is probably a
fault in between them, and the turbine closest to the maineroer will then disconnect
the cable to the next turbine. Here, also the “handshakingthod can be used since the
turbines can determine the direction of the fault withouhgscommunication between
the turbines.

High Impedance Line-to-Line Faults

For high impedance short circuit faults, there is no fautteut large enough to detect the
fault and there are no large stresses for the system. Howaetexcting a fault with high
impedance can prevent the fault to develop into a low impeel&wult with resulting over
currents. Also, it is desirable that the fault is detectdatiéfe is a personal accident in the
wind turbine. If a person is causing a short circuit, the artoidetect and clear the fault
as soon as possible. The fault resistances used in the siomslare 3 k2 of a dry person
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and 1 K2 of a wet person [72].

As previously mentioned, a fault with a high resistance doascause high over cur-
rents due to the discharge of the DC link. In Fig. T.19, theenirin the faulted radial

is shown in the case of a short circuit fault between turbmesid 6. Here, the highest
current is at turbine 1 closest to the main converter andavedt current is at turbine 10
which is the last turbine in the radial.
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Fig. 7.19 Current in the radial in the case of a high impedahoet circuit fault between turbines
5and 6.

In the figure, it can be seen that turbines 6-10 have the samentiefore and after the
fault, but the current for turbines 1-5 are decreasing. Rershort circuit fault, the fault
currenti s,,; Can be expressed as

Va
Rfault ’

(7.9)

Z-fault -

whereV; is the DC link voltage and?,,,;; is the fault resistance. For the rated voltage
V5 =32 kV and the fault resistances land 1 K2, the resulting fault currents are 10.7 A

and 32 A. Consequently, the powgf,,,;; is dissipated in the fault, which can be calcu-
lated as

‘/'22
Rfault ‘

Pfault = Z-fault‘/2 = (710)

For the fault resistances 3%and 1 K2, the power dissipated in the fault is 340 kW and
1024 kW. Depending on the location of the fault in the radral ¢he operating point of
the wind farm, the power dissipated in the fault can be a Sagmit part of the transmit-
ted power. In Fig._7.20, the fraction of the losses in thetfaoinpared to the transmitted
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power in the cable is shown for all turbines in the radial fa tault resistances 3kand
1 k2. The turbines are operating at full power, and a lower poweellwould increase
the fraction of the losses.
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Fig. 7.20 Fraction of the losses dissipated at a short tifauit depending on the location in the
radial.

As seen in the figure, the relative power losses caused byhargedance fault differs
depending on the location in the radial. For the last turlamnghe radial, the power loss
is 15 % for a 3 K2 fault and 45 % for a 1 K fault. For the turbine closest to the main
converter, the power for the fault is just 1.5 % for a3 fault and 4.5 % for a 1K fault.
Measuring the power sent from one turbine and the powervedeit the next turbine, the
power losses in the cable can be calculated. A significan¢é@se in the power losses in
the cable will then indicate a fault. Consequently, in theecaf ideal measurements, all
faults can be easily detectable. However, if there are tiemisin the measurements, the
faults with highest impedance close to the main convertetbeshard to detect.

To detect the high impedance short circuit faults, commatioa is needed between the
turbines in order to calculate the power loss between thertes. Thereby, the fault de-
tection is slower since data of the power flow must be procklsgehe overall controller,
and not just signals stating the occurrence and directi@fa@lt from the turbines.

7.3.5 Detection of Line-to-Ground Faults

At the connection point of each turbine to the DC bus, grongds inserted using ground-
ing capacitors as suggested in[[16]. In the case of a groumd & the DC bus, all
grounding capacitors contribute to the fault currént [T8je fault current will then be
lower compared to the short circuit fault where all DC linkpaaitors are contributing.
The main fault currents during the discharge of the groumdispacitors are shown in

130



7.3. Internal Faults in the Wind Farm

Fig.[7.2].
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Fig. 7.21 Location of the positive ground fault between itvels 5 and 6 in radial 2 with the
resulting fault currents.

The fault can either be detected by an over current or by thegdd potentials for the
lines. For low impedance ground faults that could be detebiean over current, the
first over current at the discharge should be detected andirinetion of the fault current
should be determined. When the fault current is not high ghao detect an over current,
the second option for fault detection is to detect the dewiah the potential for the lines.
Then, integrating the difference between the positive aghtive line currents can show
the location of the fault.

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

Low Impedance Line-to-Ground Faults

Starting with low impedance ground faults, there will beghhilischarge current when the
grounding capacitors are discharged as shown in[Eigl 7.2&ervd ground fault occurs,
the grounding capacitor connected to the faulted cablesishdrged and the non-faulted
cable will take the whole line-to-line potential. In Fig22, the currents and the voltages
for the faulted radial are shown in the case of a ground faultiHe positive cable with a
fault resistance of 10 fa The values used for the grounding capacitors(@gre= 10 uF
andR,, = 40Q. Here, it can be seen that when the fault occurs at t = 0.1 fdtential
for the faulted cable is decreased to the ground potentthtlzere are some oscillations
for both the currents and voltages before the operation gaek to the same operation
point as before the fault, but with changed potentials ferdables.

In Fig.[7.23, the behavior of the system in the case of a gréamitlis shown in detail.

131



Chapter 7. Evaluation of Fault Condition Handling

'5' 5 . . . t10 45— : : 4 t10
= |E t9 t9
2 o 40,
1E -~
— = t
; 35
9 >N
g - - =G > - == =15
N v t5 g 301 v t5
IS ---t4]| 9 ---t4
& 51 : > 55l
g - - -3 25 - - -3
O I - - _t2 20 - — =12
0 50 100 15 /== t1 0 50 100 19 i m - t1
Time [ms] Time [ms]
(a) Currents in the faulted radial. (b) Line-to-line voltages for the faulted radial.
51 ‘ ‘ ‘ 20 ‘ ‘ ‘
L]
= - — = Pos. cond.
— %:‘4‘ = |y == Neg. cond.
g O'Ji‘rf‘t:ir"fgh S 0 Pos. cond. mainj+
:R', ||:| ' Radial 1 § — — = Neg. Cond. Mai
o W ---Radial2| & ||
5 glbo e Radial 3 QL -20q1
O . Qo
! Radial 4 8 \
S EERRAEE Radial 5 Ehain =
-40
0 50 100 150 200 0 50 100 150 200
Time [ms] Time [ms]

(c) Currents from the five radials to the main cqd} Potentials for the lines, both at the fault and at
verter. the main converter.

Fig. 7.22 Currents and voltages for the DC bus in the case @varhpedance ground fault be-
tween turbines 5 and 6 in radial 2.
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Fig. 7.23 Currents and voltages for the DC bus in the case @varhpedance ground fault be-
tween turbines 5 and 6 in radial 2.
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Starting from the fault currents discharging the groundiagacitors seen in Fig,_7J21, it
can be seen that the fault currents for turbines 6-10 ardiy®aind the fault currents for
turbines 1-5 are negative, which is also seen in[Fig.|7.23t(eqin also be seen, both for
the currents in Fid. 7.23 (a) and the voltages in Eig.]7.23tka there is a time constant
for the discharge between the different turbines where eable segment gives a delay.
However, there is not just the currents discharging themplong capacitors that contribute
to the increased currents in the system. In Eig.17.23 (banthe seen that there is an in-
crease in the current also for the negative potential. Egrth Fig[7.2B (c), it can be seen
that the voltage is initially decreased, which means thafitter capacitors connected to
the output of each turbine are discharged, resulting in aeased current. Consequently,
there will be an increase in the current also for the negatiae. For the positive cable,
this discharge of the capacitors will be added to the cuf@ndischarge of the ground-
ing capacitors for turbines 6-10. However, for turbines, 1h& discharge current from all
grounding capacitors in the system becomes much largerthigadischarge current for
the filter capacitances and the current will therefore batieg In Fig[7.2B (d), it can be
seen that the major part of the negative current for turbinBss from the discharge of
the grounding capacitors in the other radials.

For the grounding of the DC bus, both the values of the cagacits and the series resis-
tances should be chosen. Starting with the resistancesathe should be small enough
to detect a significant over current. Looking at the wind faqperating at full power, the
load resistanc®;,.; seen from a radial is calculated as

2
Viar _ 32000 -6y (7.11)

Roa = -
foud Yoad 710

Assuming that the resulting current from the discharge & ocapacitor should be sim-
ilar to the load current, the resistance should have a sivédle as the load. However,
it should be considered that each ground capacitor just halfehe line-to-line voltage
which will reduce the load current. On the other hand, cusréom several grounding
capacitors will contribute to the over current. Therebg, tesistance?,, is chosen to be
401. In the case of no inductance in the system, the initial vafitbe current discharg-
ing the capacitor is then the voltage divided by the rescaagiving 16000/40 = 400 A.
As seen in Figl_7.23 (e), the initial current is 300 A due toitiductance in the system
and also the fast decrease of the potential for the positimdctor seen in Fi¢. 7.23 (f).
In Fig.[7.24, the currents and voltages are shown for diffevalues of the resistande,,
connected in series with the grounding capacitors. Furtherdischarge current for the
grounding capacitors is shown in Fig. 7.25.

Here, it can be seen that for a lower value of the resistaheegscillations for both the
currents and the voltages are increasing as seen in _Fig. Hd®ever, the difference is
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Fig. 7.24 Currents and voltages for the DC bus in the case @varhpedance ground fault be-
tween turbines 5 and 6 in radial 2, using grounding resigtad€?, 402 and 200X).

not proportional to the value of the resistance since a lpegeof the over current is a
result of the voltage oscillations at the cable. For thelthsge current of the grounding
capacitors shown in Fid. 7.P5, the relation between theevafuthe resistance and the
resulting current magnitude is more obvious. The largestuinmagnitude for the low re-
sistance will then result in the larger oscillations fortbtte current and the voltage seen
in Fig.[7.24.

Also, the value of the capacitance should be determinedigrii7228, the resulting cur-
rent and voltage waveforms are shown for a low impedancengréault using different
grounding capacitances. In F[g. 7.27, the current for tisetdirge of the grounding ca-
pacitances is shown.

For a constant value of the resistance, an increasing vathe capacitance will increase
the time constant but not the peak current from each capastseen in Fig. 7.27. How-
ever, the peak current in the faulted radial will increasesithe increased time constant
for the discharge will result in that a larger number of thpamtors are discharged at
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Fig. 7.25 Current for the grounding capacitor in the caselofvdmpedance ground fault between
turbines 5 and 6 in radial 2, using grounding resistanc@s4D 2 and 200¢2.

the same time as seen in FHig. 4.26 (a) and (b). The time cdadiatween the different
turbines and thereby also the different capacitors shdstee considered. If the capaci-
tance is low and the grounding capacitors closest to theé liawke been discharged before
the discharge of the next capacitor has started, there /@ lot of oscillations and it is
hard to detect the location of the fault. As seen in Eig.[7@3the approximate delay
between the discharges of two capacitors are 0.2 ms. Thexelappropriate value of the
time constant, for the discharge of the capacitor can then be 0.4 ms. The\@lthe
capacitorC, will then be

7, 041073
R, 40

7, = RyCy= C,y = = 10uF. (7.12)

In Fig.[7.23 (e), it can be seen that the current for the capactlosest to the fault have
decreased from 300 A to 30 A 1 ms after the occurrence of the feuereby, it can be

seen that the additional inductances in the system makeigbkatge slower, especially
when there are large current derivatives for the lines asshio Fig.[7.23 (a). Using the

capacitance LF, this time constant is 0.15 ms and for 10®it is about 10 ms as seen i
Fig.[7.27.

Regarding the detection and localization of a low impedagroend fault, it can be seen
that the over current in the faulted radial indicates thauo@nce of a fault and also the
change in potentials for the cables indicates that therdaslaand for which cable the

fault has occurred. Knowing the faulted cable, the locatibtine fault can be detected by
the direction of the fault currents in the faulted cable. ldwer, the location of the fault

must be found using the first transient of the fault curremtesithere are large oscillations
for the system where the location of the fault can not be detexd. Consequently, the
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7.3. Internal Faults in the Wind Farm

(b) Current at turbine 5 in the faulted radial.

(c) Voltage at turbine 5 in the faulted radial.  (d) Voltage at turbine 10 in the faulted radial.

Fig. 7.26 Currents and voltages for the DC bus in the case @varhpedance ground fault be-
tween turbines 5 and 6 in radial 2, using grounding capacabt i, 10uF and 10Q:F.

low impedance ground faults can be detected in each turbthew communication and
the direction of the fault can also be determined. Then,féadt 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 caselofvampedance ground fault between
turbines 5 and 6 in radial 2, using grounding capacitors @F110 xF and 100uF.
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High Impedance Line-to-Ground Faults

In the case of a high fault impedance, it is harder to detexfdhlt just using the mea-
sured currents. In Fig. 7.P8, the currents and voltages eaeén for a faulted radial for

the fault resistances 0.01, 12, 102 and 100x2.

(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.  (d) Voltage at turbine 10 in the faulted radial.

Fig. 7.28 Currents and voltages for the DC bus in the case obang fault between turbines 5
and 6 in radial 2, with the fault resistances 0@11 €2, 102 and 100x2.

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

A high impedance ground fault can be detected by measurmgakentials for the ca-

bles. Measuring at the main converter, the potentials ®ctbles are shown in Fig. 7]29.
Here, it can be seen that the detection of a ground fault candske by measuring the
potential for the cables, but the location of the fault cahbeodetermined.

To find the location of the fault, the currents must be usedsiewn in Fig[7.2]1, a
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Fig. 7.29 Potential for the cables in the case of a ground fmtiveen turbines 5 and 6 in radial
2, with the fault resistances 0.04, 1 2, 10 and 100¢.

ground fault gives common mode currents that in the case @ivarhpedance fault can

be detected by subtraction of the cable currents [16]. Faylaimpedance fault, Fig. 7.80

shows the currents in the positive and negative cables atithimes located closest to the
fault.

In the figures, it can be seen that there is a clear differept@den the currents in the
negative conductor and the positive conductor in the casegobund fault. It can also be

seen that the difference is largest for turbine 5 and muchientar turbine 6. The reason

for this is that there are just 5 grounding capacitors thatdischarged through the ca-
ble at turbine 6, while the remaining 44 grounding capasitoe discharged through the
cable at turbine 5. The differences between the currentsampobsitive and the negative
cables are shown in Fig. 7]31.

In the figures, it can be seen that there is a clear differamtlee cable currents for the
faults with low impedance, but the difference is smaller &adder to detect for high

impedance faults. Also, it can be noticed that the sign offifference between the cur-
rents in the cables on the different sides of the fault ised#iht. Thereby, the location of
the fault can then be determined using a differential mesmseant of the cable currents.
However, for the high impedance faults, it can be hard to oreathe difference in cur-

rent with good accuracy. One way to improve the detectiomefdifferential currents is

to integrate the difference and thereby see longer treridsrrthan noise and oscillations.
In Fig.[7.32, the integrated difference between the cusrseén in Fid. 7.31 is shown.

Here, it can be seen that the integrated difference showsttbaharge removed by the
fault currents is the same independently of the fault rest since the capacitor values

are the same. The integrated current difference for theectiturbine 5 is about 8 times
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Fig. 7.30 Currents for for cables in the DC bus in the case abargl fault between turbines 5
and 6 in radial 2, with the fault resistances 0@11 2, 102 and 100x2.

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

Also for the high impedance ground faults, the fault can beated and the direction

of the fault can be determined in each turbine. What is Imgitihe speed of the fault
detection is the time needed for integrating the differanaairrent between the cables.

7.4 Summary
In this section, the fault handling for the wind farm with anieérnal DC grid has been
investigated. For the faults in the connecting main grid,ghrformance of the wind farm

is shown in the case of a total interruption in the power tiem#t the occurrence of the
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(c) Current difference between the cables at (d)- Current difference between the cables at tur-
bine 6 in the faulted radial. bine 5 in the faulted radial.

Fig. 7.31 Current difference between the cables in the DCirbtise case of a ground fault be-
tween turbines 5 and 6 in radial 2, with the fault resistar@®€4 2, 1 Q, 102 and
10012.

fault, the required performance of the HVDC link is deterednFor the reconnection af-
ter the fault, the full power is available after 14 ms, whishwvell within the requirements
in existing grid codes. For the internal faults in the windiathe focus has been on the
faults at the DC bus. The detection and the clearing of thik feas shown for different
faults. For the low impedance faults, the detection is maileguthe resulting over cur-
rents and the location of the faults can be found in the same k@ high impedance
faults, more communication between the turbines is neeslddtect the fault and find the
location. When the fault has been detected, the faultedcparbe disconnected and the
non-faulted parts can be reconnected within 100 ms with a i2@Ker for each radial and
within 300 ms without DC breakers.
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Fig. 7.32 Integrated current difference between the cahlése DC bus in the case of a ground
fault between turbines 5 and 6 in radial 2, with the faultsesices 0.012, 1 (2, 10}
and 10002.
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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 collectiondyi$ investigated with focus

on the design, the losses and the dynamical behavior of thgridiCFor the implemen-

tation of an internal DC grid, the DC/DC converters are idett as key components.
A suitable design of the DC/DC converters is obtained inicigdhe choice of topology,

the control of the converter and also the choice of switclitreguency. For the chosen
switching frequency of 1 kHz, the weight of the medium fregmyetransformer in the

DC/DC converter is reduced by 90 % compared to a correspgrifirHz transformer. In

addition, the loss calculations for the DC/DC convertees\arified using a down scaled
experimental setup.

For the investigations of the DC collection grid, a wind fanith the same layout as the
wind farm Lillgrund is chosen. Here, 48 turbines of 2.3 MW lgdocated in 5 radials,
are connected to an offshore platform. In the investigat€dsizstem, a DC/DC converter
in each wind turbine increases the 1.5 kV DC link voltage mftilrbine to 32 kV for the
internal DC bus. Then, a main DC/DC converter for the wholedaarm increases the
DC voltage to 130 kV for the HVDC transmission. For the DC swysin the wind farm,
the total losses are 3 % of the transferred power, where sisesdfor the DC/DC converter
in the wind turbine are 1.35 % and for the main DC/DC conveltéd %. The losses in
the internal DC bus are 0.24 %. The losses for the DC systesimaikar to the losses for
a corresponding AC system.

Considering the dynamic operation of the internal DC caibecgrid in the wind farm, the
DC/DC converters control the power flow and thereby also tiitage levels for the DC
links. The voltage control for the DC collection bus is asleie by the main DC/DC con-
verter connected to the HVDC link, and the voltage for the D& in the wind turbine is
controlled by the wind turbine DC/DC converter. The contnathod used for the control
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of the voltage is a droop control that works without commati@n within the wind farm.
By determining the maximum voltage variations, and lingtthe bandwidth due to the
1 kHz switching frequency, the required DC link capacitanaere found to be 152 mF
for the DC link in the wind turbine and 16 mF for the internal D@s. The stored energy
in both DC links will then correspond to 74 ms transferre@dgbower. This capacitance
can be lowered by increasing the bandwidth of the contrdbétrthen the stability mar-
gin is decreased. Further, the startup procedure of the faind has been developed and
shown to be appropriate. Due to the unidirectional power flowihe DC/DC converters,
the system must be energized from the wind turbines, anditagvn that the wind farm
can start up and the DC bus can be energized using 500 V powssesoin the wind
turbines.

In the case of a fault in the connecting main grid, there a@dptions to decrease the
output power during the fault; either by decreasing the wuppwer from the turbines or
by dissipating the excess power in a breaker resistance &\WDC link close to the grid
side converter. In the case of a large breaker resistaregyittd farm will not experience
the fault and the power can be reconnected immediately thiéeiault. If the power flow
should be stopped in the turbines, the detection of the fiaudit be investigated as well as
the reconnection after the fault. Here, it was shown thatgthk can be detected both with
and without communication between the different parts engysstem. Also, the required
HVDC link capacitance needed to limit the over voltage wateaeined. Further, after
the reconnection of the system, the output power has redblkedted value after 14 ms
and the oscillations have been damped after 70 ms, whichliswikin the time frames
specified in the German, Irish and English grid codes.

For the internal faults in the wind farm, the procedures dakdieng and locating the
fault as well as disconnecting the faulted part have beessinyated. For a fault in a wind
turbine, the turbine is disconnected and it will not influeribe operation of the wind
farm significantly. For a severe fault in the main DC/DC cateeor the HVDC cable,
the whole wind farm must be shut down. However, if there isudt i the internal DC
bus, the operation is affected, but the wind farm can coetoperating if the faulted part
is disconnected. Here, methods for detecting and findind¢pttegion of both line-to-line
faults and ground faults have been determined. Also theeplitwe of disconnecting the
fault was shown, both without full power DC breakers and vatRC breaker in each ra-
dial. In the case of a DC breaker, four of five radials can caito deliver power during
the disconnection of the faulted part, compared to the cas®ut DC breakers where
the whole DC bus must be discharged. In the case without D&kbrs, the faulted part
is discharged and the non-faulted parts back in operationim800 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 areifsegntly higher at lower
power levels compared to high power levels. One possibletavegduce the losses at low
power is to instead use a modular approach for the DC/DC ctarge This could result
in that the active modules are operating closer to theidrptaver at all operating points
and thereby also the fraction of the losses will decreasgo,Ahe high power medium
frequency transformer needs further investigation.

In the case of a grid fault, further investigation is needeglarding the interaction be-
tween the wind turbines and the DC/DC converters. Duringdtestate operation, the
wind turbines aim at maximizing the output power within thlevaed operating range and
the DC/DC converters control the input voltage level by atipg the transferred power.
However, in the case of a limitation in the output power, thiedrurbines must decrease
the output power. Thereby, in the case of an increased DC ditege, the converter in
the wind turbine must limit the power flow, and consequentdp dhe turbine must limit
the output power. In this thesis, just the option of stopmtgower flow during a grid
faults is investigated. However, if the power flow just shiblé limited during the fault,
the control interaction between the DC/DC converters inttibines, the main DC/DC
converter and the wind turbines must be investigated futthavoid oscillations. This is
also the case if the wind farm should support the frequencithiamain grid and thereby
must control the output power.

For normal operation, an aim for further investigation isdduce the required DC link ca-
pacitances by improving the control of the DC/DC convertAssshown in Chaptér 6, the
control is designed assuming no communication and no liroia for the power vari-

ations leading to large required DC link capacitancesothicing fast communication
between the converters can reduce the required DC link tapae. Also by introducing

an integral part of the controller and temporarily allowlagyer over voltages or limiting

the allowed voltage variations can decrease the needednRCdpacitances.

For further studies of high frequency transients, an impdomodel of the wind farm
with high frequency models of the components should be USerte the used models
for the cables are-link models, the accuracy for high frequencies can be iwvgaaising
a high frequency model of the cables. This is mainly inténgsfior 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 shauich are used in Chap-
ters4EY. The location of the variables in the wind farm caséden in FiglZ/A.ll and in the
HVDC link in Fig.[A.2.

Ig i11 i12 122 122¢ i3 132
:7___:)________—__>____,|—rz _____________ l_)r““‘_“)“““““““‘.
2 i §+ | [+ I:|_1+R1 + i I:IL2+R2 i +§ [ I:IL3+R3 *
Es v 1 Y, V. L ——iv ! Vi, V | Jovne
E’ § i11 -T 12 2 i i__C21 c21——§ 31 i C3 32 4 i connection
C -1 TN o VA I
| 1:ny I L/ T |
Wind turbine DC/DC converter | pcbus /| Main DC/DC converter
A X
A X
Fig. A.1 The equivalent circuit of the internal DC grid.
4 DC-link capacitor for the wind turbine.
Co1 Cable capacitance and filter capacitance.
Cs Input capacitor for the main DC/DC converter.
111 Input current to the H-bridge in the wind turbine DC/DC cortee
119 Output current from the diode bridge in the wind turbine DC/Bonverter.
199 Current in the DC bus.
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Appendix A. Symbols and Glossary

199¢ Input current to the main DC/DC converter.

i31 Input current to the H-bridge in the main DC/DC converter.

139 Output current from the diode bridge in the main DC/DC coterer

ig Output current from the inverter towards the DC/DC converte

Ly Filter inductance for the wind turbine DC/DC converter.

L, Inductance for a cable segment.

Ls Filter inductance for the main DC/DC converter.

ny Ideal voltage ratio for the wind turbine DC/DC converter.

ns Ideal voltage ratio for the main DC/DC converter.

R, Filter resistance for the wind turbine DC/DC converter.

R, Resistance for a cable segment.

Rs Filter resistance for the main DC/DC converter.

Vi Input voltage for the DC/DC converter in the wind turbine.

Via Output voltage from the diode bridge in the wind turbine DC/Bonverter.

Va Output voltage from the DC/DC converter.

Va1 Input voltage to the main DC/DC converter.

Vi Output voltage from the diode bridge in the main DC/DC coterer

Vy Output voltage from the main DC/DC converter.
e LN 2, s |
-

Wind Lcable Reabie Lcable Recable Main

farm v, == c, Ceane/2 =F Va2 = Ceable/2 Cip == Vs grid

side side

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

Cu Input capacitance for the HVDC link.

Cho Output capacitance for the HVDC link.

Clable Capacitance for a cable segment.

141 Input current to the HVDC cable.

149 Output current from the HVDC cable.

i5 Input current to the HVDC converter connected to the maid gri
Leabie Inductance for a cable segment.

Reapie Resistance for a cable segment.

Vi Output voltage from the main DC/DC converter.

Vio Voltage at the middle of the HVDC link.
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A.2. Glossary

Vs 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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