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Abstract

In this thesis, the design and control of a wind farm utilizseries-connected wind
turbines with a DC output has been evaluated. The advargdlyatia suitable DC voltage
level, appropriate for transmission of the generated palirectly, without using a large
centralized DC/DC converter, can be obtained. This is aellidy series-connecting a
number of wind turbines. In addition, the energy productisimg various wind turbines
and wind park layouts have been investigated. Furtherntioeegnergy production costs
have been determined. Finally, the limiting factors for thstallation of smaller wind
parks have been evaluated. For instance, when dynamic pausations have to be con-
sidered, from a power quality point of view, when a wind emeirggstallation is to be
connected to the grid.

The results found are that the uneven power production fremndividual wind tur-
bines creates design as well as control difficulties for threviarm with series-connected
wind turbines. A control scheme for the wind turbines is egd and investigated in this
thesis. It is found that the proposed control scheme managesfely operate the wind
farm, even when large deviations in the individual powedpiciion of the turbines exist.
A down-scaled prototype has been built, representing ond wirbine unit, and the base
current control ability was verified experimentally.

Moreover, it is found that it is necessary to design the iildial wind turbine con-
verters for a voltage level of about 35 % higher than the namialtage. Otherwise there
will be a substantial energy loss due to the uneven powerygtanh from the individual
wind turbines that occurs in actual installation.

In addition, it is found that the series dc wind park has a geoamhomical potential,
since it eliminates the need for an offshore platform in thedypark.

Finally, the electrical limiting factors for the instalian of wind farms is determined
using field experimental data. For instance, it is shown tbaa wind park of about
10 wind turbines, the power pulsations are "smoothenedicseiiitly so that the flicker
emission never will be the limiting factor, even for fixedegg turbines, when a wind
energy installation is connected to a network. Worth memtig is that it was found that
the summation formula for flicker given in IEC 61400-21 caveg flicker prediction that
IS too low.
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Chapter 1

Introduction

1.1 Background

In Europe today (2006) there is a concern about the greeplefiest and investments are
done to decrease it. One part of this is to create a iiGrgneutral society. For the energy
sector this has lead to that more investments are done iwadhe energy sources, such
as wind power, biomass, ... and solar. Wind energy instatiathave gone from being
small units erected one by one to larger units erected inpgoloday wind farms up to
a size of 160 MW have been built and several plans of 1000 M¥Kspexist [2]. These
larger wind parks are mainly considered to be located outersea, preferably at such a
distance out in the sea that they cannot be observed fronhdre E35]. In Fig. 1.1 some
plans for offshore wind farms in the baltic sea are shown.tA@oadvantage of selecting
an offshore site is that the average wind speed is usualhehidpan onshore. Drawbacks
with offshore sites are that the accessibility to the windkpa lower then onshore, all
equipment must be adapted for the offshore environmenttadistance from the wind
park to the connection point to the grid is usually longentf@ an onshore site.

In order for the wind parks to be economically reasonablg itnportant to keep the
energy production cost down. This can be done by having avitehigh average wind
speed, a wind park layout that fits the site and to keep the aupofloperation hours high.
Another aspect, mainly of importance for smaller wind pask® not violate any power
guality issues at the point of common connection.

For the largest wind parks itis a problem to find a suitablé gonnection point, which
is strong enough to handle the generated power from the pHuksleads to that, in many
cases, the distance between the grid connection point angitfu farm is so long that a
DC-transmission may become more favorable than a convattig@-transmission [3].

Today all offshore wind farms that have been built uses anrad@simission [3]. The
largest so far are the Nysted and Horns Ref offshore wind fanni3enmark. Both of
these wind farms use an offshore transformer station te this voltage from the wind
turbines (33-36 kV) to 132-150 kV for transmission to shdriee proposed layouts for

1



Chapter 1. Introduction

the electrical system for wind farms in the literature alssehsuch an offshore platform
[9, 11, 26]. Offshore transformer stations are rather cemjind include large support
structures and are thus costly [3]. If the offshore tramsfarstation can be avoided, the
cost can accordingly be reduced.

In [34, 58] a solution is proposed which eliminates the ajfehplatform by connect-
ing wind turbines in series and using DC voltage as the owtfilte turbines. In this way
it is possible to obtain the desired transmission voltagectly without a large centralized
DC/DC converter. This solution together with some of the wiah layouts discussed
in for instance [9, 35] are investigated with respect to gng@roduction and energy pro-
duction cost in [30]. A key result of that study is that a wiradrh layout utilizing series-
connected wind turbines with a DC voltage output has a vesgnging energy production
cost, if the transmission distance is above 20 km. Althohghseries-connected DC wind
farm is an interesting solution from an economic point ofwié has not been investi-
gated dynamically using transistor/IGBT techniques yet $ystem investigated in [58]
is based on thyristor technic and in [34] only the layout amelgteady-state behavior of
the series-connected wind farm are investigated.
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Figure 1.1: Planed offshore wind farms in the Baltic sea. Gayrbf Peter Christensen
and and Niels Andersen, (NVE, Denmark 2003)

Name Rated power Country
Nysted (built) 160 MW | Danmark
Lillgrund 150 MW Sverige
Kriegers Flak 1 340 MW | Tyskland
Kriegers Flak 2 640 MW Sverige
Kriegers Flak 3 300 MW | Danmark
Sky 2000 150 MW | Tyskland
Westl.Ostsee 150 MW | Tyskland
Beltsee 415 MW | Tyskland
Pommersche Bucht 1000 MW | Tyskland
Arkona Becken 945 MW | Tyskland
Adlersgrund 790 MW | Tyskland
Baltic 1 50 MW Tyskland
MVP 40 MW Tyskland




Chapter 1. Introduction

1.2 Review of related Research

Wind park design studies have been presented in severalspdpeinstance [3, 24, 26,
35, 45,47, 49, 61]. The most detailed study was made by Bawam HVieyl and Pierik
[9]. In [34] some interesting DC solutions for offshore wipdrks are presented and
especially the proposal of a wind park with wind turbinesroested in series, is of great
interest. The energy production of various wind parks iswaked in [35, 43, 50], and
in [24,35,48,50,53] the estimated cost of the producedrdesnergy is presented. In [8]
the economics of some offshore wind farms that are built aagpanned to be built, are
presented.

Of importance when determining the energy capture of a winire is to have de-
tailed blade data as well as detailed loss models of compenRelevant blade data is
not trivial to obtain, however previous authors have usedftfiowing method: By not
revealing the origin of the blade description, it is possital obtain such data. Generator
loss models has for instance been presented in [20, 48}bgedosses have been found
in [20]. However, available loss models of existing high povidbC/DC-converters are
very crude.

Cost data is another large problem area. Here the same peiseipms to be dominant:
Data can be obtained providing that the sources are notlesiiddowever, in [12, 36,42,
50, 53] valuable cost information is given which can be zéid.

Energy capture calculations of wind turbine systems andlvianms is a subject in
which it is possible to find much information in the literaguHowever, detailed compar-
isons between different electric generating systems fodwirbines are not so common.
As a part of the present work, article [40] was published wheedetailed comparison
between electric generating systems for wind turbines abesd.

Regarding the power quality impact on the grid by wind turbitieere exists a large
number of papers. Of special interest for this work are [2Dy#here the impact of X/R
is discussed and [51, 52] where the summing up of power poilsatvas investigated.

Papers investigating DC/DC also for higher powers are atatt emerge. Of special
interest for this work are the DC/DC converters studied ir].[14

1.3 Purpose of the thesis and Contributions

The main purpose of this thesis is to investigate the win# path series connected wind
turbines with a DC output and to find a possible control schérhe "core” investigation
is made in the end of the thesis, and the contributions framgart are: The dynamic
investigation of the system, the requirements on the wingirte system, the developed
control scheme for the wind turbine in normal operation adl @& operation using a
proposed over voltage limiter.

An additional goal was to investigate the energy produatiast of various wind park
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layouts, based on energy efficiency calculations and ctish&sons. The contributions

from these studies are the energy efficiency of differenthvinrbine systems and of dif-
ferent wind park layouts. Also, from an energy productiostqmint of view, when the

different investigated wind park layouts are to prefer ardiparameters that are influ-
encing the energy production cost.

An initial goal, of interest for smaller parks, in particulgarks equipped with fixed
speed turbines, was to investigate the impact of wind terbjpe, number of turbines and
properties of the receiving grid on the power quality. Thecgical grid limitations have
been investigated for different types of fixed speed wintdites. The contributions from
these studies are knowledge about how the flicker emissidapending on the type of
wind turbine, the receiving grid and number of turbines, & as suggesting electrical
limiting factors for small wind farms.

1.4 Publications

Apart from the Licentiate thesis [32] and a technical rej@8{, the publications origi-
nating from this project are:

| A. PeterssonS. Lundberg and T. Thiringer, “A DFIG Wind-turbine Ride-Through
System Influence on the Energy Productiojhd Energyvol. 8, issue 3, pp. 251-
263, July/September 2005.

Il A. Petersson an8. Lundberg, “Energy Efficiency Comparison of Electrical Sys-
tems for Wind Turbines,Nordic Workshop on Power and Industrial Electronics
(NORpie"2002)Stockholm, Sweden, August 12-14, 2002, CD-ROM.

1l S. Lundberg, T. Petru and T. Thiringer, “Electrical limiting factorsrfarind energy
installations in weak grids International Journal of Renewable Energy Engineer-
ing, vol. 3, no. 2, pp. 305 - 310, August, 2001.

IV T. Thiringer, T. Petru an&. Lundberg, “Flicker Contribution from Wind Turbine
Installations,"IEEE Transactions on Energy Conversjonl. 19, no. 1, pp. 157-163,
March 2004.

V S. Lundberg, “Evaluation of wind farm layouts,EPE Journa) vol. 16, no. 1, pp.
14-21, February 2006.

VI O. Carlsson an&. Lundberg, “Integration of Wind Power by DC-Power Systems,”
PowerTech Conferenc8t. Petersburg, Russia, June 2005, Panel session paper.

VIl L. Max andS. Lundberg, “System efficiency of a DC/DC converter based wind
turbine grid system,Nordic Wind Energy ConferencEspoo, Finland, 22-23 May,
2006.
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Paper I-VIl are found in Appendix B of this thesis. The coefere publications below,
(VIIN, IX), has after the conference been published in jalsn (V, I) respectively, and
therefore are they not included in this thesis:

VIIl S. Lundberg, “Evaluation of wind farm layouts,2004 Nordic Workshop on Power
and Industrial Electronics (NORpie 2004rondheim, Norway, 14-16 June, 2004.

IX A.Peterssor. Lundberg, T. Thiringer, “A DFIG Wind-turbine Ride-Through Sys-
tem Influence on the Energy ProductioNgrdic Wind Energy Conferenc@&oteborg,
Sweden, March 1-2, 2004.



Chapter 2

Wind Energy Conversion Systems

(WELS), operational behavior, energy
capture and power quality impact

2.1 Short about aerodynamic energy conversion of wind
turbines

2.1.1 Wind speed distribution

The wind speed can be treated as a continuous random varidigeprobability that a
given wind speed shall occur can be described with a densiigtion. There are several
density functions that can be used to describe how the wieddss distributed. The two
most common are the Weibull and the Rayleigh functions. ThdeRgydistribution, or
chi-2 distribution, is a subset of the Weibull distributiand is described by [25]

Flw) =& (%)’H o (ws/0)* 2.1)

C C

where:
f(ws) Probability density

Wy Wind speed> 0 [m/s]
k Shape parameter 0
c Scale parameter 0

Comparisons with measured wind speeds over the world shaviiteavind speed can
be reasonably well described by the Weibull density funmctidhe time period is not too

short. Periods of several weeks to a year or more are uswonably well described
by the Weibull distribution, but for shorter time periode thgrement is not so good [25].
The mean wind speed can be calculated using the equatioaltadating the expectation

7



Chapter 2. Wind Energy Conversion Systems

value of a continuous random variable, which gives

o0

Ws, mean = /wsf(ws)dws = %F(%) (22)

0

wherel is Euler's gamma function

oo

['(z) = /t'z_le_tdt. (2.3)

0

If the shape parameter, is equal to 2 the Weibull distribution is equal to the Rayieig
distribution. The advantage of the Rayleigh function is thanly depends on the scale
parameter ¢, which is dependent only on the mean wind spdedsdale parameter can
be calculated for a given mean wind speed as

2 for k=2 F(l) Nz (2.4)

C = ——Wgmean 10T K = 2, —) =+/T. .
VT 2

In Fig. 2.1 the Rayleigh distribution function is shown foffeient mean wind speeds.
Mean wind speeds of 5.4 m/s and 7.2 m/s correspond to a medidrhigh wind site

0.15r

o
[EEY

Probability density

o
o
@

0 5 10 15 20 25
Wind speed [m/s]

Figure 2.1: Rayleigh distribution function for different amewind speeds. Solid 5 m/s,
dashed 6 m/s, dotted 8 m/s and grey 10 m/s.

in Sweden, according to [55], and an average wind speed ain@s7s found at Horns
Rev [16]. The Rayleigh distribution is used in this work to désethe distribution of the
wind speed.

8



2.1. Short about aerodynamic energy conversion of windriegh

2.1.2 Operating principle of a wind turbine

A wind turbine consists of a tower, a nacelle and a rotor. Dh@rrconverts wind energy to
mechanical energy. In the hub, the drive train is locatethérdrive train, the mechanical
energy is converted into electrical energy. The drive tcainsists of one or several shafts,
generator and usually a gear-box.

A wind turbine has a specific rating at which it reaches itsimaxn power. Sizes year
2006 are up to 6 MW. The rated power level is reached at a wiaddpf 12-15 m/s, and
the wind speed when the rated power is reached is referredraded wind speed. Below
rated wind speed the turbine tries to capture as much ensrggssible from the wind.
Below 3-4 m/s there is so little energy available in the windhsoturbine stops. At wind
speeds above rated, the operation principle is differeme. wind turbine rotor must now
limit the incoming power to the rated shaft power. This is eldny utilizing the blades.
Either the blades are turned out of the wind, pitch controthe blades are designed in
such a way that the flow becomes disturbed and the blades tbeseefficiency, stall
control.

As mention before, the rotor blades convert some of the kimetergy of the wind to
mechanical energy which is transmitted to the rotor shdfe &fficiency of this conver-
sion depends on several factors such as blade profiles,gitglk, tip speed ratio and air
density. The pitch angled, is the angle of the blades towards the rotational plandelf t
pitch angle is low, the blades are almost perpendicularg¢onmimd and if the pitch angle
is high (near 90 degrees) the blades are almost in paralleltive hub direction. The tip
speed ratio,, is the ratio between the tip speed of the blades and the vpieeds (2.6).
The conversion from wind speed to mechanical power can edgtstate be described
by [25]

wpul (8)°

Pue = ——5=G(A ) (2.5)
Ao el (2.6)
2w
Where:
D, rotor diameter [m]
Wy turbine rotor speed [rad/s]
) air density = 1.225 [kgh?]
Wy wind speed [m/s]
A tip speed ratio
16 pitch angle

Cy(\, B) aerodynamic efficiency

In Fig.[2.2, the mechanical power and the aerodynamic efitgidor the blade profile
used in this report are shown for different pitch angles amaffixed rotor speed.
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3 . . . 0.45
| 0.4t
2.5¢
0.35
2t 0.3t
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= &0.25
015 <
S 0~ 0.2
o
1t 0.15
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0 : : ; 04
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Wind speed [m/s]

Figure 2.2: The mechanical power as function of wind speedpaich angle for a fixed
rotor speed, left plot, and the aerodynamic efficiency astfan of A and pitch angle,
right plot.

Stall control

From Fig. 2.2 it can be noted that if the pitch angle is kepradhe turbine automatically
limits the output power to a maximum of 1.2 p.u., fer® the power is limited to a
maximum of 1.0 pu using the same rotor speed in the whole wiedd interval. As can
be noted, the power reaches a maximum around 15 m/s and tieezades for higher
wind speeds.

Stall control in combination with fixed speed was the domimgatoncept for wind
turbines earlier. The reason is, of course, that it is chetgpéave blades that do not
need a pitching mechanism. Moreover, power electronicpggeint was too expensive
earlier and therefore induction generators connectedetgtidl without power electronic
equipment were the preferred choice to be used.

However, for MW size turbines, stall control has been caogrgd to be unfeasible.
One important reason is the emergency breaking of the teritfithe blades can not be
turned, the turbine must have a very large brake on the pyirslaaft. But if turnable
blades are used, and in particular if each blade has its ovemgancy pitching system,
this can replace the large main shaft brake. On the other, lilgpitch control is used, it
is sufficient to have a much smaller mechanical parking hriakaddition to the breaking

10



2.1. Short about aerodynamic energy conversion of windriegh

system made up by the pitching of the blades.

Active stall control

If a pitching mechanism is available, a possibility is t@blly modify the pitch angle at
high wind speeds also for turbines without a power electraonverter. When the wind
speed is 15m/s, a pitch angle ofi° is used, while for 25 m/s the used angle is around
0°. In this way, the power level is kept at the rated value in t®l& high wind speed
region. In addition, the benefits of using a smaller brakeasd a facilitated starting and
emergency stopping is obtained.

Pitch control

Another way of obtaining a constant power level at high wipdegs is to turn the blades
out of the wind, i.e. to increase the pitch angle. At 12 m/stehpangle of0° is used, at
17 m/s15° and at 24 m/s and angle 2%° is used, according to Fig. 2.2. The advantage of
using pitch control instead of active stall control is tHa thrust force (pressure on the
turbine disc) is lower.

2.1.3 Dynamic aspects of aerodynamic power control

If fixed rotor speed is used, there is a large drawback withgugitch control: there
will be large power variations at high wind speeds. Let ussatsr the following case:
the turbine is operating at 13 m/s with a pitch anglé&tfThe power is now 1 pu. The
wind speed increases rapidly to 15 m/s and suddenly the pewalris now 1.3 pu. The
pitch controller has to increase the pitch angld @ and the power error is eliminated.
However, if a new wind speed change occurs, a new power putsigtcreated. As can

be noted from Fig. 2/2, this situation does not occur whengustall control. If we have

a pitch angle of-1°, we can note that wind speed changes in the high wind spead are
lead to very small power variations. This has led to that figpded turbines are almost
all stall-controlled, either passive or active.

However, if the rotor speed can be varied, pitch control beeomuch more favorable.
In this case the incoming power fluctuations can instead kentap by changing the
amount of energy stored in the rotor, i.e. by adjusting therrspeed. The wind turbine
rotor thus acts as an active low-pass filter for power fluabnat Variable rotor speed can
of course also be used in combination with stall or activé, §tat the advantage of using
pitch control is, as mentioned, that the thrust force is l@mdle This has led to that almost
all variable-speed turbines are pitch regulated.

11
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2.1.4 Variable speed wind turbines

As can be noted from Fig. 2.2, right plot, the maximum efficiewnf the investigated
turbine occurs ah equal to 9. For the fixed-speed turbinas higher than 9 for lower
wind speeds and, accordingly, the efficiency of the fixededp®tor is lower than opti-
mal at lower wind speeds. For the variable-speed turbinig,gbssible to maximize the
mechanical power by using a variable rotational speed ofvined turbine. This means
that the pitch angle is kept constant at low wind speeds, iretiois case, and the rota-
tional speed of the turbine is adjusted according to theahetind speed so that always
equals 9. This means that the turbine will work at the maxinafficiency which gives
the maximum mechanical output power of the turbine, in teewond speed region.

It should be kept in mind that the energy benefit is not the meason for using vari-
able speed. The main advantage is the reduced stressestarbihe, due to the variable
speed operation. Also the fact that variable-speed tustamne capable of controlling the
reactive power is an important reason for selecting a viiapeed turbine.

The upper rotational speed is limited by the mechanicassé®on the blades and the
noise level, high speed results in large stresses on thedkad high noise levels [27].
In [44] it is stated that for a 1.5 MW wind turbines the rotoauteter is approximately
64 to 66 m and the rotational speed at rated wind speed is@ppately 19 to 23.5 rpm.
Corresponding data for a 2 MW wind turbine are: 80 m rotor di@mand max rotor
speed 19 rpm. For the 2 MW wind turbines in this work the rotanteter is set to 80 m
and the rotational speed at rated wind speed is set to 19 rpm.

Today, two variable speed systems with different eledtgeaerator systems are com-
mon: full range variable speed or limited speed range sydeth systems have the same
upper speed limit due to the noise level and mechanicalsase#t should be pointed out
that the upper rotor speed limit is an average limit. Shatily speed is allowed to be
above the limit in order to reduce the mechanical stressedalthe power fluctuations
originating from the wind speed variations. The full rangeiable speed system has no
lower speed limit, the rotational speed is controlled sd thaquals 9 also at the lowest
wind speeds. The purpose is, as mentioned, to have the higffieency of the wind tur-
bine in the low wind speed region. In the limited speed rarage ¢there is a lower average
speed limit apart from the upper one. Normally for the lirdispeed range systems the
speed band i-30% from synchronous speed [21].

2.2 Fix speed wind turbine

The fix speed wind turbine was earlier the most commonly used turbine system. This

depends on that it has a very robust design with few compené&he system is presented
in Fig./2.3. The weakest component is the gearbox, which dvaakie up a substantial
amount of stress due to torque pulsations. This is due toatttetliat the turbine has an
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2.2. Fix speed wind turbine
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Figure 2.3: Principal scheme of the 2 MW fix speed turbinehwito generators.

almost fixed speed and can store very little energy from thenmng power pulsations.
These pulsations are also seen in the output power from adedspind turbine and they
cause fast voltage fluctuations on the grid [4, 31, 41].

The efficiency of the fix speed turbine can be increased byngawo different gen-
erators, denoted AG in the figure above, one larger and onkesnidne small generator
has a lower rotational speed and is used at low wind speedsién to increase the aero-
dynamical as well as the generator efficiency of the turbopefation close to the ideal
at low wind speeds and reduced iron losses). At higher wiegdg, the larger generator
is used. In Fig. 2.4 the active and reactive powers for thigesyg are shown, solid and
dashed line, respectively. The switch over point betweergtmerators in this work can
be noticed in Fig. 2.4 as the knee of the solid line at 6.7 nite dotted line in Fig. 2.4
shows the output power from the wind turbine if the large getoe had been used also
for low wind speeds. By comparing the dotted line with thedsbiie for low wind speeds,
the increase in efficiency by having two different geneatman clearly be noticed. Due
to this increase in efficiency, the two generator systemasothly one considered in this
work.

As mention before, the generator used at low wind speeds lagea rated power
then the generator used for high wind speeds. Due to the latest power, the generator
no-load losses of the system are lower, and accordinglydta gienerator losses can
be reduced at low wind speeds. This can be noticed in Fig. Bé&revthe losses of the
2 MW fix speed wind turbine is shown. The switch between thieght generators can
be noticed as the step at 6.7 m/s in the losses for the genéoédaok dashed line). The
dashed grey line shows the generator losses of the largeagenef it would have been
used for low wind speeds also. By comparing the grey and thek llashed line for low
wind speeds itis noticed that an improvement of the geneedfioiency by approximately
0.9 % at low wind speeds is obtained by having two differemiegators. In addition to the
reduced losses at low wind speeds, there is also, as mett@amker, a gain in captured
energy by the wind turbine rotor.
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Figure 2.4: The produced active power to the grid is showld)sand the reactive power
drawn from the grid (dashed) for the 2 MW fix speed turbine t&€mbtine shows the output
power from the wind turbine if the large generator is useddarwind speed also.

14



2.2. Fix speed wind turbine
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Figure 2.5: The losses for the turbine, solid transformesés, black dashed generator
losses and dotted gearbox losses. Grey dashed line sholessks of the large generator
if it would have been used at low wind speeds also.
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Chapter 2. Wind Energy Conversion Systems

2.3 Limited speed range wind turbine

A popular wind turbine system during recent years has beesdhmi variable speed wind
turbine configuration [21]. The key component in this sysisman asynchronous gen-
erator with a wound rotor and slip rings, also called Doubged Induction Generator
(DFIG). The converter is connected to the rotor circuit Ve slip rings and the stator
circuit is connected directly to the transformer, as candssn Fig. 2.6.

Gear
—+—
/A
() F
AC -
AC

Figure 2.6: Principal scheme of the 2 MW semi variable speied turbine.

This system can be optimized to produce maximum energy bgsthg the speed
range and the stator to rotor winding ratio appropriately].[ahe speed range around
synchronous speed is approximately equal to the powerghrthe converter. A common
speed range 530 % from synchronous speed [21], which gives that the maximuwgpo
through the converter is 30 % of the rated power [40]. Thetfeattonly a part of the power
goes through the converter is the main advantage of thigmsysvhich gives a smaller
converter (cheaper) and also lower losses.

In [40] it is shown that if the stator of the generator is corted in Y for low wind
speeds and ir\ for high wind speeds the energy production can be increagemp o
1.2 %. TheY' A switch is shown in Fig. 2.6. This way of increasing the engngyduction
of the DFIG system is used in this work as standard for the Ddyi&em.

In Fig.[2.7 the losses of the semi variable speed wind turbieeshown. The switch
from Y to A connection of the stator is seen at 8.7 m/s as a step in theslagsthe
converter (grey line). If only the efficiency of the genera®studied it can be noticed
that the losses of the DFIG is lower at rated power compardtiedix speed system
in Fig.2.5. This is mainly due to that the losses in the statimding is lower, due to
that 30 % of the power is taken out through the rotor and tloeeethe stator current is
approximately 30 % lower.

The asynchronous generator can be magnetized throughtth@nal in this way there
Is a possibility, if desired, to only exchange active powetmeen the stator and the grid.
In addition, the converter side connected to the transfooae also be used to generate
or consume reactive power. This leads to that the semi \angind turbine can produce
power with a power factor equal to one in the whole wind spegibn.
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Figure 2.7: The losses of the 2 MW semi variable speed wirtgriar Solid transformer
losses, dashed generator losses, dotted gearbox lossgegirmbnverter losses.
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Chapter 2. Wind Energy Conversion Systems
2.4 Full range variable speed wind turbines

2.4.1 Classical AC output system

The "full variable speed” wind turbines in this work uses hflower converter connected
between the stator of the generator and the wind turbinsfwamer, as shown in Fig. 2.8.
For the full variable speed systems, the reactive poweréaogtid is fully controllable
using the converter.

In this work, two types of generators are used: an asynclusgenerator and a low
speed multi-pole synchronous generator. Today the syst#mthe low speed synchro-

Gear _|_

_|_

PM ACAC_‘ 1 ) }—%—
-

Figure 2.8: Principal schemes of the 2 MW full variable spegdine, top with asynchro-
nous generator and bottom with permanently magnetizedrgeme

nous generator is by far the most common one of the two. Theorefor this is that this
system does not need a gearbox, which is a quite sensitiveament, as mention before.
If a permanently magnetized directly driven machine is yaedtawback is that this gen-
erator requires much more reactive power at rated powetrthigeglsynchronous generator.
If an electrically magnetized generator is used, the reagower is not a problem, since
it can be produced internally using the field winding.

Accordingly, if the generator is permanently magnetizéd, reactive power needed
by the generator at high loads (high wind speeds) must beupeablexternally in order
to have a good utilization of the generator [19]. This giveshjems if a diode rectifier is
connected to the generator. For this case some kind of vegmtiver compensation must
be used: as an example, capacitors on the AC side can be ndki Work it is assumed
that the permanently and the electrically magnetized geaeperforms equally from an
energy production point of view, so, only the permanenthgnetized generator system
Is chosen to be investigated in this work.

In Fig./2.9, the losses of the variable speed wind turbiné ait asynchronous gen-
erator are shown. If Fig. 2.9 and Fig. 2.5 are compared, ibtced that the generator
losses, at low wind speeds, for the variable speed windrtarisi almost the same as for
the small generator used in the fix speed turbine. This is duleat in the full variable
speed system, the voltage and the frequency to the genedtdly controllable by the
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Figure 2.9: The losses of the 2 MW full variable speed turleigeipped with a asynchro-
nous generator. Solid transformer losses, dashed genérsses, dotted gearbox losses
and grey converter losses.

converter. At low wind speeds, field weakening of the gemenatused in order to reduce
the no-load losses. This is done by decreasing the voltatl tgenerator.

In Fig.'2.10, the losses of the variable speed wind turbirte @permanently magne-
tized generator and a back to back converter between tloe atad the wind turbine trans-
former are shown. From Fig. 2.10, it is noticed that the le$sethe low speed generator
are lower then the losses for the system with a gearbox angyairtlaronous generator.
It shall also be noticed that the converter losses for theedtll variable speed systems
are much higher then the converter losses in the semi varsyistem, see Fig. 2.7.

19



Chapter 2. Wind Energy Conversion Systems

62
a_ o

1

|

|

1.

|

|

[

|

Il

|

|

1.

|

|

[

N

¢ b N w 3
o1 P o0 N o1 W o1 PO
T
N
1

Power losses [% of 2MW)]

=

o

4 6 8 10 12 14 16 18 20 22 24
Wind speed [m/s]

o

Figure 2.10: The losses of the 2 MW full variable speed tweleguipped with a per-
manent magnetized generator. Solid transformer lossekgdayenerator losses and grey
converter losses.
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2.4. Full range variable speed wind turbines

2.4.2 Variable speed DC wind turbine with IGBT rectifier

With variable speed dc wind turbine is meant a turbine thed$eout a high voltage dc, ca
40 kV. This can for instance be achieved by using an IGBT rectfind a dc/dc converter,
as shownin Fig. 2.11. The benefit with the IGBT rectifier is thattorque of the generator

_|_

@< -EDH

Fig. 2.11 Principal scheme of the 2ZMW DC wind turbine with full variable speed andTG&&:-
tifier.

and the reactive power to the generator can be easily ctadr@ue to the fact that the
reactive power can be controlled, any type of generator eamsbd.

Another benefit of the IGBT rectifier is that it keeps the inpaltage to the DC/DC
converter constant. This leads to that the DC/DC converteksvat a constant transfor-
mation ratio in normal operations. This means that the DC/D@verter can be better
optimized, it will work as a constant ratio DC transformer.

In Fig.[2.12 the losses of the variable speed DC wind turbiite an IGBT rectifier
and a full bridge converter as DC/DC converter are shown.igndbnfiguration the gen-
erator has a rated voltage of 690V and the wind turbine hasugrubvoltage of 40kV.
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Fig. 2.12 The losses of the 2MW wind turbine equipped with a permanent magnetizedagen
connected to a IGBT rectifier and a full bridge converter. Dashedrgtardosses, solid
DC/DC converter losses and grey IGBT rectifier losses.
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2.5. Energy efficiency comparison of different wind turlsne

2.5 Energy efficiency comparison of different wind tur-
bines

This section presents a short summery of the results frorarBdpll, , which deals with
the energy efficiency determination of various wind turlsgstems.

The average power production is calculated by using the wpekd distribution
shown in Chapter 2.1. The average power production is caémliia the same way as
the mean wind speed, (2.2), ie. the output power is multpiéh the Rayleigh distrib-
ution and then integrated from cut in wind speed to cut outdvdpeed, as can be seen
in (2.7). In this work, a cut out wind speed of 25 m/s has be@u ushich is a suitable
value for wind turbines. There is usually no point in usingighler cut out speed, since
the contribution to the average power production for windegjs above 25 m/s is very
low, see Fig. 2.1, where the Rayleigh distribution has vew Values over 25 m/s. This
means that a further mechanical over-dimension in ordeltde @peration at these high
wind speeds does not pay back. The cut in wind speed is set te.3'he contribution to
the average power production from wind speeds lower thes 8hquite low. This is due
to that the power converted from the wind by the wind turbsiew, see Fig. 2.4, and due
to that the distribution decrease rapidly for wind speedsvib@ m/s. The average power
production can thus be determined as:

Wcutout

Pout,AVG - / Pout(ws)f(ws)dws' (27)
Where:
P, ave  Average power production [kW]
Weutin Cutin wind speed = 3 [m/s]

Weutout Cut out wind speed = 25 [m/s]
P, (ws) Output power of the wind turbine [kW]
f(ws) Rayleigh distribution

In Tablel 2.1, the average power production of some diffevéint turbines are shown
for four different average wind speeds and the power at cwiimd speed and at rated
wind speed, in per unit of 2 MW. The four first are wind turbineath 33 kV AC output
(AC wind turbines), and the last has a 40 kV DC-voltage as dyfpCG wind turbine). It
shall be remembered that all wind turbines have the same shggt power, so the differ-
ences in electric power production is only depending on geed control of the turbine
(fix speed, limited speed range or full range variable spaed)the losses in the drive
train.

From Table 2.1 it can be observed that the differences inageepower production
between the different wind turbines for a given mean wincespe not large, it is max-
imum around 4-7 %, when all systems as presented in Paper XXXansidered. Note,
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Chapter 2. Wind Energy Conversion Systems

Table 2.1: The output power in p.u. of 2 MW for the differentaiturbines at cut in wind
speed and at rated wind speed and the mean output power in kilvefalifferent wind
turbines and for different mean wind speeds.

Type of wind turbine | Power at 3 m/s Rated powerl 5m/s| 6 m/s| 8 m/s| 10 m/s
AM Fix speed 0 0.997 271 | 434 | 769 | 1037
AM, Rotor converter 0.009 0.992 275 | 437 | 771 | 1038
AM, Stator converter 0.011 0.964 270 | 428 | 754 | 1012
PM, Stator converter 0.013 0.967 281 | 442 | 769 | 1027
PM, IGBT, Full bridge 0.012 0.968 281 | 442 | 770 | 1028

that a possibility is to increase the rotor diameter of thibihe at sites with low average
wind speeds and in this way it is possible to adjust the terlhinthe mean wind speed
of the site. In this work, the rotor diameter is the same fbaatrage wind speeds, since
the goal here is to compare the energy capture using varleusieal systems, so the
boundary conditions are set to be as equal as possible iwdiis
From this comparison of different wind turbine types, thesjpeed AC wind turbine

and the rotor converter (limited speed range) AC wind twekane chosen to be used in
the evaluation of the wind parks with AC wind turbines, in tfext chapter. For the series
connected DC wind park, the DC wind turbine with the full lygdsolated boost converter
is chosen.

2.6 Power quality impact of wind turbines and "small”
wind parks

When "smaller” wind energy installations are to be connedttethe grid, an important
issue is the power quality impact that the wind energy itetiah has on the grid. This
issue is of course also of importance for larger wind farmmwelver, in this case the grid
connection can be done in a more designated way compareddo avismaller instal-
lation is connected. One issue is the steady-state voltagation that the wind energy
installation causes at the point of common connection, witsdairly easy to determine.
The harmonic emission needs some special consideratidnshare not dealt with in
this thesis. The flicker emission however, is an issue thabeghe limiting factor for the
installation of a smaller wind farm and this is hard to cadtel

In Fig.'2.13, the limitations from a flicker and steady-statéiage point of view are
presented for an installation of one and three stall-regdléaurbines. The installations
have the same total power rating. To be on the safe side, @édsssary to be above the
limiting curves. In the case of a wind park, the total flickerdl from the whole wind park
should increase with the square-root of the number of tehb4]. It can be observed
that if one turbine is installed, it is the flicker emissioatkets the limit, while if three or
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2.6. Power quality impact of wind turbines and "small” winalrks

more turbines are installed it is the steady-state voltagage that limits the installation.

Short circut ratio

XR-ratio

Figure 2.13: Limiting curves for the stall-regulated turdés. The solid curve is for the
2.5 % static voltage level change limit, the dashed curveriflitker contribution of 0.25
with one turbine and the dotted curve is for flicker contribntof 0.25 with a wind farm
consisting of 3 wind turbines.

From these studies, it has been shown that flicker can be deprnabthe wind park
only consists of a few number of turbines and if the grid is kvéashould be mentioned
that fixed-speed turbines with pitch control ( and withoueaternal rotor resistance) have
an even higher flicker contribution, but this type of turbimao longer being installed into
the grid.

Another important comment deals with the summation of tlo&dhi. In [IEC 61400-
21] it is stated that the total flicker contribution from a wipark is determined from the
flicker emission of one turbine using the following expressi

(2.8)

Pst,tot =

whereN = number of turbinesP .. is the total flicker contribution from the wind park
and Py ina 1S the flicker contribution from one individual turbine.
If all turbines are of the same type, (2.8) can be simplified to

Pst,tot = \/Npst,ind- (29)

Fig./2.14 presents the discrepancy between two diffeRgngévaluating approaches. The
first approach makes use of the flicker values determinedtinertotal active and reactive
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Figure 2.14: Discrepancy between the actual flicker emisaral the formula from IEC-
61400-21, 70 degrees grid impedance angle.

powers of the wind park. The second approach usesthgalues obtained using the
individual P, values and (2.8).

As can be noted from Fig. 2.14, the flicker levels are usuallghmhigher when the
total active and reactive powers from the wind park are usedthe 70 degree grid, shown
in Fig.[2.14, this method on average gave 48 % higher resuits for a 30 degree grid
20 % higher. In [52], [51] the results found were that theres wa detectable differences
between these two methods. The reason for the higher flickees reported here is most
likely the voltage fluctuations originating from the grichi§ influences all the turbines in
the same way, giving rise to fluctuations in the active andtre@powers that are similar
from all the turbines, i.e. the sum of the contributions fréme wind turbines, not the
square root sum. So the result is a mix of these two componEmesconclusion that can
be made is that when the voltage quality is not very good,i@aumust be taken when
(2.8) and (2.9) are used to determine the flicker emissian ftavhole wind park.

In [57], the underestimation of the flicker summation for an@vpark consisting of
seven variable-speed wind turbines is found to be 20 %, ulestantially lower.

To sum up, a reasonable approximation is that the limitirgpiafrom an installation
of a wind park consisting of 10 or more turbines is the stestdye voltage variation and
the current capacity of the receiving network.

Papers Il and 1V describes the background and intermesdtafes for the conclusion
drawn in this section.

26



Chapter 3

Energy Efficiency of Wind Parks

3.1 Wind Farm Layouts

Generally, the wind farms investigated in this work can lgresented by the sketch pre-
sented in Fig. 3/1. As seen in Fig. 3.1, the wind farm consits number of elements:

local wind turbine grid

wind turbine

electro- :
mechanical =] voltage adjuster| !

] ] e o collecting] transmission system | Wind farm | PCC
point grid
interface

] ] ]
Fig. 3.1 General wind farm layout.

wind turbines (WT), local wind turbine grid, collecting pgitransmission system, wind
farm interface to the point of common connection (PCC). Itldbahoticed that all wind
turbines in this work have a voltage adjusting unit (AC or D&hsformer) included in the
wind turbine unit itself. The local wind turbine grid contgethe wind turbine units to the
collecting point. The wind turbine units are connected ireflal to radials, unless other-
wise is specified in this thesis. In the collecting point, Yoéage is increased to a level
suitable for transmission. The energy is then transmitetthé wind farm grid interface
over the transmission system. The wind farm grid interfatagpés the voltage, frequency
and the reactive power of the transmission system to theageltevel, frequency and
reactive power demand of the grid in the PCC.

In this project, the size of the wind turbines has been setetd 2MW, since these
turbines are available for all kinds of wind energy systeat&ay. However, it should be
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pointed out that the main results of this study would mostljiknot be very different if
another turbine size would have been selected. Almost @t wirrbines considered in
this work have a rated generator voltage of 690V. Most likilg generator voltage will
be increased when the rated power of the generator is iremteasorder to decrease the
losses.

In this chapter, four farm sizes were chosen as templatethémvestigations: 60,
100, 160 and 300 MW. Although most wind farms today are mucallemthen 60MW,
60MW is used as a small wind farm here. As shown in SectiontBesge is no need to
perform dynamic calculation from a grid connection poinvigiw, and accordingly, only
steady-state calculations will be performed. Horns Ref s example of a 160MW off-
shore wind farmi4 — 20km out of the west coast of Denmark [16]. It is today (2006) the
largest built sofar. No larger wind farms than 300MW is takeder consideration in this
work, due to the fact that if a larger wind farm is going to bealdit will probably be
divided into smaller modules, where a maximum module siz208MMW seems appro-
priate. Two advantages using modular building of wind faaresthat the investment cost
of the whole wind farm is spread out over a longer period aatiphart of the production
can start before the whole farm has been built. Another adganof this division is that
if cross connections between the modules are made, the w&ma Will be more fault
tolerate.

In this work, the wind power plants will be placed in a grid kit rotor diameters
between the turbines in both directions. This seems to berenamly used distance and
at Horns Rev the distance is 7 rotor diameters [16]. The distéetween wind turbines
in the wind direction can not be too small. This is due to the that when the wind
passes through the rotor of the wind turbine, it gets verpulent and the wind speed
is decreased. This means that if the wind turbines are lddatelose to each other, the
wind will be more and more turbulent after it passes each wunoine. This would lead
to that wind turbines downstream in the wind farm, are subpbto strong aerodynamical
stresses. This could even lead to that they would have to liedshvn, due to that the
mechanical loading gets too high during difficult condison addition, the energy losses
due to the reduced wind speed will be significant if the wirdbitues are put to close to
each other. The minimum length to avoid this is approxinyad®ef rotor diameters.

Of course, if the wind is mainly coming from one directiore twind turbines can be
placed closer in the direction perpendicular to the prengiwinds. But for the Nordic
countries, wind directions from northwest to south are gaitmal, which means that the
wind turbines should be placed with an equal distance inigdttons.

In this work, it is thus assumed that the wind turbines areipwt grid with 7 ro-
tor diameters between. The distance from the column netimestollecting point to the
collecting point is also 7 rotor diameters, see Fig. 3.1.

Since 7 rotor diameters was used here, it was possible t@ctete wake effects.
Anyway, if wake effects were taken into account, it would @adfect the comparison

28



3.1. Wind Farm Layouts

between different wind farm configurations very much. Iniidd, there is a lack of
available, simple and good models for calculating the wdlezein steady-state.

3.1.1 AC Systems for Wind Farms

All wind farms that have been build today have an AC electrsyatem from the wind

turbines to the PCC. In this work, two different AC-systems awestigated, referred to
as the small and the large AC wind farm. Three core cablessa@ for AC transmission
throughout this work.

The first configuration to be discussed is the small AC winanfafhe idea with
the small AC wind farm, is that it should be suitable for snvaithd farms with a short
transmission distance. In the small AC wind farm, the locaddsfarm grid is used both
for connecting all wind turbines in a radial together andramsmit the generated power
to the wind farm grid interface, which is shown in Fig. 3.2r Bus system, the cables in

local wind turbine grid and transmission system wind farm
) grid
collecting interface

point
b o e o / i PCC
b b e e o

Fig. 3.2 The electrical system for the small AC wind farm.

the local wind farm grid are assumed to be installed one aedmm the wind turbines

to the collecting point. From the collecting point to the diiarm grid interface all cables
are assumed to be installed together. This means that theresicable installation cost
per cable, from the wind turbines to the collecting point amly one cable installation

cost for all cables from the collecting point to the wind fagnid interface.

Let us now study a slightly different configuration, the BA&C wind farm. The large
AC wind farm system is a more traditional system, based ogéneral system in Fig. 3.1.
This system has a local wind farm grid with a lower voltageel€i20-30kV) connected
to a transformer and a high voltage transmission systens. Shisitem requires an offshore
platform for the transformer and switch gear, as can be seEiyi 3.3. Horns Rev wind
farm is build according to this principle. For this systereréhis one cable installation
cost per cable, due to the fact that all cables have differies.
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local wind turbine grid

wind farm
""""" offshore _ grid
platform interface
}  transmission system  PCC
([ et >+
collecting
point

Fig. 3.3 The electrical system for the large AC wind farm.

3.1.2 Mixed AC and DC Systems for Wind Farms

In this system, the AC transmission in Fig. 3.3 has been ceplavith a DC transmission.
This wind farm will be referred to as the AC/DC wind farm. Thygé of system does
not exist today, but is frequently proposed when the digaache PCC is long or if the
AC grid that the wind farm is connected to is weak. The systeshbwn in Fig. 3.4. In

this system we have an independent local AC system in whith the voltage and the
frequency are fully controllable with the offshore coneerstation. This can be utilized
for a collective variable speed system of all wind turbirmethie farm. The benefits with
this are that the aerodynamic and electrical efficiency eaimtreased.

local wind turbine grid

wind farm
""""" offshore '  grid
platform interface

)= | | ; : ..
U U U | ' i transmission system PCC
T N4k DC

\ . \ \ ; o K[ @®
( ( ( | :
5 collecting :
point !

Fig. 3.4 The electrical system for the AC/DC wind farm.

The installation cost of the cables are the same as for tge &€ wind farm. The
two DC transmission cables, one for the positive pole andfonthe negative pole, are
assumed to be installed together and therefore there isooielgable installation cost for
these two cables.

3.1.3 DC Systems for Wind Farms

For the pure DC wind farm, three different configurationsiavestigated. Two configu-
rations are based on the two layouts of the AC systems, egf¢oras the small DC wind
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3.1. Wind Farm Layouts

farm and the large DC wind farm, and one configuration withtthreines in series, as
shown in [34]. In all DC configurations in this work, the twobtas, one for the positive
pole and one for the negative pole, are assumed to be irtstatiether and are therefore
referred to as one cable.

The electrical system for the small DC wind farm is shown ig.A.5. As can be

local wind turbine grid and transmission system wind farm
) grid
collecting interface
/ point
bc /1 |pC Pec
S AP @

Fig. 3.5 The electrical system for the small DC wind farm.

noticed, the electrical system for the small DC wind farmderitical to the system of
the small AC wind farm. The only difference is that the tramsfer in the wind farm grid
interface is replaced with a DC transformer and an inve@iecourse, a rectifier is needed
in each wind turbine. The advantage of the small DC farm casatpto the large DC farm
is, as for the small versus large AC farm, that it does notireqn offshore platform. The
installation cost of the cables are assumed to be the sanoe thefsmall AC wind farm.

The configuration of the electrical system for the large D@dxfarm can differ some-
what from the configuration of the large AC wind farm. The elifnce is if it requires one
or two transformations steps to increase the DC voltage thewind turbines to a level
suitable for transmission. It is assumed that if the DC gg@térom the wind turbines is
high enough (20-40kV), only one transformation step is &gl But if the output volt-
age of the wind turbine is lower (5kV), two steps are requitadrig. 3.6, this system is
presented with two DC transformer steps. For the large D@ farmm with two transfor-
mation steps, all wind turbines are divided into smallestdus. All wind turbines within
one cluster are connected one by one to the first transfavmatep. The high-voltage
side of the first DC transformer step are then connected t®elend step, as can be
noticed in Fig! 3.6. If only one step is used, the wind turbimee connected in radials
directly to the second DC transformer step, similarly astfear large AC wind farm in
Fig.'3.3. In Paper VIl the energy efficiency of various dc/dowerters for such a system
is investigated. For this system there is one cable installaost per cable, due to the
fact that all cables have different routes.

In the third DC system, shown in Fig. 3.7, the wind turbines @nnected in series,
as mention before, in order to obtain a voltage suitable rfiongmission directly. This
system is referred to as the series DC wind farm. The benefthisfsystem is that in
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Fig. 3.6 The electrical system for the large DC wind farm with two DC transformersstep
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Fig. 3.7 DC electrical system with series connected wind turbines.

spite of a relatively large possible size, it does not regjlarge DC-transformers and
offshore platforms. The voltage insulation in the wind tods is taken by the transformer
in the local DC/DC converter. The drawback with this configiorais that the DC/DC
converters in the wind turbines must have the capabilitygerate towards a very high
voltage. This is due to the fact that if one wind turbine doesfeed out energy and
therefore it fails to hold the output voltage, then the otfaebines must compensate for
this by increasing their output voltage. This system wilblescribed more in detail in the
following chapters.

For this system, there is one cable installation cost pelecaie to the fact that all
cables have different routes, as can be noticed in Fig. 3.7.
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3.2. Energy Production Cost of Different Wind Farms

3.2 Energy Production Cost of Different Wind Farms

In this section, the energy production cost for the six ddfe wind farm systems based
on the wind turbine systems described in Chapter 2 are comhpeith each other. All
these six types are individually optimized to give the loiasergy production cost. In
the second subsection the best configuration of these sestge compared with each
other. Furthermore, in the following subsections the irthiial optimization is described
for each of the configurations. The cost and loss models &seltalculations are taken
from paper V, which means that they originate from 2002-2003

3.2.1 Energy production cost

The energy production cost is defined as how much it costsddugse and deliver a
unit of energy to the grid, i.e to the PCC. This gives that thaltiolvestment cost of the
wind farm is divided with the total energy delivered to the PTBe total investment cost
is calculated assuming that the whole investment is madedrfitst year and paid off
during the life time of the wind farm. In addition, it is alsesumed that some profit shall
be made. The total energy that is delivered to the PCC is edéuliby multiplying the
average power delivered to the PCC with the average numbegres&tional hours during
one year multiplied with the lifetime of the wind farm. Theeasge power is calculated
with (2.7). With these assumptions, the energy productmst can be calculated as in
(3.2).

Invest (1 +7r)Y 100 Invest

Ecos — = _—
' PogaveT (1+ 7)Y —1100 — PR Pt AVG

(3.1)

Where:
Eeost Energy production cost [SEK/KWh]

Invest Investment [SEK]
Poui.ave  Average output power [kW]

T Average operational hour under one year [h]
r Interest rate [-]

N Lifetime of the wind farm [years]

PR Profitin %

K Constant

The life time of the wind farm is in this work set to 25 years thterest rate to 4 %, the
profit to 3 % and the average operational hours during oneigeat to365 - 24 = 8760.
This gives that the production cost gets about 65 % higherwhnout profit and interest
rate, i.e.K = 7.53- 107 with interest rate and profit anl = - = 4.57- 10~ without.

As can be seen from (3.1), the losses in the wind farm do naamxplicitly. Indirect
they affects the production cost due to that an increaseedbdses decreases the average
output power. To include the losses more directly in the g@nproduction cost, an input
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power most be defined. The input power to the wind farm is ddfasethe shaft power of
a full variable speed wind turbine, described in chapterd? rhultiplied with the number
of wind turbines in the wind farm. The cost of the losses inued farm is defined as
the difference between the energy production cost cakdiiaith (3.1) with the average
output power and the energy production cost calculated (8ith) with the average input
power asP,..... With these definitions, the energy production cost can belell into
two parts, as can be seenin (3.2).

Invest Invest Pioss
Ecost = Ecost,invest + Ecost,loss =K + K Loss, AVG (32)
Rn,AVG Pin,AVG Pout,AVG
where:
Eeost Energy production cost [SEK/kKWh]

FEeostinvest ENErgy production cost from the investment [SEK/KWh]
Ecost loss Energy production cost from the losses [SEK/KWh]

K Constant, defined in (3.1)

Invest Investment [SEK]

P ave Average input power [kW]

Powave  Average output power [KW]

Possave  Average losses in the wind farm [kW]

From (3.2), the contribution from each component in the wiaun to the energy pro-
duction cost can be defined. This is due to the fact that thesinvent, Invest, is the sum
of the costs of all components and the mean power loss is theo§the average power
losses in each component. This gives that the contributidhe energy production cost
from one component, is defined as in (3.3).

]cl Invest -Ploss cl,AVG
Ecos cl — Ecos invest,c Ecos oss,cl — K K . 3.3
bl bimvest,el ploss.cl P ave * Piave Pouw,ave (3:3)
Where:
Eeost.c1 Contribution to the energy production cost from componérfSEK/kWh]

Eeostinvest.c1  Contribution from the cost of componerit [SEK/KWh]
Eeost 10ss.c1 Contribution from the losses in componemt{SEK/KWh]
14 Cost of componentl [SEK]

Poss.c1,ave  Average losses in the componeiit[k\W]

Equation [(3.8) will be used in this work, to divide the enemgduction cost into two
components: the contribution from the investment cost efctimponent and the compo-
nent losses.

The energy production cost for the six, in this chapter, stigated types of electrical
system are normalized by the energy production cost oltdimethe Horns Rev wind
farm. According to [16], Horns Rev has a yearly production 60 ®00 000 kWh, an
average wind speed of 9.7 m/s and a project cost of DKK 2 billichis gives an energy
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3.2. Energy Production Cost of Different Wind Farms

production cost of approximately 0.28 SEK/kWh, accordinglyhe assumptions in this
section.

3.2.2 Comparison of Energy Production Costs

The energy production cost of the best configuration of eétheosix wind farm types,
small AC, large AC, AC/DC, small DC, large DC and series DC, are coetpan this
section. The comparison is done for the four selected paveid and the approximations
and selections made in Chapters 2 and 3. More analysis ofuginaportant aspects as
well as investigations of various loss parts can be founchpel V.

In Fig.|3.8, the energy production cost is shown for the simdiMarm configurations
for a rated power of the wind farm of 60 MW, and as mention int®ac3.2.1 it is normal-
ized by the production cost for Horns Rev. If the three windigwith AC are compared,

= = = =
[ N N o ©

Energy production cost [p.u.

o
0

o
o))

0 20 40 60 80 100 120 140 160 180 200
Transmission length [km]

Fig. 3.8 The normalized energy production cost of the different 60 MW wind faasfunction
of the transmission distance for an average wind speed of 10 m/s. Solid shalbshed
large AC, dash-dotted AC/DC, grey small DC, dotted large DC and solid with sésies
DC.

small AC (solid black), large AC (dashed) and AC/DC (dasheatbtthese results are as
expected. The small AC wind farm is the best solution for sHmtances, the AC/DC is
best suitable for long distances and the large AC is besttindsn. The small AC wind
farm is the best for short distances due to that it does natire@n offshore platform.
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So, the additional cost for many low voltage transmissidslezis less then the cost for
the platform and the high voltage transmission cable fortstistances. The cost for the
low voltage transmission increases rapidly when the trégsson distance increases. The
break even point between the small and large AC system israhanission distance of
37 km. The AC/DC system has, due to the expensive convertgorstaa high energy
production cost for short distances. Due to the fact thattst for the transmission ca-
bles are less for DC than for AC, the AC/DC system gets bettertielarge AC system
for transmission lengths over 100 km.

The large DC system is better then the AC/DC system due to liealbsses in the
DC wind turbine are lower then in the AC wind turbine. Moregwle cost for the local
DC grid is less then the cost for the local AC grid and the Iessehe DC transformer
are less then the losses in the offshore converter statioesel costs are independent of
the transmission length, but since the two systems has the gsansmission system (DC
cables), the large DC wind farm will for any transmissiongimbe better then the AC/DC
wind farm (using the assumptions made in this work).

As could be expected, the small DC wind farm is no good satutldis is due to that
it still requires a large DC transformer and a convertei@tail he gain of cheaper cables
and somewhat lower losses is hot enough to compensate fexpleasive DC transformer
and converter station. However, compared to the large D€@iyghis solution is better
for short distances. The reason is that it does not requicdfanore platform.

From Fig! 3.8 it can be seen that the best wind farm solutioa foansmission length
over 11km is the series DC wind farm. This is due to the fact thdoes not require an
offshore platform, it has a cheaper local wind turbine gb@, transmission (cheaper then
AC) and this system has only one converter station. The waiogrtwhich is also a great
challenge for research in the high voltage field, is how expenit will be to have the
high voltage insulation in each wind turbine.

In Fig./3.9, the normalized energy production cost are shimwihe six systems for
a rated power of the wind farm of 160 MW. As can be noticed, th&t ound for the
large AC farm (The Horns Rev case, totaly 55 km transmissiogtte[17]) is 10 %
lower then the "real” case. However, since real price infation is hard to obtain and the
fact that Horns Rev was the first large offshore wind farm, #mults are considered to
be surprisingly good. It should be stressed that this wockides on comparing systems
rather then obtaining correct total costs, since this wassidered to be out of reach
without having access to really good cost data. It can be gdégs. 3.8 and 3.9 are
compared, that the break even point between the small ACage IAC is decreasing
when the wind farm size is increased. This is caused by theaHatthe contribution to
the energy production cost from the transmission systemedses when the wind farm
size is increased. The decrease is larger for the large A@ f@irm then for the small
AC wind farm. Another observation that can be made is thaetiergy production cost
decreases when the rated power of the wind farm increases.
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Fig. 3.9 The normalized energy production cost of the different 160 MW winthfaas function
of the transmission distance and at a average wind speed of 10 m/s. SolidA€nall
dashed large AC, dash-dotted AC/DC, grey small DC, dotted large DC @iablvgth
stars series DC.

In Fig./3.10 a curve of how the energy production cost variih the average wind
speed is presented. The curve is normalized by the costyvatage wind speed of 10m/s.
As can be noticed from the Fig. 3.10 the cost increases sajbittie average wind speed
decreases. At a average wind speed of 6.5 m/s the energygbimudaost is twice as high
as at 10 m/s.
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Fig. 3.10 Energy production cost as function of the average wind speed, noadaliith the cost
at a average wind speed of 10 m/s.
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Chapter 4

Wind Farm with Series Connected
Wind Turbines

4.1 System Overview

4.1.1 Wind farm layout

Figure 4.1 shows the general layout of the proposed wind faitim series connected
wind turbines, the series DC layout. It should be noticedlttheawind turbines used in this
layout has a DC output voltage. In this wind farmwind turbines are series-connected

j istack,l j istack,Z jislack,m
+ + +
WTI,] VWT, 1,1 WTl,z VWT,1,2 WTl,m VWT,I,m

I
. " u I— —<{DC ] PCC
WTz,] VWT,2,1 WTz,z VWT.2,2 WTz,m VWT,2,m AC_.

+

Vstack

H + H + H + )
8 WT, VWT,n,1 8 WTn,z VWT,n,2 8WTn,m VWT,n,m
i 1 ]

Fig. 4.1 The layout of a wind farm utilizing series-connected wind turbines with a Du
voltage.

to obtain a voltage suitable for transmission anderies-connections are connected in
parallel to obtain the desired power level. Tlheeries-connected wind turbines are here
called a ’'stack’. The suggested wind farm differs in two wéysn “traditional” large
offshore wind farms: for example the Horns Ref [15] or the Mysf46] offshore wind
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farms: 1) No offshore platform is used and 2) DC voltage iglfse bringing the energy
to shore.

The fact that no offshore platform with equipment is usedgsalmost 20 Million
Euros for a 160 MW farm [33], which means 120 kEuro/MW. Thegdarm cost of the
proposed wind turbine electrical system should be in theesamge as those used today.
In the proposed system, the wind turbine transformer wilsbwller and thus possibly
cheaper compared to the systems of today, while the coshéohigher isolation at the
output of the turbines will be higher. The result is that thepgosed electrical systems in
the wind turbines will be somewhat higher, but the cost oftthal electrical systems will
most likely be lower [33]. For a 160 MW wind farm located at 56 krom a suitable grid
connection point, the proposed wind farm shows a potentialést reduction [33].

Reliability is an important subject and it is not possibleéone to an accurate conclu-
sion, unless a real wind farm of this type is built. Howevegrstudying existing sea-based
wind farms, it can be noted that the majority of problems afated to "traditional” com-
ponents, such as cables, gear-boxes, local wind turbinez8@ardsformers. There are, of
course, also problems related to the power electronic eggmp, but these are not domi-
nating. The reliability of the equipment of the sea-basedfpim used in the two Danish
160 MW wind farms of today, seems to be high. It seems thesdémical that the result-
ing reliability of the proposed wind farm layout should bé&lfaequal to a "traditional”
AC wind farm.

4.1.2 Steady-state behavior of the series-connection

Figure 4.1 shows that the sum of the output voltaggs; .. ,, of the wind turbines equals
the voltage across the stacks..., if the voltage drops in the cables between the wind
turbines are neglected. From Fig. 4.1, it is also clear thatvbltage across each wind
turbine cannot be controlled individually by the onshorevaster station. The onshore
converter station only controls the voltage across thekstdt the voltage drop in the
cables are neglected, the output voltage of a wind turbige,, ,, can be expressed as

Ustack

UWT,nom — n (41)
1 n
Ps,y = - Z Pout,ac,y (42)
n =1
. Zzzl Pout,x,y Ps7y
lstack,y — = (43)
Ustack UWT,nom
Pout,x,y
UWTuz,y = UWT,nom 2 (44)
s,y
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where
r=1.n
y=1.m
vwrnom  NOMinal output voltage of the wind turbines [V]
Ustack,y Current in stack y [A]

Pout .y Output power of wind turbine x,y [W]

Py, Mean power production in stack y [A].

The output voltage across each wind turbine depends on tizebetween the output
power from each wind turbin&;, .. ,, and the mean power production of the wind tur-
bines in the stack? ,, see (4.4). This means that wind turbines that have an opguuer
higher than the mean power in the stack, will have a highgruguwioltage and vice-versa.

The rated output voltage of the wind turbine, i.e. the higheiage the wind turbine
is designed to operate with continuously, is of course éuhitf the output voltage exceeds
the rated voltage, then the power production must be reduncedier to limit the output
voltage to the rated one, see (4.4). Due to this fact, theubptpwver of the wind turbines in
one stack will be limited by the wind turbine with the lowesbg@uction, if the rated output
voltage is selected to be equal to the nominal voltage, sd¢ é&hd (4.4). This would
especially be severe if the production in one wind turbinesgdown to zero, because
then the production in the whole stack will be lost. In ordeavoid this, some voltage
overrating must be done, in order to limit the energy prodndbss in the wind farm due
to the uneven power production that naturally occurs. Ini@aar, overrating is needed
in order to handle the case that some turbines are out of tiperd he selection of a
suitable overrating will be investigated in Section 6.3.

4.1.3 Wind turbine for series-connection

Series connection of wind turbines implies that some coraptmin the wind turbine
module must have a common mode insulation level high encughthstand the whole
transmission voltage to ground or that all components madifted to a high potential.
To insulate the wind turbine tower and put the nacelle on Ipigtential does not seam
as a good solution. To insulate the generator windings ®cttimmon mode voltage and
put all components between the generator and the transmisigle on high potential is
not a practical solution either. There also exists someratlgs of solving this potential
problem. However, in this study, a solution with an insulaPC/DC converter is the only
one considered. A scheme of the electrical system of the tuithe unit is presented in
Fig.'4.2. The figure shows that the high voltage winding ofttaasformer in the DC/DC
converter must be isolated for the transmission voltagerdargd. Also all components
on the transmission side in Fig. 4.2 must be placed or entagpso that they can with-
stand the transmission voltage to ground. The high inguldével needed for the series
connection will most probably mean that the DC/DC convertamot be easily placed
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Fig. 4.2 Scheme for a wind turbine electrical system with DC/DC-converter andgsypiotec-
tion.

inside the turbine. Instead it can be placed in a containtsideithe wind turbine. The
container can be mounted on the wind turbine tower, as dotteeismall offshore wind
farm Utgrunden in the Baltic sea [29].

The series-connected wind turbines must always have accloesth for the current
through the stack. A fault that opens this path causes thduption in the hole stack to
be lost. Due to this factor the protection system of the wintliihe should be designed to
short circuit the output of the wind turbine if an internalifisis detected. After this the
wind turbine can be disconnected from the stack. In/Fig. A€2smlution for the protection
system is displayed.

There are a large variety of generating and rectifying systéhat can be used for
this application. The main requirements are that the tomeeuced by the generator,
as well as the output power from the rectifier, should be smdetr a diode rectifier, a
synchronous generator can be used, either electricallgongnently magnetized. The
generator can also be either direct driven or of a high spgeel This system requires
special attention on the reactive power support to the gémef18] and on the low order
harmonics created by the diode rectifier. The low order harosocan create ripple in
both the torque produced by the generator and in the powartaft rectifier. One way to
reduce the impact of the harmonics is to increase the nunfh@vases in the generator
and to place filters between the generator and the rectifiertieé system with a diode
rectifier, the torque control of the generator is done wiin BFC/DC converter, by con-
trolling the DC current from the rectifier. For a transistectifier, both the synchronous
generator and the induction generator can be good choigealdo other types of gener-
ators can be used. For a transistor rectifier system, bothdiies and reactive power to
the generator are fully controllable. In this way, it is n@lplem to obtain both a smooth
torque and desirable flux level in the generator, as well asoa guality of the dc-link
voltage.
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4.1.4 Transmission System and Onshore Converter Station

Among the possible configurations for the transmissionesygdbetween the wind farm
and the onshore converter station, the two cable configurats been considered in this
work. In Fig.[ 4.3, a part of the wind farm, the transmissiohlea, the onshore converter
station and the grid to which the wind farm is connected tosa@vn. The onshore con-

LH\"D(‘ lenc iM PCC Lg R,

aN

Controller for the HVDC station

LT |

Fig. 4.3 Transmission cables, onshore converter station and the grid the windsfaonnected
to.

verter station includes the DC-capacitors, the switcheslamdC-side filter. In a actual
converter system, the AC-side filters are more complex thasitigle reactor used in this
work. The AC-side usually contains the reactor, shunt capagisome notch filters (for
the first switching harmonics) and some EMI-filters. HoweWer simplicity, only a re-
actor is used as the AC-filter and the other filters should rfltence the performance of
the converter so much, since they only affects frequencas the switching frequency
and above. In addition, typically a transformer is addeavben the filtering stage and the
PCC. The transformer is used among other things for providatgagic insulation and
for adjusting the grid voltage to a level that is suitabletfoe converter.

The grid impedance can be calculated as

U21 1
R, = & 4.5
¢ K;%r + 1KscPrated ( )
KR
g

whereuv, ;_, is the line-to-line voltage of the gridy, is the XR-ratio of the grid X,/ R,)
and K. is the short circuit ratio (the short circuit power of thedhdivided with the rated
power of the wind farmp.,..q). The grid frequencyf,, is assumed to be 50 Hz. The filter
reactor is assumed to be 0.14 p.u., which is in the range diittiesize considered in [1].
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It is assumed that all losses in the HVDC station are in therfigéactors and they are
assumed to be 2 %. This gives that the reactor can be cald@ate

7121 1
L = 0.14—— 4.7
Hvbe 2ﬂ—.fgprated ( )
02
Riavpe = 0.02-21 (4.8)

rated

The DC-capacitors'yypc are assumed to be discharged on 2 ms with rated current,
yielding
2Prated

5 .
Utr,rated

Cuvpe = 2.1073

(4.9)

The transmission cables are modelled as a resistor and actamte onlyR...;, and
L., respectively. The reason for this is that the cable capamitas smaller then the
capacitance in the HVDC-station and in the wind turbines.

4.2 Wind Turbine System

In Fig. 4.4, the selected system for the series-connected wirbine is shown. From
Rectifier DC-link DC/DC converter and protection

J i T
® _.;_ Im iy Lo Lack
r AC - — be _j __4
: Vin Vyr
pc |G - DC Cou _ $

4 A
Ciches Veer

Trcduction

d

—. Controller for the series
o Rate limiter connected wind turbine

Blades, pitch system and
optimum power tracker

Fig. 4.4 Selected system for the series-connected wind turbine.

the figure it can be seen that an induction machine connecatadransistor rectifier is
used. The induction generator is implemented in the statjoreference frame with motor
references and the transistor rectifier is implemented tnaard 3-phase converter with
IGBT valves.

The mechanical system of the wind turbine, i.e. blades,geaand shafts, are mod-
elled as one inertia only. This inertia is added to the iaeofi the generator. The con-
version from wind to torque is not modelled in the followingdy of the behavior of an
individual wind turbine system. Instead, the behavior @ ttonversion, the pitch system
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and the optimum power tracker for the wind turbine is takemmfrmeasurement per-
formed on a variable speed wind turbine. The optimum poveek&r operates the blades
at maximum efficiency at low wind speeds. This means thatdtegtional speed of the
turbine is proportional to the wind speed and the pitch amgl@most fixed. At wind
speeds above the rated wind speed, the optimum power tiaokisrthe incoming torque
to rated torque by utilizing the pitch angle. The rotatiosiaed is in this case equal to the
rated speed of the turbine. Information about the generatidhe appropriate reference
values (pitch angle and speed) can be found in [10, 59]. Tpeténto the wind turbine
model is the torquels,ing, and the speed reference,.... These signals are taken from
the measured torque and speed of a variable speed windeurbin

The control structure of the series-connected wind turbimeng certain operating
conditions, that will be described in a later section, ndedtecrease the input torque to
the generator. In reality, this will be done by changing titelpangle of the blades. In
this section, this is modelled as an addition of the incomorgue, T;.cquction, Which is
negative if the torque is reduced by a thought pitch actioom®del the speed of the pitch
system, a rate limiter is used. Of course, this is a very sfiraglmodel of the pitching
system, but this is only for the additional reduction of theqie. As mentioned earlier
the important behavior is taken from measurements. In AgigeA, the parameters for
the induction generator and the mechanical system can Inel fou

4.3 DC/DC Converters

The DC/DC converter is used, as mention before, to isolatgémerator side from the
transmission side and as a DC transformer with a variabtestratio. The DC/DC con-
verter adapts the 'low’ DC voltage from the rectifier to thégii varying DC output
voltage of the wind turbine. In this thesis, two different DX converters are used, the
full bridge isolated boost converter (FBIB) and the full brdgpnverter with phase shift
control (FBPS).

4.3.1 Full Bridge Isolated Boost Converter

In Fig./4.5, the full bridge isolated boost converter (FBIB)wthe pulse width modulator
is shown. One benefit of the FBIB converter is that it only hasdemponents on the high
voltage side of the transformer: the diode rectifier and tipwt capacitor. This means
that only a few components need to be placed or encapsuldthsthey can withstand
the transmission voltage to ground. It is worth mentionimat the FBIB converter exists
today in radar applications where the output voltage is Wgbt&V (of course, the power
rating is much lower). In Appendix A the used parameterstierdonverter are shown.
The operation of the FBIB converter is shown in Fig. 4.6. It bamoted that first all

IGBTSs are on, to charge the inductor (increasing the inputacty. The ratio between this
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Fig. 4.5 The FBIB converter with snubber circuit and pulse width modulator.

time and the switching period is defined as the duty ratjan Fig./4.6, the duty ratio is
approximately 0.3. Then, two are turned off and some of thiedtenergy is transferred to
the load through the transformer. When all switches are @ngthiput capacitor supplies
the load, which can be observed as a decreasing voltage.id .Big

The leakage inductance in the transformer causes difesulthen the two IGBTs are
turned off, because then two current stiff components aneected in series (the leakage
inductance and the inductdr). This requires a snubber circuit in order to avoid over-
voltages across the IGBTSs. In Fig. 4.5, the snubber circaiisisting of Rg,ubb, Csnubbs
Dgubp, 1S sShown. Fig. 4.6 d) shows the voltage over the IGBTsat rated operation of
the FBIB converter. It can be noticed that the snubber liisvbltage over the IGBTs to
approximate 1.3 times the ideal peak voltage,iyer ratea /Nt 18- INStead of burning the
energy (stored in the snubber capacitor at each turnoffjyarshubber resistance, a small
DC/DC converter can be used to transfer the energy back to @h&nR capacitor. This
might increase the efficiency of the converter, but it wil@alncrease the complexity.
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Fig. 4.6 Waveforms of the FBIB converter, the plots are shown with the time in p.u. ctiteh-
ing period: a) Triangular wave and duty ratio reference. b) Controladsgto the valves.
¢) Input current, in p.u. of rated current, and output voltage, in p.noafinal voltage,
as black solid lines and the measured quantities as grey lines. The circlest@sdice
sampling times. d) Voltage over the IGBTg, and the voltage over the snubber capacitor
Usnubb in p.u. OfUWT,rated/Ntr,IB-
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From Fig. 4.5 it can be seen that the input to the pulse widttiutator is the reference
for the voltagev.. For continuous current operation mode, the duty cyclaeefse can be
obtained as

Ve, ref - (410)

To obtain the control signals to the valvés(y; andCgy-), triangular modulation is used,
as shown in Figs. 4.6 a) and 4.6 b). From the figures it can beetbthat the duty ratio
is limited between 0 and 0.5. In steady-state the voltagp dwe@r the inductor is zero,
which gives that the input voltage,,, is approximately equal te., a value obtained by
neglecting the voltage drop over the resistance. This divasthe lower limit for the
output voltage of the wind turbine is approximatelyr = Ny, ;5Vi,. The maximum
output voltage is limited to the rated output voltage of tbewerter. This limited output
voltage range must be taken into consideration when theatars for the wind turbine
are designed.

4.3.2 Full Bridge Converter with Phase Shift Control

In the full bridge converter there is no inductance on the-lmltage side, so the tran-
sistors switch a stiff voltage. On the secondary side treemniinductor that reduces the
current ripple on the high voltage side. A drawback with thes-up is the extra cost
for having the inductor on the high-voltage side. The fultge converter is shown in

Fig.[4.7.

=

+ 0
\4

Fig. 4.7 Fullbridge converter.

For the phase-shift control, each leg (IGBT, S, and S3, Sy) in the converter is
operated at 50/50. This means that the top switch is on for 5 #e period and the
bottom switch in on for the rest of the period. The outputagé from each leg is a square
wave voltage which is equal to the input voltage for 50 % ofpkeod and zero for the
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4.3. DC/DC Converters

rest. The voltage to the transformer is controlled by chagdhe phasegpps between
these two voltages. If they are in phase, the voltage to #restormer is zero and if they
are 180 degrees out of phase the voltage is equal to the iottage (;,) for half the
period and minus the input voltage(;,) for the rest of the period. The second input
signaluvy, eq ref, 1S the reference for the DC-component of the voltage to tesfiormer.
Ideally this voltage component should be zero. Howeves, itaeded due to the fact that
in an actual converter, there will be a DC-component in thdiegpransformer voltage.
The reason for this is that the physical components are natlemd the fact that the on
and off times for the legs are not equal. This topic togeth#r avsolution will be further
discussed in Section 5.5.2.

In Fig. 4.8 the wave-forms for the phase-shift controlledwater is displayed for a
phase-shift of approximately 45 degrees. Observe thatifigre also the blanking time
for the switches is shown and a small leakage inductanceeitrémsformer is assumed.
The blanking time is the time delay between the turn off, o& d@BT in the leg, until
the other IGBT can be turned on safely. When the phase shiftisased, the signals for
IGBTs 1 and 2 are shifted to the right and for IGBTs 3 and 4 theyshiked to the left,
as indicated in the figure. The vertical lines in Fig. 4.8 aadés the sampling instances.
Sampling at these instances results in that the average w@élthe inductor current is
obtained, without using low pass filters.

The phase shift is calculated from the referencg; as:

180 Ve ref
Ntr,Ps Vin

Pps =

. (4.11)

It can be mentioned that it is possible to use "loss-lessbbets, i.e. capacitors over
the switches and diodes. These capacitors take over theftashifting/altering” the leg
output voltages as a transistor is turned on or off. Withbatloss-less snubbers this task
is achieved by the transistors, which lead to turn-on ana-tidirlosses in the transistors.
With the assistance of the capacitors, the periods with tigrent and high voltage in the
transistors are in principle eliminated, and accordinly bbsses are strongly reduced.
The diode turn-off losses (reverse recovery losses) apa@thiced since the voltage over
the diode now "slowly” becomes negative so that the diodé Weitv losses can move into
its blocking status.
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Fig. 4.8 Principal wave forms of the full bridge converter with phase shift con@bserve that
the wave forms are drawn assuming a blanking time for the IGBTs and a sniapkea
inductance in the transformer.
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Chapter 5

Controller Structure and Design

5.1 Onshore Converter station Controller

In Fig.[5.1 the controller structure for the onshore HVDClistais shown. From the
figure it can be seen that the controller can be divided into foain blocks, phase-
locked loop (PLL), DC-transmission controller, AC-currenntroller and the modulator.
The controllers for the AC-side is implemented in a rotatingrdinate system. The PLL

vpcc.ab eg _
vpcc,bc (Dg [
— PLL .
v—» v [ Control signals
pce,ca pec
; Y VYV to the valves
lgL» Qg.rcf L
_>. i B A u,,
. ’ i, ) ! calim U Modulator
b dq - »| AC current |We.rr |[Magnitude| Wejim| | dq Uopim
controller | limitation > s [ In'
v_»l“,rcf' it|‘ ref 5 >
issi ' > X
DC-transmission P -
v tr

"T > controller m

Fig. 5.1 The controller structure for the HVDC station.

tracks the voltage in the PCC so that the voltage vector indteging system is on the
g-axis in steady-state. The DC-transmission controllerfrobsthe voltage at the HVDC
station, v, in Fig.4.3, this means that the stack voltage out in the wandhfwill be
somewhat higher due to the cable impedance. The AC-curretriotier fulfills the active
current demand from the DC-transmission controller anddhetive power deman@),..;.

5.1.1 Phase-Locked Loop (PLL)

Since no capacitors or notch filters are used in the AC-filtesmoothen the voltage in the
PCC, the measured voltages needs to be filtered before thegrapgesl and used in the
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Chapter 5. Controller Structure and Design

PLL. If not, the switching harmonics will be aliased and iefhgce the estimation of the
voltage in the PCC. As antialias filt&¥ order butterworth filters with a cut off frequency
of half the switching frequency, as can be seen in|Fig. 5.2reviiee layout of the PLL

Is shown. It is assumed that the frequency is constant anal &g%0 Hz, therefore, the

Voea B .
pecab | 8:th order . Vice
Butter Vocea - ? >
Vice.b 8:th ord 1% h= 3 S ﬂ»
pec,be :th order | | pecb || Sequence — A
Butter Vpeee | dq detection | Vs 1 Vo) o - 1 o,
= > - > v,
Vpeeea | 8:th order |/ L-N 3 v, Epcc S
Butter
0 T2

comp

Ay 1

" s s

I

Fig. 5.2 The layout of the PLL used in the controller of the onshore HVDC station.

phase shift introduced by the filters at the grid frequencpimpensated for by a constant
angle,f..mp, Which is set to the phase shift of the filters at 50 Hz. Theulaton of the
line to neutral voltage from the line-to-line voltage is @doy assuming that there is no
zero sequence in the grid voltage. The line-to-neutrabgatis calculated as

(Y b — U
_ Upcc,a pce,ca
Upcea = 3 (5.1)
Upce,bc — U b
pce,be pcc,a
Upce,b = 3 (52)
(Y — U b
_ Upcc,ca pce,be
Upce,e = 3 (53)

The phase sequence and harmonic detection can be incaghanahe control as de-
scribed in [5], however, in this thesis work only the fundautadvoltage positive sequence
is used.

The input to the PLL is the normalized voltage in the d-di@Ttvg nom - The voltage
Is normalized by dividing the voltage in the d-direction Ine testimated magnitude of
the voltage vectorEpCC. In this way the bandwidth of the PLL will be independent of
the magnitude of the input signal [38]. The gains in the PL& st toy; = o3;; and
v = 2apr, Whereapr, is the bandwidth of the PLL. The PLL is transformed from
continuous time to discrete time with the method describgd].. The discrete PLL can
be implemented, using the forward Euler method, in fortsin a

2
djg(k + 1) - ‘Dg(k) + TszIUd,norm (55)

~ ~ TS
Og(k+1) = O4(k) + Tuog(k) + To (’Yz + 2 ) Vd,norm (5.4)
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5.1. Onshore Converter station Controller

5.1.2 DC-transmission controller

When designing the DC-transmission controller it is assurhatithe DC-side is purely

capacitive and the wind turbines can be represented as entwawurce, acting as a dis-
turbance. In Fig. 5.3 the implemented DC-transmission otfletrand the model of the

process used for the controller design are shown. The atdivging conductanceé jvpc

is used to add damping to the procégs,pc: (s).

1

K

pHVDC

K Process Gyjype (s)

iHVDC

HVDC station
and AC-current
controller

—_
<

Ly

Y

pHVDC

;Q
%)

Fig. 5.3 The DC-transmission controller and the model of the process used foe#gndof the
controller.

When designing the DC-transmission controller, the actu@ter HVDC station to-
gether with the AC-current controller) is treated as a unayngBy incorporating the
active damping with the process, a new process is obtained

1
Cekvs + Yanvpe
for which the DC-transmission controller is designed. The tEdismission controller is
designed according to the IMC method [22]. In this method adadth for the close
loop system, from reference to actual quantity is set. Thaltiag transfer function will
be a first order low pass filter with the selected bandwidiipc:. This method will
also be used for the design of the other controllers in thesith) unless stated other-
wise. Accordingly the controller gains should then be gel@@sk, iyvpc = anvpcCeky
and Kipnvpe = anvpctYanvpe. The active conductance is selected so that the process
Ghvpe (s) has the same bandwidth as the DC-transmission controllergitesY.pvpc =
anvpc:Cery. The DC-transmission controller is transformed from a cardus time con-
troller to a discrete time controller. By adding back-cadtidn [22], integrator windup
can be avoided, i.e. an antiwindup function. The contral®w becomes:

irpet(k) = Kpavoe(Virer (k) — v (k) + Suvpes (k) — Yauvpcve (k)(5.7)
SHVDCt(k + 1) = SHVDCt(k> +

nvpet(8) = (5.6)

%tr(k) - Z.tr,ref(k:)
Kpnvpe

+ Kinvpc (Utr,ref(k> — v (K) + ) T (5.8)

whereSyvpct (k) is the integration state.
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5.1.3 AC-current controller

From Fig. 5.1 it can be seen that the input to the AC-currentrotler is the DC-current
referencej,, ..r and the reactive power referen@e ... Assuming steady-state conditions
and that the grid voltage is in the g-direction only, the\aectind reactive power produced
by the converter can be calculated as

Pg +JQg = 2 K2 (Vpcclg) = m(JUPCC,q(Zg,d — ng,q)) =
3 : : :
fry _2K2 (Upcc,qlqu + .]UpCC,qu,d) (5.9)

where* denotes the complex conjugate. This relation is used taulzdte thed-current
reference as

lg dyef = —— ———. (5.10)

The g-current reference is calculated from,.; by assuming that the power taken from
the DC-side is equal to the power delivered to the AC-side {less converter). This
assumption gives

2 .
i o 2K Ur ref Utr
qref — ——5 7 -
g9 3

(5.11)
Upce,q

Before thed- andg-current references are used, they are limited within thiaga of
the HVDC converter. First the-current reference is limited to be within the rating of the
converter and then thécurrent is limited so that the length of the current vecsawithin
the rating of the converter. This means that gheurrent has priority over thé-current.
In this way the converter can always produce the maximum pdoaveontrol the DC-
transmission. In Fig. 5|4 these limitations are shown togewith the AC-current con-
troller and the model of the filter used for the design of thetadler. When calculating
the limited DC-current,, used in the antiwindup of the integrator in the DC-transmissi
controller equation (5.11) and the limitgeturrent reference are used.

When designing the AC-current controller, only the filter teads considered. The
voltage at the PCC is assumed to be unaffected by the currdniharefore considered as
an disturbance in the controller design. In Fig. 5.4, the ehofl the filter in the rotating
coordinate system is shown. To reduce the effects of thesa@ospling between theé-
andg-currents and of the voltage at the PCC, a feed forward of estnsof these are
used. In this feed forward, an active damping resigtgfypc is also added. Assuming
perfect feed-forward, the voltage at the PCC and the crogphog are cancelled and the
process to control becomes

1

GAjﬁlter (S) = (5 12)

sLuvpc + Ruvpe + Ranvbe

54



Ly d,lim
-

1

5.1. Onshore Converter station Controller

Gl (5)

Voce Voce
Gl

e.d.ref Magnit}lde
limitation
A

g.q.rcf‘

A

\

. .
~ f - e - ref : :
5
crvpc(® :
SLivpe + Ryype + JO g Liype

l’:l'
- Calculation J

. A r .
JO, Lyvoe = Ropype [

Fig. 5.4 The AC-current controller and the filter model used for the controlleigdes

For this system the current controller is designed so tleatlbsed loop system becomes
a first order low pass filter with a bandwidthyyvpc. The controller can be calculated as

Fenvpe(s)

QcHVDC A/ —1 QcHVDC 2 A
e (5) = sLuypc + Ruvpe + Ranvpe | =
S S
acnvpe(Ruvpe + Raavpe)
S

acrvpeLuvpe +

Kic
Kpervpe + —oPC (5.13)

Separating the controller into its andg-components, adding antiwindup of the integrator
and transforming it into discrete time, the controller carimaplemented as

Ue,d,ref (k>

uc,q,ref (k>

Sanvpce(k + 1)

SqHVDC (k + 1)

+

Koenvpe (ig,aim (k) — gg,d(k» + Sanvpe (k) — RaHVDc%g,d(k) +

@ Lirvpctg.q (k) + Dpee.d (5.14)
Kpertvpe (igqim (k) — igq(k)) + Squvpe(k) — Ranvpoigq(k) +
Gy Livpciga(k) + Ppecg (5.15)

Sanvpe(k) +

. A Ue,d,lim — Uc,d,re
Kicavpe (zg,d,hm(k) —iga(k) + ’d—’;( 4, f) T, (5.16)
pcHVDC

Squvpe (k) +

. o Ue,q,lim — Uc,q,re
Kicuvpe (Zg,q,lim(k) —igq(k) + ’q;{ o f) T (5.17)
pcHVDC

whereu, q im andu, 1, are the limited voltage references. The active dampindes tal
so that the processy,,..(s) has the same bandwidth as the AC-current contrallggpc.
The active damping can be calculated as [23]

RaHVDC = acHVDCf/HVDC - RHVDC‘ (518)
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5.1.4 Modulator for the HYDC

The level is depending on the rating of the transmissioragalt The peak voltage that can

be produced at the output of the switches is half of the trasson voltage. This gives

that, if only the fundamental is used when controlling thetses the maximum peak

value of the phase voltage will then be equal to the half oftthesmission voltage. If a

zero-sequence voltage is substracted from the fundamesftaie the controll signals fo
The line-to-line RMS grid voltage is selected as

Vir rated
V2
whereV;, 1atea IS the rated transmission voltage and 0.8 is the factor =tvilee rated

line-to-line voltage and the maximum voltage that the col@recan produce.

The voltage reference from the current controller shouldeadized by the converter.
This is done by switching the valves on and off and therebypecong the right average
voltage to the filter. The on and off signals to the valves d&ioed by triangle wave
modulation, the duty cycle for each phase is compared witlaagular wave and if the
duty cycle reference is greater, then the top switch is drgretise the bottom switch is
on. The modulator is shown in Fig. 5.5

Vo = 0.8 (5.19)

U o lim

Phase a top

Y

A>B

A<B|_Phase a low

Ue b lim

Phase b top
A>B

A<B|_Phase b low
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|
e

Phase ¢ top
A>B

A<B|_Phase ¢ low

BA max {A, B,C} + min{A, B,C} '
C 2 Vu' —

Fig. 5.5 The modulator used for the HVDC controller.
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The zero-sequence voltageis subtracted from the phase voltage in order to utilize
the converter better. In this way the converter can prodygecximately 15 % more
voltage than compared to the case without the zero-sequeatiege for the same DC-
voltage. With the zero-sequence voltage addition, the mami voltage the converter
can produce is that the peak value of the line-to-line vatasgequal to the DC-voltage.
Accordingly, the maximum length of the voltage vector thevaster can produce is
Koy,

V3
and it is to this value the length is limited to in the "Magm&ulimitation” block in
Fig.[5.1.

(5.20)

max{|u.|} =
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5.2 Overview of the Wind Turbine Controller

The controller structure for the series-connected winblihe have two different modes of
operation, normal (N) mode and voltage limitation mode (MMhen the output voltage
of a wind turbine unit is within the unlimited operation regiof the DC/DC converter,
the controller is in N-mode and when the output voltage is€ko the limit, the controller
is in VL-mode. In Fig: 5.6 the principal operation of the ssrconnected wind turbine is
shown for the case when the input power to the wind turbineesdout is constant for the
other turbines in the stack. The figure shows the case when B €dlverter is used in

A
1.0 ] P

0.75 1 Py

LN

0.25 1 N\ /
WT

1.251 /

1.0 1

0.75 1

0.5 1

0.251

VL-mode

N-mode - >t

Fig. 5.6 The principal operation of the series connected wind turbine when the pgwer to
the wind turbine varies but is constant for the other turbines in the sfagkis the real
output, whilePy;,q is the power that could have been extracted from the wind.

the wind turbine, i.e. there is a lower limit of 0.2 p.u.and tlated voltage is 1.35 p.u. of
the nominal output voltage.

In Fig. 5.7 a principle controller structure of the seri@sweected wind turbine is
shown. This structure is schematic, and it has as a main perfmserve as a descrip-
tion of the differences in the control signal flow for the N avid mode operation. The
overall wind turbine control strategy is assumed to be etpualstandard pitch regulated
variable speed turbine and is not dealt with more in thisighé®r the induction machine
controller and for the DC/DC converter current controllez thputs marked with N are
used in normal operation and the inputs marked with VL arel uise/oltage limitation
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Fig. 5.7 Principle controller structure for a wind turbine with additions for controlling $keries-
connected wind turbine. Inputs marked with N are used in normal mode amtkinp
marked with VL are used in voltage limitation mode.

mode. From the figure it can be seen that in N-mode the induetiachine is used to
control the speed of the wind turbine and the DC/DC convegarsed to control the
DC-link voltage. In other words this means that the inductizechine system converts
the incoming mechanical power to electrical and feeds ibithe DC-link. The DC/DC
converter takes the power from the DC-link and feeds it ouh&deries-connection. In
VL-mode the controlling procedure is altered: The DC/DC @oter is controlled so that
the output voltage stays on the limit and the induction maelsiystem is used to control
the DC-link voltage. In VL-mode due to over voltage, the pisgistem is used for speed
control of the turbine also in the low wind speed region. Ascdssed before, when the
rated output voltage is reached, the transmitted powerstedak limited in order to keep
the output voltage at the rated value. This can be seen irbEgvhere the output power
Is lower than the available power in the wind. This means thatblades needs to be
pitched in order to reduce the incoming power to the windihebln VL-mode due to
under voltage, the transmitted power is increased abovavihiéable power in the wind.
This means that power is taken from the rotor which startet®tbrate. Unless the wind
speed increases or the dc-link voltage quickly is redudeziwind turbine will come to a
stop within a short time.

An advantage with the proposed controller structure isitlddes not need any com-
munication between the wind turbines to be present, eacti witbine operates individ-
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5.2. Overview of the Wind Turbine Controller

ually. The only signal used in the controllers that contairiermation about the other
wind turbines is the stack current and this can be measureddh wind turbine. The
stack current holds information about the average powetymtion in the stack (4.3).

5.2.1 Speed controller

The speed controller used is a Pl controller implementedguaivelocity algorithm [6],
is shown in Fig. 5.8. The velocity algorithm is used due td thaoltage limitation mode
the pitch system is used as actuator for the speed controlersimplified pitch system
used in this work has a rate limiter, i.e. the magnitude ofdbavative ofT;cquction IS
limited. To avoid integrator windup due to this limitaticdhe magnitude of the derivative
of output of the speed controller is limited by the saturatiock Sat 2. The saturation is
set to be equal or less than the rate limitation, in this caseset to be equal in voltage
limitation mode and 50 times higher in normal mode. This is tiLthe fact that there is no
rate limitation since the current controller for the indantmachine is used as an actuator
in normal operation mode. Another advantage of the usediglalgorithm is that no
antiwindup function needs to be implemented due to saturati the actuator. When
the maximum or minimum output level of the speed controlereiached the integration
is stopped at this level, this is shown in Fig. 5.8 as an igtiegrwith saturation. One
drawback with the speed form is that the proportional pdrth® controller needs to be
derived, which can cause problems if the signals are noisi problem is reduced by
the fact that the derivative action is limited to frequesaip tok, ., whereq,, is the
selected bandwidth of the speed controller and= 90. A factor of 90 is used to be sure
that this will not influence the performance of the speed radlet. But if the measured
speed signal is noisy then this factor probably needs todheces.

Process G,(s)

Rate
Sat1  jimiter

Fig. 5.8 The speed controller and the model of the process used for the destym sfeed con-
troller.

In Fig.|5.8 both the speed controller and the process thahitrals are shown. When
designing the controller parameters it is assumed thatdh&aler is a normal Pl con-
troller and that the the process has a unity gain from theerte to the actual value (for
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the time-scale that the speed controller operates in). Enerfigure it can be noticed that
active dampingB,, is used to add some additional damping to the procgss). By
incorporating this with the process and treating the tofqu® the wind as a disturbance
a new process is given,

, 1
Gls) = Js+B

(5.21)

for which the speed controller is designed. The speed dtertie designed so that the
closed loop system becomes a first order low pass filter wiiy gain and with a band-
width «,,. The controller gains can then be selecteias = «,,J andK;,, = a,B,. The
active damping is selected so that the proc&ss) has the same bandwidth as the speed
controller. This gives3, = «,,J. The speed controller is transformed from a continuous
time controller to a discrete time controller and the resalt be implemented in fortran
as

Teret(k+1) = Torer(k) + Sato{Ki, (wrrer (k) — wi(k)) +
Koo (Ko (@rer(K) — r(k)) — Bus(k) — Su(k)IT2 (5.22)
Teret(k+1) = Satag{Te er(k +1)} (5.23)
So(k4+1) = ereaTsg (k) +
+ (11— eikW%Ts)(pr(wr,ref%) —wi(k)) — Baw:(k)) (5.24)

max, if T > max,
Sat,{z} = x if min, < x < max, (5.25)
min, if r < ming

whereT} is the sampling period antht; is the limitation in the integration block of the
speed controller.

5.2.2 DC-link voltage controller

For the DC-link voltage controller a Pl controller with agidamping and antiwindup
of the integrator is used. In Fig. 5.9 the implemented DC-liokage controller and the
model of the process used for the controller design are shoha active damping con-
ductancey .. is used to add damping to the procégs.(s).

When designing the DC-link voltage controller, the actuatbe (M system or the
DC/DC system) is treated as a unity gain. By incorporate thiweadamping with the
process and treat the currept..ance @S a disturbance, a new transfer function for the
process is found,

(5.26)
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5.2. Overview of the Wind Turbine Controller
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Fig. 5.9 The DC-link voltage controller and the model of the process used for thigrdef the
DC-link voltage controller.

for which the DC-link voltage controller is designed. The DOfklvoltage controller is
designed with a closed loop system bandwidth.. The controller gains are selected
asKpvac = ayacCin aNdKiyae = ayac Yade- The active conductance is selected so that the
process(,,.(s) has the same bandwidth as the DC-link voltage controllers Bives

Yade = @vaCin. The bandwidth of the DC-link voltage controller,,., is selected to 150
rad/s. The discrete DC-link voltage controller can be im@ated as

Z‘dc,ref(k‘) = Yadcvin(k) - vadc(vin,ref(k) - Uin(k)) - Svdc(k> (527)
Seaclk+1) = Suaelk) +

deref (K) — Tdctim (K
+  Kivac (Uin,ref(k’) _ Uin(k) + ldc, f( ) 2dc,l ( )

vadc

) T, (5.28)

whereS, q.(k) is the integration state.

In N-mode the actuator is the DC/DC system and in voltage ditisih mode the actu-
ator is the IM system. One problem that occurs when the wirtdria controller changes
mode is that the output from the DC-link voltage controllerstnchange sign. In order
for the wind turbine to produce power, the current referefiocghe IM system should
be negative and for the DC/DC system positive. To solve thablpm the value of the
integrator is changed when the mode is changed. The intggeathanged so that the
current before the change is the same as after the changan€hans that when changing
to voltage limitation mode the integrator is set to

Svdc(k) - Yadcvin(k) - vadc(vin,ref(k) - Uin(k)) - ZIM(I{:) (529)
and when changing to normal mode it is set to
Svdc(k) = Yadcvin(k) - vadc(vin,ref(k) - Uin(k)) - Z1n(l€) (530)

This prevents large transients in the generator torque mare output voltage when
changing mode. But it gives a transient in the DC-link voltagjace the losses in the
systems are not taken into account when recalculating tagritor.
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Chapter 5. Controller Structure and Design

5.2.3 Output Voltage controller

For the wind turbine output voltage controller a Pl con&pis used as shown in Fig. 5.10.
In the figure also the process model used for the design ofaheatler is shown. From
the figure it can also be seen that an active damping condietap, and anti wind up
of the integrator are used. When designing the controlleDBEC system is treated as
a unity gain, i.e. the dynamics of the DC/DC converter and t@2LC current controller
are neglected.

Process GAW,,“(S)

DC/DC | lou

e system

1 Yt

t

Fig. 5.10 The output voltage controller for the wind turbine and a part of the psocexlel.

Incorporating the active damping conductance in the pooesdel gives the follow-
ing process model

A0 E— (5.31)

Couts + Yawt
for witch the PI controller is designed for. The design is @@ that the closed loop
system becomes a first order low pass filter with unity gainaitid a bandwidtho, .
The controller gain should then be selectedsas,; = Qowt Cout AN Kot = Oyt Yawt-
C.. is the estimation of the output capacitance.

From Fig. 5.10 it can be noticed that in N-mode, the input ®BIC/DC system is
taken from another signal than the output from the outputga controller. In this mode
the system shown in the figure has three inpiis, isiacc andovwr s @and one output
iout ref- It 1S here assumed that the estimated curigpis equal to the actual curreiy.
The output current can be determined as

Cout ~
« 1 — xeou
. - K vwt ( Cout) . CVout Aywt,
Lout,ref = Npywt (UWT,ref - UWT) - Lout
s+ Olywi C10ut s+ Qywt,

istack (532)

and with perfect parameter@out = Cout, the expression becomes

. Oyt .
Lout,ref = vawt (UWT,ref - UVVT) + Ustack- (533)
S + Qywt,
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5.2. Overview of the Wind Turbine Controller

This is the controller structure obtained if no active damgps used and the closed loop
system is designed as a first order low pass filter with barttiwig,.. To decrease the
influence of the stack current in this P-controller a low fdssred stack current is used
as a feed forward.

Transforming the controller to discrete time gives thedwihg implementation

iout,ref(k) - vawt(”WT,ref<k) - UWT(k)) + vat(k) - YathWT(k> (534)
vat(k + 1) = vat<k) +

~

iout(k) - Z.out,ref(k)
vawt

+  Kivwt (vm,ref(k) —vwr(k) + ) T, (5.35)

whereS, (k) is the integration state.

5.2.4 Mode selector

The mode selector decide which mode the wind turbine shautgplerated in, normal (N)
or voltage limitation (VL) mode. If the DC/DC converter useskhan under voltage limit,
then the VL-mode is divided into under voltage limitatiordasver voltage limitation. If
the DC/DC converter can operate at zero output voltage treeNthmode only consists
of over voltage limitation. In the following, the conditistior a switch over from N-mode
to VL-mode and the opposite will be treated. The desripti@mnts with the over voltage
mode since this is always used and then the under voltage wioidé also is needed if
the DC/DC converter has an under voltage limit.

VL-mode due to over voltage

To decide when to change from N-mode to VL-mode the outpuagel controller is used.
It shall be remembered that the output voltage controllstiilsactive in N-mode even if
it's output is not connected. The current reference fromaigput voltage controller is
equal to the current needed to bring the output voltage todfegence, see (5.33). The
reference voltage in this case is the rated voltage of therter The mode changes to VL-
mode when the current reference from the output voltageraibet, i, cr, iS less then
the current,;. This is used as a criterion since the currgptis higher then the current
needed for bringing the output voltage to the reference.f 8weimode is not changed
this would probably lead to an output voltage higher thenrdéference, at least if the
estimated current from the output voltage controller isect

When the wind turbine is in voltage limitation mode due to owatage, it limits the
power transfer, as discussed before. This means that tttelas to reduce the incoming
torque from the wind. This means th&l.q..ion 1S €SS then zero, since the induction
machine and the IM controllers are in motor references. Witls back from VL-mode
to N-mode is done when the torque reference from the spedtbtlenis greater then 99
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Chapter 5. Controller Structure and Design

% of the torque produced by the IM. This means that the powadumtion ordered by
the speed controller is less then the power production inmiide. A switch back will
result in a decreasing output voltage, which is desired.9h& is introduced to obtain a
suitable hysteresis, to prevent a direct switch back to \den

When the wind turbine changes mode, the controller structiites turbine is changed
in a step and this results in transients. To prevent thaettrassients results in that the
mode is directly changed back and an oscillation betweemibees start, a time delay
Is used that prevent the mode selector to change back the direddy after the mode is
changed. The time delay should be set so that the transiemtsthie mode change have
time to die out.

VL-mode due to under voltage

When there is an under voltage limit, as in the case with the F&liB/erter, a second
output voltage controller is used, which has the under geltamit as reference. The
change from N-mode to VL-mode due to under voltage is donenecurrent reference
from the output voltage controllet,.. ,.¢, iS greater then the currenyf,.. This is used as
an criterion since the current,; is lower then the current needed for bringing the output
voltage to the reference. So if the mode is not changed thiddyarobably lead to an
output voltage lower then the reference, at least if thereged current from the output
voltage controller is correct. It should be remembered tiv&eep the output voltage up,
the power transfer needs to be increased.

The increased power transfer means that the extra poweed®&eéllibe taken from the
kinetic energy of the turbine. This means that if the incagrpower from the wind does
not increase, or that the power production in the stack @seieor the voltage reference
to the output voltage controller can be reduced, the turliiledecelerate and finally
come to a full stop. The switch back from VL-mode to N-modeas& when the torque
reference from the speed controller is less then 101 % ofofyeieé produced by the IM.
This means that the power production desired by the speddodenis greater then the
power production in VL-mode. A switch back will result in echeasing output voltage,
which is desired. The 101 % is again introduced to give an@pfate hysteresis, to
prevent a direct switch back to VL-mode. Also here a time yledaused to prevent that
the mode selector starts to jump between the modes due teoatigents introduced by
the change of mode.

5.2.5 Reference value calculations

In the case when the FBIB converter is used, there is a problémiivat the lowest output
voltage of the converter is the input voltage times the fianser turns ratio. This means
that when the produced power of the wind turbine starts toedese compared to the total
production in the stack, it would be an advantage to dectbasaput voltage to the FBIB
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5.2. Overview of the Wind Turbine Controller

converter in order to decrease the under voltage limit otthreverter. But due to the fact
that the three phase converter for the IM is connected tanhet iof the DC/DC converter
care must be taken so that the DC-link voltage is not reducksvidbe back-emf of the
IM. If the DC-link voltage reference is put below the peak et the line-to-line voltage
of the back-emf, then the three phase converter will act Bee@ phase diode rectifier and
the control of the IM is lost.

To prevent this, first the desired DC-link voltagg, qesired, IS calculated. From this the
flux reference is calculated so that the peak of the lineA®-$tator voltage is less then
the desired DC-link voltage. The DC-link voltage referenge,, is then calculated from
the estimated flux magnitudéR. The voltage reference for the output voltage controller
used for under voltage limitation is set 4@/ ref = Vin rer NVir,i81.2, Where Ny, 15 is the
turns ratio of the transformer and the value 1.2 is used @ @wsafety margin. The desired
input voltage is calculated by assuming that the estimawjeatipower times the estimated
efficiency of the system is equal to the output power and ti&butput voltage is equal
to the wanted DC-link voltage time$;, ;z1.2. This gives

WrTwind'r]tot
in,desired — LP : 5.36
Vind d { npzstacthr,IBl-Q } ( )

wheren,, is the estimated efficiency artd,;.q is the estimated torque produced by the
wind. The calculated value is low pass filtered with a bandhwid, 4csi..q. The desired
input voltage is limited between 0 and 1 of the rated inputage. The torque from the
wind is estimated as shown in Fig. 5.11. From the figure it @sd®n that the estimation

T +T

e reduction

Fig. 5.11 The estimation of the torque produced by the wind.

is based on a model of the mechanical system and a speedlnHtere the disturbance
for the mechanical system is the estimated breaking tomgque the IM andr;.quction, @nd
the output from the speed controller is the driving torquedpiced by the wind. The gains
for the estimation speed controller is selected so that &dldquole ato,;,q iS obtained
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Chapter 5. Controller Structure and Design

for the system fronw, to w,. This gives that the gains should be selected as

2j win

Kpuind = —vind (5.37)
Dp
2J02.

Ki,wind = % (538)

P

The implementation of this estimator can be done as

ek +1) = (1 — awmaly)e @m0, (k) + n—JFTSe‘O‘WdegTAWmd(k) +
+  ((awinaTy — 1)e” ™ 4 1) w, (k) +
+ “—;Tseawmdﬂ (To(k) + Treauetion (k) (5.39)
Twind<k + 1) - _Ki,windee_awdesdjr(k) + (]— + awinde)e_QWindTSTWind(k) +
+ K winaTie ™m0 (k) +
+ ((winaTy + D)e= 9T — 1) (To(k) + Treduction(k))- (5.40)

The maximum stator voltage for a given flux is approximated by
|Vs|max = @1(Lots rated + QER), where the stator resistance is neglected and it is assumed
that the rated current is applied in the d-direction. Thiggian over estimation of the
stator voltage magnitude, within the normal speed operaggion of the wind turbine.
From this equation the input voltage reference can be cledlas

Vin,ref = 7 I(Lazs,rated + 2ﬁR)C’pwm (541)

whereCp. > 1 is to add margin and to adjust the DC-link voltage referencéhad
rated operation of the IM gives the rated DC-link voltage. rverse of|(5.41) is used to
calculate the reference flux from the desired DC-link voltadgee flux reference is limited
between 1 and 0.2 of the rated flux.

5.3 Induction machine controller

The induction machine controller has the rotor flux refeeedg ,¢, the torque reference
T. ot and the converter DC current referengg ,.; as inputs and the control signals to
the valvesC.,iiaes, the estimated rotor fludy and the estimated torqu”lé as outputs.
In Fig. 5.12 the induction machine controller, the industimachine and the transistor
rectifier are shown. The induction machine current corgral implemented in the rotat-
ing reference frame, orientated with the rotor flux on dhexis. The input to the current
controller is the torque referencé, ,.; and the rotor flux referencdjy ... The outputs
from the current controller is the phase voltage refereacesthe estimated torqué,,
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5.3. Induction machine controller
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Fig. 5.12 The induction machine controller together with the induction machine system.

produced by the induction machine. To align thesystem of the controller in the rotor
flux linkage direction, a current model flux estimator is used[23] the design of the
current controller and the current model flux estimator cafooind.

For the design of the induction machine controller, fhequivalent model of the in-
duction machine is used [23]. In the rotatiég-coordinate system and with stator current
i and rotor flux¥ i as state variables tHeequivalent model can be expressed as:

dig . . .
LU—I = Vg — (RS -+ RR +JW1LU)IS + @ — JWr \IJR (542)
dt Ly
dW¥p . Rr .
_ R U 5.43
T Rgri ( Tt + Jw2> R ( )
W = Wy — w (5.44)
3n s
T, = 2Kp2 Im{Wis} (5.45)

wheren,, is the pole pair number anfl is the transformation constant, heke = 1 is
used which gives amplitude invariant transformation.

5.3.1 Current model flux estimator

When deriving the current model flux estimator the rotor fluxagopn, (5.43), is used.
It is assumed that the flux is orientated in the d-directioly @md then the equation is
divided into the real and imaginary as:

~

Ay 5 RR -
— = d— —U 5.46
i RRisq " R (5.46)
0 = Rpisgq— @Vr = w) =w + finisq (5.47)
YR
dé
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The flux estimator is transformed from continuous time t@idie time and the result is

B Ryiisq (k)
wi(k) = w(k)+ —@R(k?) (5.49)
Or(k+1) = Or(k) +wi(k)Ts (5.50)
In(k+1) = Gn(k)e W™ 4 Ly (1 _ eZ}ZTS) (k). (5.51)

5.3.2 Flux controller

The use of a flux controller is usually not needed in an inducthotor drive. However, in
this application, it is used in order to have a faster responghe rotor flux. The controller
only controls the flux magnitude, since the flux is orientareithe d-axis direction. When
designing the flux controller, (5.46) is used to describepitmess model. The current
controller is assumed to be ideal, i.e. the system from eefss current to actual current
Is treated as a unity gain. The closed loop system from neéeréo actual is designed to
be a first order low pass filter. This gives the following coiiar

Fo(s) = —G_l(s)—&—wﬁ—&—w wl_ g tKe: (552
v s ¥ s Rr _}?R IS P s |

whereay is the bandwidth of the flux controller. Transforming the twoker to discrete
time and adding anti windup of the integrator gives the feiteg implementation expres-
sions,

isaret(k) = Kpu(Upger(k) — (k) + Sy(k) (5.53)

Se(k+1) = Sg(k)+ K <\1;R,mf(k) (k) + %) T.. (5.54)
p¥

whereigq i 1S the limited d-current.

5.3.3 Current controller

From Fig. 5.12 it can be seen that the input to the currentrobet is the reference
currents ind- andg-direction. Thed-current reference comes from the flux controller and
the g-current reference is either calculated from the torqueresice originating from the
speed controller or coming from the reference obtained &YyD@-link voltage controller.
This depends on which mode the wind turbine is operated inormal operation the-
current reference can be calculated from the torque rederaith (5.45). Assuming that
the flux is only directed in thé-direction the torque equation becomes

2K2 Te,ref
3n, Uy

3ng

T
¢ 2K?

Im{URis} = dsqrer =

(5.55)
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5.3. Induction machine controller

In voltage limitation mode the g-current reference is clalt@d fromipy ,.¢ by assuming
that the power taken from the DC-link is equal to the mechampioaver produced by the
induction machine. This assumption gives

3n
p . . .
Tewr = K2 Im{\I/Rls}wr = 1M Vin = lsq,ref =

2 .
2K UM ref Vin

- (5.56)
3n, Wrwr

Before thed- andg-current references are used, they are limited to be witterrat-
ings of the induction machine and the converter. This is doneo steps, first the mag-
nitude of the two components are limited and then the madaitf the current vector
is limited to the rating of the machine and converter. The mitage is limited by reduc-
ing thed-component if it is too high. In this way the generator canaglsvproduce the
maximum power and the space that is left can be used to chaadkeix in the induction
generator. It is the limited current references that are @rsethe antiwindup in the con-
trollers that are in the outer control loop. In Fig. 5.13 thémiitations are shown together
with the current controller and the model of the inductiorchiae used for the design of
the controller. When calculating the limited dc-currént i, from the limitedg-current
(5.56) is used.

G (5)
is im
= Stator equation for the IM
i - jw,&f’ o, ¥
Lsduref _ [Magnitude z k Givy(s)
> > limitati Re . , .
imitation \ - ) 1 i

A\

A

Fam(s)

SL, + R, + R, + joo,L,

sqref

Y

J U)ch - RaIM [

[IM.Iim .
<+— Calculation [«

Fig. 5.13 The current controller for the induction machine and the induction machinelmedd
for the controller design.

When designing the current controller, the stator equatfahe induction machine
(5.42) is used. In this equation, the teftq /Ly is neglected, since it in this wind turbine
application is much smaller then.. The resulting process modéhy; <(s) from stator
voltage to stator current is shown in Fig. 5.13. To reduceeffects of the cross coupling
between the d and q currents and of the back-emf, a feed fdrfastimations of these
are used. In this feed forward an active damping resiBtgy; is also added. The stator
voltage reference, . is calculated as the output voltage from the current caetroi,
plus the feed forward term,

’

Us ref = Ug + (jdjlf/cr + RaIM)is + jwr\i]R- (557)
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wherez is the estimation of the quantity If it is assumed that the feed forward is perfect
the back-emf and the cross coupling is cancelled and theepsdo control becomes

1
"~ sL, + Rp + Rs + Rant

G/IM,S(S) (5.58)

For this system the current controller is designed so tleatlbsed loop system becomes
a first order low pass filter with a bandwidth;y;. The controller can be calculated as

Qe ’ — (0%
Fum(s) = ;MGIM’S '(s) = SIM (sL, + Rp + Ry + Rav) =
¢ R + Rs + Ra Kic
— oL, + 2R - LU . (559)

Separating the controller into tlle andg-components, adding antiwindup of the integra-
tor and transform it into discrete time the controller canrbplemented as

usd,ref(k) - KpcIM(isd,ref(k) - zsd(kj)) + SdIM(k> - RaIMisd(k:> +

— 01 Lyigy (k) (5.60)
usq,ref(k) = KpCIM(isq,ref(k) - qu<k)) + SqIM(k) - RaIMisq(k> +
+ djlf/aisd(k) + wr\in (561)
Sani(k+1) = Sam(k) +
+ Kiam <z’sd,ref(/-c) (k) et T “Sd’“m) T, (5.62)
KpCIM
Sam(k+1) = Squ(k) +
. . Usq,ref — Usq,lim
+ KicIM <qu,ref<k) - ZSq(k) + ) TS (563)
KpcIM

whereugq im andugg 1im are the limited voltage references. The active dampindéstal
so that the proceﬁ'ﬂ\&s(s) has the same bandwidth as the current contrellg. The
active damping can be calculated as

RaIM = CKCIML(7 — RR — RS. (564)

5.3.4 Modulator and the three phase converter

The voltage reference from the current controller shoulddadized by the converter.
This is done by switching the valves on and off and therebygpecmng the right average
voltage to the machine. The on and off signals to the valveshbtained by triangle wave
modulation. The duty cycle for each phase is compared witliaagular wave. If the

reference value is greater then the carrier wave the toglksvugton, otherwise the lower
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5.4. Current controller for the FBIB Converter

switch is on. The duty cycles for the phases are calculated as

A — max{usa, Ush , USC} ;— min{usa, Usb, Usc} (565)
2(usa - A)
Dsa = — 5.66
: (5.66)
2(ugp, — A
2(usc - A)
p. - 2wme—4) 5.68
: (5.68)
(5.69)

whereA is a zero-sequence voltage subtracted from the phase goftagyder to utilize
the converter better. In this way the converter can prodppecximately 15 % more volt-
age then compared to the case without the zero-sequenageddtr the same DC-voltage.
In the case with zero-sequence voltage addition, the maxrivaltage the converter can
produce is that the peak value of the line-to-line voltagegsal to the DC-voltage. This
gives that the maximum length of the voltage vector the cdavean produce is

KViy

V3
and it is to this value the length is limited to in the "Magrmitu limitation” block in
Fig./5.12.

max{|uy|} = (5.70)

5.4 Current controller for the FBIB Converter

The current controller for the FBIB converter is a Pl congoMvith antiwindup of the
integrator and it is implemented as shown in Fig. 5.14. Infigere, the model of the
process used for the controller design is also shown. Wheigrdeg the current con-

Process G ,(s)

Pulse width
modulator
and
converter

1 by
Lipgs+ R,

\

N or VL

Fig. 5.14 The FBIB converter current controller and the model of the process fas the design
of the current controller.

71



Chapter 5. Controller Structure and Design

troller, the pulse width modulator and the converter aretiogr treated as a unity gain.
The input voltage to the FBIB converter is treated as a sloatying disturbance, which

is compensated for through feed forwarding of the measuoftdge. The current con-
troller is designed so that the closed loop system becomest affiler low pass filter with
unity gain and with a bandwidth;;z. The controller gains should then be selected as
Kos = asiLip and Kyip = ayip Ry, 1. The active damping resistance is selected so that
the processs;(s) = 1/(Ligs + Ryis + Ras) has the same bandwidth as the current
controller. The active damping resistance can be calalikde

Rap = aiigLig — RL,IB- (5-71)

Transforming the controller to discrete time gives thedwihg implementation of the
current controller for the FBIB converter

Uc7ref<k) = Uin(k) + RaIBiin(k) - KpIB(iin,ref(k) - Zln(k)) - SIB(]{:) (572)

Sek+1) = Si(k)+ Kis (im,ref(k:) — Ui (k) + ””ef(’;() — ”C(k)) T;. (5.73)

The calculation of the input current reference from the ouywltage reference is
done by assuming a lossless converter and then settinggbegower equal to the output
power. By this the following relation can be obtained,

. UWT .
Yinref = flout,ref- (574)
in

5.5 Controllers for the FBPS Converter

5.5.1 Current controller

The current controller for the FBPS converter is a Pl corgrolith antiwindup of the
integrator and it is implemented as shown in Fig. 5.15. Infipere the model of the
process used for the controller design is also shown. Wheigrdeg the current con-
troller, the pulse width modulator and the converter aretiogr treated as a unity gain.
The output voltage of the FBPS converter is treated as a skamyng disturbance, which

is compensated for through feed forwarding of the measuo#tdge. The current con-
troller is designed so that the closed loop system becomest affiler low pass filter with
unity gain and with a bandwidth;ps. The controller gains should then be selected as
K,ps = aipsLps and Kips = aips 1, ps. The active damping resistance is selected so
that the proces&’ps(s) = 1/(Lpsps + Rips + Raps) has the same bandwidth as the
current controller. The active damping resistance can loelleded as:

R.ps = aipsLps — Ry, ps. (5.75)
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Fig. 5.15 The FBPS converter current controller and the model of the processfaisthe design
of the current controller.

Transforming the controller to discrete time gives thedaihg implementation of the
current controller for the FBPS converter

Uc,ref(k)

UWT(/{I) — Raps’iout(k) + KpPS(iout,ref(k) - Z.out(k)) +
+ Sps(k) (.76)
Sps(k? + 1) = SPS(k) +

c k — Ucyrre k
+ KiPS (iout,ref(k) - iout(k) + v ( ) v 7 f( )) T's (577)
KpPS

The calculation of the output current reference from thelimpltage reference is also
in this case done by assuming a lossless converter and thatirggthe input power equal
to the output power. Accordingly, the following relationnclae obtained,

iout,ref - ﬂiin,ref‘ (578)
VwT
When calculating the limited DC-current reference from thatied output current refer-
ence the inverse of this equation is used.

5.5.2 Flux controller

Since the applied voltage during the positive and nega#regd is not equal, the conse-
guence will be a dc-offset in the flux and then an asymmetrgercturrent. The unbalance
is caused by the fact that the two on-periods cannot be gxagtlal and that the voltage
drops in the components for the on-periods also differe heflerred to asg;g.

In order to obtain a flux centered around zero, a transforragrcintroller is imple-
mented, utilizing a voltage,, «..t, @s seen in Fig. 4.7. This added DC-voltagg, .t
is used to balance the DC-component created by the converter.

In Fig./5.16 an equivalent circuit for the disturbance vgpét@and current path together
with the voltage source to compensate for the current unbales presented.
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Fig. 5.16 Simple equivalent circuit for the transformer DC-current with additives.

The unbalance current can be found as

iLgc = LP {il(k) + g(k L) } . (5.79)

It is now possible to formulate a regulator #9j. using the same regulator design method
previously used in this chapter, with a desired bandwidth,,.

To avoid that steps in. ,.s also creates a DC-offset in the transformer flux, the tech-
nique described in [13] can be used. This is based on that wloange in the voltage
reference comes, first only half of the change is made anddbeng the next half pe-
riod, the last half of the change is made. This method is impleted in the test set-up
and the results can be observed in the measurement secismmng that the converter
IS operating in steady-state and the flux is centered aroera] then a voltage reference
step is made. The first half period after the step the voltatgrence is increased by the
half of the change in voltage reference. This means that tixepiak value is changed
from the steady-state value to the new peak value. The néxdraod the last half of the
change is added and the flux goes between plus and minus thesadwalue.

An alternative solution for the removal of the dc-componierib place a capacitor
between one leg and the transformer.
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Chapter 6

Park design considerations for the
series DC farm

6.1 Simulation setup

The performance of the wind farm, wind turbines and the aietrs has been evaluated
using the simulation program PSCAD/EMTDC [62]. The test socheised for the eval-

uation of the series DC wind farm system and the wind turbareséries-connection is
shown in Fig! 6.1. As can be noted in the figure, only three viimbdines are connected

Lcab Rcab ,‘l l
K tr
e
l"
II'
HVDC
C station and
HVDC o
— receiving
grid
+
vstack
- +
vtr
CHVK
‘ . ‘ control :
‘ Vw3 . Vwre . WTo| Vwro * Ay
- - - ‘\
I)agg.rcl‘ Lcab Rcub “\‘
A 4 rwnD 5 4
)

Fig. 6.1 Test scheme for evaluation of the performance of the series DC windsfgtem and the
wind turbine for series-connection.
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in series and three stacks of turbines are in parallel. TWenlamber of wind turbines in
series is chosen to enable a clearer presentation of thiésresthough three turbines are
far too few for a practical installation.

For this case study, the rated power of the turbines is ssldctbe 2 MW and the
rated power of the wind farm is 36 MW. The current souige together withCl,.,, L,
andR,,, represents an aggregated model of three stacks with thiies sennected wind
turbines. The current source is controlled to produce thgreagated power of these 9
turbines. The current is limited to be maximum 3 times thedaiutput current of the
wind turbine. The parameters of this aggregated model é&eted as

Cagg = Cous (61)
LS ac.

Lage = ;k (6.2)
RS ac.

Ruge = ;k. (6.3)

The transmission voltage is selected to be 45 kV, which givesminal output voltage
of 15 kV for the wind turbines and a rated current of 133 A. Tgi&s a rated transmission
current of 800 A. Therefore, a transmission cable with axsection area of 50m?
is selected. The resistance of this cable is approximat®®4X)/km (per cable). It is
assumed that these cables are put besides each other, whidts in an inductance of
approximately 0.34 mH/km (per cable). As mention before,dlble capacitance is here
not considered, since the capacitance in the HVDC statidnrathe wind turbines are
larger. In this case study the transmission distance isteeleo be 20 km and this results
in

Leay = 0.34-1072-20=6.8 mH (6.4)
Reay = 0.044-20 =0.88 Q. (6.5)

For the cables connecting the wind turbines to the transomssble, a cross section of
70mm? is used. The impedance of the stack depends on the cabls emden the stray
inductances and resistances in the wind turbines. The maeasof the stack impedance
has been estimated 1Q;,.. = 2 mMH andR... = 0.7€2, based on the length of the stack
cable.

6.1.1 The HVDC-station and the transmission system

For the parameters of the HVDC-station, it is assumed thagtliehas a short circuit
power equal to 10 times the rated power of the wind farm, wiigles K. = 10. It is
also assumed that the XR-ratils,., of the grid is 5. With a rated power of 36 MW and a
DC-transmission voltage of 45 kV, the system parametershioHVDC-station and the
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grid can be calculated as

Utr rated
Vg1-1 = ’ 0.8 =26 kV (66)
3 \/i
a1
R, = gl —=0.37 Q (6.7)
K)%r + 1Kscprated
KoR
m
L 0.14 Ve 8.4 mH (6.9)
HRe T 0 e |
U2
_ gl-1
Ruvpe = 0.02 =0.38 Q (6.10)
rated
2Pra e
Cavpe = 2-1073520 — 71 uF. (6.11)
Utr,rated

The switching frequency for the HVDC-station is selected kb2 [60] and the sampling
frequency to 4 kHz. The bandwidth of the PLL in the HVDC-statie set toapy;, =
27 rad/s. This choice was made in order to obtain a good suppressidistfrbances;
as an example, this gives an attenuation in the angle estimait 34 dB for the negative
sequence voltage [38].

When selecting the bandwidth of the controllers for the HVD&tisn, the DC-transmission
system needs to be considered. This necessity occurs bmcalble inductance, together
with the capacitances of the station and the wind turbires)$ a resonance circuit. The
controllers must be designed so that this resonance wilbadtriggered. Furthermore,
the controllers can be used to provide additional dampirlgeste frequencies. Assuming
that all stacks can be modelled as a single equivalent oneramttlling the HVDC-
station as a capacitor and a current source, the system campkfied down to the sys-
tem shown in Fig.6.2. The equivalent parameters of this made C;, = Cuypc/2 =
35.5  uF, Cy = Cou9/3 = 210 uF, Ry = 2Reap + Rsaa/9 = 1.84 Q and
Lot = 2Lcap + Letacc/9 = 13.8  mH. The transfer function from the two currents to

L R

tot tot

v N 1
—.1

. C, + G

fwr QD — A — CD i

Fig. 6.2 The simplified system of the wind turbines, the transmission cables and the HVDC
station.
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the transmission voltage can be expressed as

<Lt0ts2 + Rtots + C%) itr(S) + CLQZWT(S)
Vi(s) = (6.12)
ClS (LtotSQ + Rtots + %p)
C1Cy

= _ A
) Cr G (6.13)

From (6.12) it can be seen that there is a resonange=atl /(27/Cp, Liot) = 246 Hz.
Due to this resonance, the bandwidth of the AC-current ctetris selected to be .gvpc =
27800 = 5000 rad/s. The selection is such that it can act reasonable at theaaserire-
guency. The DC-transmission controller is in cascade wighctirrent controller and for
a cascade system the role of thumb is that the outer contsbltauld be a decade slower
then the inner one [23]. For this case, this means that theatt®m bandwidth should be
selected to 80 Hz. But this is too close to the resonance, thé&&Gmission controller
will see the resonance and act on it. To prevent this, the R@smission controller band-
width is selected to a decade below the resonamgg, = 150 rad/s. Due to this, the
influence of the cable impedance can be neglected when aafguthe DC-transmission
controller. This gives that the capacitance used when lziog of the controller gains is
Cy + Oy = Cegy-

In Fig./6.3, the overall performance of the HVDC-station iswh. For this simulation,
the 9 wind turbines are operated with a constant input toafinalf the rated torque and
the speed reference is equal to rated speed. This givesighatrid turbines are producing
half of rated power. At 0.2 s, a step up to 5 MVAr in the refeeneactive power is made
and this is kept for the rest of the simulation. At 0.25 s, thierence DC-transmission
voltage is stepped up from 45 kV to 50 kV and at 0.35 s it is stepgown again. At
0.45 s, the aggregated power reference is stepped fromad® MW and at 0.55 s it
is stepped down to 9 MW. The grid frequency is set to be constiab0 Hz throughout
the simulation. From the figure it can be seen that the ovpeaformance of the HVDC-
station is good. In Fig. 6.3 it can be seen that a step of halfréited power results in
a 9 % overshot in the transmission voltage, while a step dseref a forth of the rated
power results in a undershot of 4 %. It is important to strées,in an actual wind farm
such power variations occur in a time scale of tens of sec(md=pt for an emergency
case). Accordingly, the dc-voltage control will work coragaly satisfactory in a standard,
normal operation case. The step functions used here, hameused in order to "heavily”
test the dynamic performance of the system. From the figuranitalso be noticed that
the stack voltage is slightly higher then the transmissmitage at the station. This is due
to the voltage drop over the transmission cables.
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6.1. Simulation setup
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Fig. 6.3 The overall performance of the HVDC-station. a) The active, reaptiveer and reactive
power reference as grey. b) The transmission voltage, stack voltdgbeiransmission
voltage reference as grey. c) The estimated grid frequency. d) Tiheatsd grid voltage
in d-direction.
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The impact of the slow PLL can be seen in Fig. 6.3 d) at the agdeel power steps.
The change of power production affects the angle of the gelia the PCC and due
to the slow PLL it takes some time to track the new angle. Theren the estimated
angle can also be seen in the reactive power production@s03ince the reactive power
production is done in an open loop manner, the estimatiam egsults in a reactive power
production that is different then the reference. Howevsraaonclusion regarding the
bandwidth of the PLL, it was found that also using this slow_Pthe performance was
found to be satisfactory.

In Fig.'6.4, the performance of the AC-current controllertfoe HVDC-station when
stepping the reactive power, is shown. From plot a) it candes shat the current has a
rise time around what can be expected for a controller wih andwidth and there is
a damped oscillation. The oscillation is due to the fact thatcurrent step affects the
voltage in the PCC, which in turn affects the current. In ploitlgan be seen that the
estimated voltage in the PCC is affected by the current step.

0.3 -
0.2 -
<
=3
0.1 -
0 T - T - T T T 3
0.198 0.2 0.202 0.204 0.206 0.208
b) 1 1 1 1 1
201 ﬁ'“_'_ Vo ) L
pce,q
154 T -
_i LOA o
5_ . . . . . . . . . . . -
0.198 0.2 0.202 0.204 0.206 0.208
time [s]

Fig. 6.4 The performance of the AC-current controller for the HVDC-statioowshfor the step
in reactive power. a) Thé-current,g-current and the-current reference as grey. b) The
estimated grid voltage components in PCC.

In Fig. 6.5, the performance of the DC-transmission cordgrdd demonstrated for
an applied reference voltage step, (plots a) and b)) anchiocase when a step in the
aggregated power is applied (plots c¢) and d)). This stepespond to an increase in
wind for other turbines in the park. From plot b) it can be ceti that when the step in
the reference voltage is applied, there is a transient ijit@rrent reference. The rea-
son for this transient is that when thecurrent step comes, this current only charges the
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6.1. Simulation setup

HVDC-station capacitor and therefore the voltage at theostat,,, increases rapidly.
The DC-transmission controller reacts to this rapid chamgkdecreases the current ref-
erence again. At this point, the voltage at the station istgrethen the stack voltage,
which results in a decrease of the cable current and the itapgam the wind turbines
are charged, which leads to that the stack voltage stantetease. The same response is
obtained when the DC-transmission voltage reference ipstegown.

> >
= =
0.26 0.28 0.3
< <
= =
0
0.25 0.255 0.26 0.46 0.48 0.5

time [s] time [s]

Fig. 6.5 The performance of the DC-transmission controller for the HVDC-statiprand b)
shown for the step in DC-transmission voltage reference and c¢) and tefgtep in ag-
gregated power reference. a) and ¢) The DC-transmission voltagk)lsdaack voltage
(grey) and the DC-transmission voltage reference (black dasheah)dj) The g-current
(black), cable current (black dashed) and g-current refer@reg).

When the step in the aggregated power reference is done|&igs) and d), it can
be seen that the response of the current is much smootheracedio the case with the

reference voltage step.

6.1.2 The wind turbine unit

The selection of the controller bandwidths of the wind toebis much more straightfor-
ward than for the HVDC-station. This means that no pure stepase curves for the
various controllers will be shown here. The switching fregey of the three phase rec-
tifier and of the DC/DC converter is selected to be 5 kHz and #imepting frequency to
10 kHz. The bandwidths of the current controllesisy, ;g and a;pg, are selected to
be 3000 rad/s, approximately a decade lower then the swgdinéquency. The voltage
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Chapter 6. Park design considerations for the series DC farm

controller (DC-link and output) bandwidths, 4. and a.:, are selected to be equal to
the DC-transmission controller bandwidth, 150 rad/s. Tia0d times lower than for the
current controllers and in this way the current controligmamics can be neglected when
designing the voltage controllers, as has been done inltbss.

The bandwidth of the speed controllet,, is selected to 1.5 rad/s. The selection of
1.5 rad/s is quicker than the values suggested in [56]. Heweavorder to be on the "safe
side”, in this investigation a quicker value was chosen. b&edwidth of the estimation
of the torque from the wind is set to 20 rad/s and the bandvafithe low-pass filter for
the desired input voltage for the DC/DC convertef jesired, IS S€t to the same bandwidth.
The flux controller bandwidthyg, is set to 100 rad/s, in order for the flux to be able to
track the desired input voltage.

The parameters of the wind turbine unit can be found in AppeAdFor these data
and with the controller settings discussed in this chagtercontrollers were tested with
steps and ramps and the performances were close to ideal.

As mentioned before, the pitch system and the overall cbafrthe wind turbine is
not implemented in the simulation model. With overall cohineans the optimum power
tracker that provides the pitch and speed reference. hgtemodelling these systems
and modelling the wind, measurements from a variable spésditwrbine are used. The
inputs T,inq andw, ¢, to the wind turbines are taken from the measurements. Ttege da
series used are shown in Fig. 6.6. The last minutes of theureragnts are slightly mod-
ified in order to obtain a fit between the last data point anditbg so that a circular data
series is achieved. In this way, different starting timeslma used to create different input
signals to the wind turbines, and still a one hour simulatian be performed.

6.2 Analysis of a small wind farm

For this simulation, the measurements presented in Figae@ised as inputs to the wind
turbines. The rated voltage of the turbines is set to 1.4hefrtominal voltage, i.e. to
21.1 kV. The starting times where selected randomly for windines 1 to 6. For stack
2, all wind turbines are operated within the limits. For &t&¢ the idea was that in the
beginning of the simulation, wind turbines 7 and 9 shouldrbevervoltage limitation
mode and wind turbine 8 in undervoltage limitation mode. therinputs of wind turbine
8, this could be achieved by selecting the starting time wighlowest wind torque and
subtracting 0.15 p.u. from the wind torque and adding 0.08 tp. the speed reference.
For wind turbines 7 and 9, starting times resulting in ratpdration were selected. In
the simulation, the aggregated power source is at 9 s rampdd full power in 1 s
and at 15.5 s it is ramped down to zero in 1 s. The reason foss#lection is to give a
more realistic disturbance than the steps used previddslyever, these disturbances are
still very quick for a normal operating situation. In Fig76the output voltage for wind
turbines 7, 8 and 9 for the one hour simulation, are shownvdlthges are expressed in
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Fig. 6.6 a) Measured torque used as the torque produced by the wind in the simsildfios
torque is in p.u. of rated torque. b) Measured speed of the wind turlsed,as the speed
reference in the simulations. The speed is shown in p.u. of rated speed.

p.u. of the nominal voltage i.e. 15 kV. In the figure, the otitynltage reference is also
shown as a grey line when the wind turbine is in VL-mode. Whenwimd turbine is
in N-mode the reference is not shown. From the figure it candbeed that the turbines
more often switch to VL-mode due to overvoltage then due tteawoltage. The case with
VL-mode due to undervoltage is more severe for the wind hertsystem then the case
due to overvoltage. This is the case since the undervol@aggarises from a too low input
power, and the extra power needed is taken from the kinegoggrof the rotor. In this
case, the rotor starts to decelerate and this leads to adpllof the turbine, if the input
power does not increases or the flux in the machine can beedduther. The VL-mode
due to overvoltage arises from a too high input power, whiah be decreased by the
pitch system. Thus, from the wind turbine point of view, itedanot matter so much that
it is operated in VL-mode due to overvoltage more frequetitgn due to undervoltage.
But from the wind farm point of view, the VL-mode due to overtage means that the
energy production is decreased.

In Fig. 6.8, the first 18 s of the simulation in Fig. 6.7 is shofan a more detail view of
the performance of the series-connected wind turbineseMar, Fig. 6.9 shows the stack
voltage, stack currents as well as the total power for theesacnasion. From Fig. 6.8 it
can be seen that wind turbine 7 is in VL-mode between 3 and 4pmpximately. Wind
turbine 8 is in VL-mode between 3 and 9 s, approximately. Wimbdine 9 is in VL-mode
two times, between 1.5 and 8.5 s and between 10.5 and 15 sxapptely. From Fig. 6.8
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Fig. 6.7 The output voltage of wind turbines 7, 8 and 9 in p.u. of the nominal voltagfesofvind
turbine for the one hour simulation. The output voltage reference is shewrgrey line

when the wind turbine is in voltage limitation mode, when the wind turbine is in normal

operation the reference is not shown.

it can be seen that the output voltage controllers managedp the references, except
for wind turbine 9, where the output voltage is below the mefiee between 6 and 8 s.
This is due to the fact that all wind turbines are in VL-mode annd turbine 8 increases
its output voltage. The stack voltage is constant, as caede is Fig. 6.9 a). Therefore,
if one voltage increases at least one must decrease. FrarB.Big) it can be seen that
the stack current, for the investigated stack, increasesglthis time, due to the fact that
the integrator in the output voltage controller of wind a9 is increasing due to the
voltage error. During this time, the output voltage conénd are fighting with each other
and the result is an increasing stack current. But this higteak current results in that

wind turbine 9 changes to N-mode and the fight is over.

The switching between the modes can be seen as small tressig¢he stack current
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Fig. 6.8 The output voltage of wind turbines 7, 8 and 9 for the first 18 s of the simulatiown
in Fig.[6.7.

for the stack in which the turbine is located. But the otheclstaurrents and the stack
voltage are unaffected by these, see Fig. 6.9. The chandhke iturrent for stack 3 be-
tween 3 and 8 s does not seem to affect the stack voltage.ekteardingly, from this
observation it can be concluded that the stacks can opedépendently of each other.
Not even the ramp disturbance of 0.5 p.u., applied by theezgged power source, is a
problem for the operation of the wind farm or affects the lstawticeable.

In Fig./6.9 c) it can be noticed that the power production efwhnd farm is smooth,
except for the occasions when the ramp disturbances aredpptom plot a) it can be
seen that the DC-transmission controller keeps the trasgmisoltage to the reference
also when the disturbances are present. It should be dréissethese more realistic
power ramps (although very quick) gives a much smaller disince as compared with
the steps made in Fig. 6.3.

85



Chapter 6. Park design considerations for the series DC farm

a) L L L L L L L L
1.02- /\-
v
';‘ . .
S
0.98 T T
0 2 4
08—
‘istack,z
;;(16- .
= ‘Istack,3
0.4+

! stack,1

12 14 16 18

[p.u]

Time [s]

Fig. 6.9 The behavior of the wind park for the first 18 s of the simulation. a) transonis®ltage,
stack voltage and transmission voltage as grey in p.u. of rated transmis$iagevd)
stack currents in p.u. of rated output current of the wind turbine. c)ep@roduced by
the wind farm in p.u. of the rated power of the wind farm.

In Figs.,6.10 and 6.11, the operation of the wind turbines@%are shown in detail.
An overall comment from these figures is that the trackinggwerance of the controllers
is satisfactory. The important discrepancies can be foonthie rotor speed, which will
be discussed shortly, caused by the switching to VL-mode.

Let us now look more into detail of the operation of wind tudi8 and start with the
situation when wind turbine 8 goes into VL-mode due to unadétage between 3and 9 s,
as is indicated in Fig. 6.10 d). In this figure, the output agé reference can be observed
when the turbine is in VL-mode. In the beginning of this siatidn the turbine is in
N-mode, but the torque from the wind is decreasing. Thisltegua decreasing desired
DC-link voltage and thereby a decreasing flux and DC-link \g#tal he decreasing torque
from the wind, together with the decreasing speed refereasalts in a decreasing power
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6.2. Analysis of a small wind farm

production, and this in turn results in a decreasing outpliage. In Fig. 6.10 f), the input
current and the input current reference are shown. In thiegso the reference from the
output voltage controller, recalculated from an outputent reference to an input current
reference (therefore denotég, ;) is shown. The transformation from the output current
reference to an input current reference is done by (5.74mRhe plot it can be seen
that when the input current reference command is lower then,, the turbine switch to
VL-mode due to the under voltage operation mode constranaw, . , iS used as the
input current reference for the DC/DC converter and therbbyutput voltage controller
Is activated. The output voltage controller keeps the dupitage to the reference in
the undervoltage limitation mode by increasing the powamndfer. This increase can be
noticed between 3 and 5 s in Fig. 6.10 a), where the breakimgiéofrom the IM, as a
consequence, is higher than the torque from the wind, exagtithe speed error is such
that it should be lower. At5 s, the torque from the wind starisacrease, which eventually
results in a decreasing speed error and at approximatelg®tstque reference from the
speed controller becomes higher than the breaking torqtleedM and the wind turbine
switch back to N-mode. It should be pointed out that withdus$ wind increase, the
turbine would shortly come to a stop. And, as pointed out teefim the beginning of this
section, the speed is here deliberately chosen too highheniditque too low, in order to
provoke an under voltage situation.

In Fig./6.11 the operation of wind turbine 9 for these first 18f she simulation is
shown. From plot d) it can be seen that the turbine is in VL-endde to overvoltage at
two times, between 2.5 and 8.3 s and between 10.3 and 14.4lst k) it can be noticed
that the input voltage reference is constant for these f&'st this is due to the fact that the
wind turbine is operating at high power production and thatdutput voltage is high. This
leads to that the desired input voltage of the DC/DC convéstequal to the rated input
voltage. From this it also follows that the flux referenceqs@ to the rated flux, with one
exception. Between 2 and 5 s, the flux is reduced due to thehfaidhte speed is increasing
and to keep the voltage constant the flux is reduced, i.e. feakening. From plots a) and
b) it can be concluded that the input power is increasingerbiginning of the simulation
and from Fig. 6.9 b), it can be seen that the current for stasld8creasing slightly. This
leads to an increasing output voltage of the wind turbinefamm Fig./6.11 f) it can be
seen that the current reference from the output voltageaitett i/, , . is decreasing. At
approximately 1.5 s, the current reference from the outpltage controller gets lower
then the current reference from the DC-link voltage corgrofind the turbine switchs
to VL-mode. After the change to VL-mode it can be seen in pjothat the breaking
torque of the IM,T, is lower then the torque from the wind and that the extralinga
torque from the pitch system increases to keep the speaeémnefe At 3 s the stack current
decrease rapidly and, to keep the output voltage refereéineggower production is also
decreased rapidly, which is noticed in the decreased brgakrque by the generator.
This decrease is too quick for the pitch system and therdfi@revershoot in speed occurs
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around 4 s. In Fig. 6.11 a), the rate limiter of the pitch sysigvisible between 3and 5 s,
due to the fact that the pitch torque increases with a cohsdgm At 6 s, the stack current
starts to increase, which means that the breaking torqueiratseases, and at 8.3 s the
breaking torque of the IM is greater than the torque refezdram the speed controller
and the wind turbine changes to N-mode. However, the outpltage stays close to the
rated voltage, which leads to that at 10.3 s, when the spdéecnee decreases, that the
power production increases and to a too high output voleggthe turbine switches back
to VL-mode again. At 14 s, the stack current increases asdéhids to that the turbine
switches to N-mode at approximately 15 s and, due to the hgthek current the output
voltage drops. It should once more be stated, that thes@sioos are not very frequent,
but are treated here in order to show the stability of theesgst

6.3 Energy Capture vs Output Voltage

As mention before, when the wind turbine switch to VL-mode doi over voltage, the
power production is decreased to limit the output voltagéhworated voltage. This re-
duction will cause an energy production loss. The totalgneroduction for a one hour
simulation, with an unlimited output voltage and with tharihg times used in Sec-
tion 6.2, was 13.81 MWh. For this simulation the power oritjimg from the aggregated
power source was zero for the whole simulation. In Table leelenergy production per
unit of this unlimited production for different output valie ratings are shown.

Table 6.1: Energy production for different rated outputta&gés and for 3 and 20 series-
connected wind turbines.

rated output | energy production | energy production
voltage [p.u.] 3WT [p.u.] 20 WT [p.u.

1.85 1 1

1.65 0.999 1

1.45 0.997 1

1.35 0.993 0.999

1.25 0.978 0.987

1.15 0.941 0.944

Table 6.1 shows that the energy production decreases whemtibd output voltage
decreases. This energy loss must be weighed against tleagasct cost of the higher rated
voltage of the components on the high voltage side of the wirtdine transformer. As an
example, a voltage output rating of 1.35 p.u. gives only @0reduction of the produced
energy for the wind farm and must be considered to be acdeptab
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Fig. 6.10 The behavior of wind turbine 8 for the first 18 s of the simulation. a) Torfgom the
wind as black line and the absolute value of the torque produced by the ¢képdine,
in p.u. of the rated torque. b) Speed of the wind turbine as black line anéfirence
as grey line, in p.u. of the rated speed of the wind turbine. c) Rotor flux inMhas
black line and the flux reference as grey line, in p.u. of the rated fluxupu voltage
of the wind turbine as black and the output voltage reference is shownewsvhen the
turbine is in VL-mode. e) DC-link voltage as black and the reference asigrp.u. of
the rated voltage. f) Input current of the DC/DC converter as blacketfleeence as grey
and the reference from the output voltage controller as grey and maiked,  ;, in

p.u. of the rated input current.
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Fig. 6.11 The behavior of wind turbine 9 for the first 18 s of the simulation. See Fi@. ®:1the

description of the figure. The addition is the black line in a) for the absollte \ the
pitch torque.
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Chapter 7

Transformer design and measurements

7.1 Converter Design for the Series-connection

Apart from increasing the rectified voltage from the wind rgyegenerator, the high fre-
guency transformer in the DC/DC converter is also used fogéteanic separation of the
generator side and the transmission side. This means thabthmon mode insulation
level of the transformer must be designed for half the trassion voltage (that means
+Vi/2 or =V, /2), at least for the wind turbines in the top and bottom of tleelst see
Figs. 4.2 and 4.1. Since the potential of the whole highagstside winding is close to
the transmission voltage, the rating of the high voltagedivig and the components on
the transmission side of the DC/DC converter, only needs ttekgned for the rating of
the converter. The prerequisite is of course that all "disjevindings, components) can
be placed or encapsuled so they can withstand the transmigsitage to ground. If not,
encapsuling for a higher voltage level needs to be usedglri7EL, a possible solution for
the layout of the transformer and the transmission sideawsh

The core geometry is a toroid. In Fig. 7.1, the top side vieshiswn and in Fig. 7.2,
the cross section of the toroid is shown. The arjlendicates the sector of the core
which is used by the windings. The advantage of the toroigslsthat it is smooth, or
can be made smooth, in all directions, which from a high ga@tpoint of view is to prefer.
Otherwise, there will be a risk of locally high electric fislthat might result in corona
discharges. The space that needs to be filled, to get a gilmalss section of the core, is
used for cooling. The core is grounded. The semiconducéyegrs are used to smoothen
out the geometry, to avoid sharp edges and thereby higtriebddields. The winding to
be placed closest to the core, is the generator side windingg it is almost on ground
potential. Accordingly, the insulation layer for the gester side does not need to be as
thick as the layer used for the transmission winding insaatwhich has to be designed
to withstand the transmission voltage potential.

Another problematic area from the high voltage design pafiniew, where there is a
risk for high fields, is at the point where the transmissi@esvinding ends, at the dashed
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Fig. 7.1 A possible solution for the layout of the high frequency transformer ditldectransmis-
sion side of the DC/DC converter for the series-connected wind turbapesitie view of
the cross section of the transformer. Grey indicates semiconducting.layers

lines which indicates the sector used by the windings. Aiptessolution for preventing
this is to use a semiconducting layer to create a field gradieg, like the one used in
high voltage cable terminations. This field grading is imadéd in Fig. 7.1. To have a
sufficiently long creepage distance from the field gradinght® end of the supporting
tube, sheds on the insulator are used. The minimum creejistgack needed depends on
the pollution level. For light pollution levels the minimudistance is 16 mm/kV and for
very heavy it is 31 mm/kV, [28].

To decrease the voltage potential between the componeitiie doransmission side of
the transformer and ground, a conductive cage is used. Tgeisattached to the field
grading material/area and surrounds the transformer ancimponents on the transmis-
sion side. The cage is connected to the middle point of theubwiapacitors. In this way
the cage isolates the components from the ground. The higbesntial from the compo-
nents to the surrounding (in this case the cage) will in tasede half of the rated output
voltage of the turbine. This is a substantial reduction careg to half the transmission
voltage, which will be the case for the turbines closestéatansmission cables if no cage
is used. This reduces the problems caused by the fact that etlges produces corona
and discharges. The cage is made as a round and smooth shépat, gain, no prob-
lems with corona and discharges appears. The potentialtiiercage to the surrounding
is approximately the potential of the stack cable, in thepaihere the investigated wind
turbine is located. The result is that the distance from #gedo the surroundings must
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Fig. 7.2 Cross section of the toroid in Fig. 7.1. Grey areas indicates semiconductarg.la

be long enough to take up half the transmission voltage.

7.1.1 Cooling of the Transformer and the Components

As mention before, the space that needs to be filled to ch&eggtiare core cross section
to a circular one, is used for cooling. The cooling mediumutita to be used here, is
water. Since the core is grounded there is no need of usimyided water, which is the
case if the object to be cooled is on high potential. For taegmission side winding and
for the components on the transmission side, forced aiirgpa thought to be used. The
idea here is to have the fan on ground potential and use ndnctive tubes to guide the
air flow to the components and transformer. In this way theeagwe apparatus for the
deionization of the water, which is needed if water cooligsgised on this side, can be
avoided.

7.1.2 Electric Field in the Transformer

In Fig. 7.3, the simplified geometry of the transformer, tisatised for calculating the
electrical field between the windings, is shown. The figurégavn as a two dimensional
figure with a rotational symmetry axis. Accordingly, in orde obtain the three dimen-
sional figure, the drawn geometry is rotated 360 degreesdrthe rotational symmetry
axis. This means that the electrical field at the end of theings is not described with
this geometry (at the end of the windings means the aBgfle— 6,, in Fig.|7.1. The
electrical field in a straight, long, coaxial cable; (~ oo in Fig./7.3), can be expressed

93



Chapter 7. Transformer design and measurements

rotational
| symmetry axis

O

Inside Outside

Y

<
<

Fig. 7.3 Simplified geometry of the transformer, used for calculating the electricallietideen
the windings. The figure is drawn as a two dimensional figure with an rotasgmanetry
axis.

as

E(r) = —— (7.1)

rln (T—‘*)
T3

whereU is the voltage difference between the windings ansl the radius at which the
electrical field is calculated < r < r4. From (7.1) it can be noticed that the electrical
field is inversely proportional towards the radiusThis gives that the highest field is
at the surface of the inner winding. But if the radiysis reduced, so that it is close to
r4, then the electrical field will be higher when= r, thanr = r3, due to the higher
curvature. Due to the symmetry, the electrical field willyohlave a component in the
direction of the marked radius when calculated for different radii in this plane. Also
due to the symmetry, the highest value of the electrical feefdund in this plane (so, the
plane is then a horizontal plane through the toroid when liy#ng down). In Fig! 7.4,
the magnitude of the electrical field is shown for the casé wjt= 0.09 m, r, = 0.12

m, r¢ = 0.14 m and 1 V between the windings. From the figure it can be sedrtltha
electrical field is highest on the left side of the outer @ravhich is due to the fact that
the rotational symmetry axis is located to the left.

To approximately take the radiuginto account when calculating the maximum elec-
trical field, it is assumed that the electrical field on thedass inversely proportional to
r(r¢ — r) and that it on the outside is inversely proportionatte; + ). Integrating the
electrical field fromr; to r, gives the voltage between the inner and outer winding. This
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Fig. 7.4 The magnitude of the electric field between the windings-fo& 0.09 m,ry, = 0.12 m,
r¢ = 0.14 m and 1 V between the windings.

gives that the magnitude of the electrical field in the plaareloe expressed as

Ur
Einside (7") = 67"4(7"6—7"3) (72)
r(re —r)In (—m(m_m))
U
Eoutside(r) - i . (73)
rq(re+r3)
T(TG + T’) In (rs(r6+r4)>

In Fig./7.5 the magnitude of the electric field for differeadlii r¢ in p.u. of the maximum
field obtained whens — oo are shown. Solid lines shows the field from FEM calculations
and dotted lines shows the simplified model described wit®) @nd(7.3). The grey line
is for whenrgs — oo. The radii arers = 0.09 m, r, = 0.12 m, the lines marked with 1
is for r¢ = 0.14 and then the following lines towards the grey are/fpre= 0.25, 0.5 and
0.75 respectively. From the figure it can be noticed that thgpl#fied model describes
the magnitude of the electric field well. It is wheg is close tor, that the mismatch
between the FEM calculations and the model starts to bel@isiihe model gives in this
case a somewhat too high maximum value. It should be mertairtie model have been
compared with FEM calculations for other valuesrgfandr,, that can be expected for
the transformer. From these comparisons similar resudtisishshown in Fig. 7.5 where
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E-field [p.u.]

r4 inner r3 outer r4

Fig. 7.5 The magnitude of the electric field for different radi in p.u. of the maximum field
obtained whens — oo. Solid lines shows the field from FEM calculations and dotted
lines shows the simplified model described with (7.2) land(7.3). The grey lfoeghen
r¢ — 0o. The radiiares = 0.09 m,r, = 0.12 m, the line marked with 1 is fatg = 0.14
and then the following lines towards the grey is fgr= 0.25, 0.5 and 0.75 respectively.

found. It should also be mention that the case wijttlose tor, is not that realistic,
since the space for the transmission side winding on thdensill be too small to fit the
winding.

It should be mentioned that the electric field distribution DC is controlled by the
resistivity of the insulating material. Unfortunately thesistivity is usually very temper-
ature dependent. The consequence is that for DC-cabledettigefield distribution can
be altered due to the higher temperature inside the cablghie highest electrical field
can be at the outer screen and the lowest occurring on thecsuof the conductor. This
effect is not taken into consideration when the simplifieddelas derived.

7.1.3 Full Scale FBPS Converter, 5SMW

The rated power of the full scale converter is chosen to be 5 Mihough the simulations
in the previous chapters have been carried out for a ratedpaiv2 MW. The higher rated
power is selected due to the fact that the rating of wind hebis increasing all the time
and that there are experimental wind turbines installet! véited power of 6 MW. The 5
MW converter has the following ratings:

96



7.2. Down Scaled Converter

Quantity Rated value
Input voltage 3.6 kV

Input current 1.4 kA

Output voltage 20.25 kV
Output voltage 15 kV (nominal)
Output current  0.33 KA.

The input voltage is selected in such a way that IGBTs with adabltage of 6.5 kV
can be used without series connections of IGBTs. To avoid ¢eel of series connected
diodes on the transmission side and parallel connecting K3Bilthe generator side, the
DC/DC converter can be made into 6 smaller modules. Each viith ansformer, which
on the generator side can be connected in parallel to the EGxhd on the transmission
side they can be connected in series. The result is one laryeter with an ideal trans-
formation ratio of 6, the needed is in this case 5.625. Orerasting feature, is that by
having a supporting tube with a sufficiently large radiue(B&y. 7.1), the IGBTs could
be fitted inside the tube and be water cooled with the samer zdé is used to cool
the transformer. In this way the transformer module witlcasing becomes a complete
DC/DC transformer. Another advantage with the modulamrats that if one module
breaks down, it can be short circuited on the transmisside and the production can
continue, but with a lower rated output voltage and power.
The rating of these 6 modules are:

Quantity Rated value

Power 0.83 MW

Input voltage 3.6 kV

Input current  0.23 kA

Output voltage 3.6 kV

Output voltage 2.5 kV (nominal)

Output current  0.33 kA.

The transformer rated current is 0.28 kA RMS. The transforesign for this 0.83 MW
converter is based on that the core material used is Metlitgs2605SA1 with longitu-
dinal field annealed. One option for the insulation is to usaestype of silicone or rubber
based insulating material and then to vacuum mould therdiftdayers. These materials
can have a breakdown stress of approximately 15 to 30 kV/nomtHts design, a max-
imum electric field of 10 kvV/mm and an insulation voltage o030V are used. These
selections resulted iy = 0.46 m, 3 = 0.08 m andr, = 0.12 m.

7.2 Down Scaled Converter

In order to test this design a down-scaled converter wagdedj built and put into oper-
ation.
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For the down scaled converter the voltages and currentsaledswith a factor of 12,

giving:
Quantity Rated value
Power 5.8 kW
Input voltage 300V
Input current 19.3A
Output voltage 300V
Output voltage 200 V (nominal)
Output current 29 A
Transformer current 23 A RMS
Diode current 10 A AVG
Diode current 16 A RMS.

For the down scaled converter it was decided that only two utesdshould be build.
The reason for this is that the output voltage should not bénigh, the number of com-
ponents is kept low and with two modules the series connecfithe modules could still
be functionally checked. The IGBT bridge SEMICRON SKM400GBR2md SKHI23
driver circuits where used for creating the high frequenalyjage for both transformers.
The rating of the IGBTS are 1200 V and 400 A, which is well beyaingt is needed. For
the diode rectifier on the transmission side, SGS-Thomsanddiectronics BYT230PIV-
1000 diodes where used. The rating of these diodes are 10DA/RMS or 30 A AVG.
The diodes are mounted on the same heat sink as the IGBTs, &C3HEMN P16/300 with
a SKF16A-230-11 fan. This gives a thermal resistance of t#a Bink of 0.024-0.036
K/W. From this it can be realized that the heat sink also igrated for this application.
The input capacitor and the two output capacitors are fronARiIRd the ratings are 400
VDC and 3300uF. For the output capacitances it can be noticed that this hrmwore
then what is used in the simulations. The idea of having tigls bapacitance was to have
long time constants for the system in the testing stage.

The currents are measured with LEM LA-100S current transdjavhich can mea-
sure up to+100 A with a bandwidth of O to 150 kHz (-1dB). The input voltage and-o
put voltage are measured using an isolating amplifier froralég Devices, AD210BN,
which has a bandwidth of 20 kHz. All measuring signals go tevall adjusting card be-
fore the signal is connected to the control computer. Ondaiid it is also possible to set
protection levels, that if they are reached, turns off aBTS. Between the controller and
the driver circuits there is also a conversion card. It ishis tard the error signal form
the card for the measuring signals goes and turns off the IGBTSg./ 7.6 the heat sink
with the IGBTs and the diodes, the driver circuits and the raitk the card for the mea-
surement and control signals to the driver circuits are shdwthe figure also the two
transformers, two output inductors and the output capeacaoce shown. To control the
converter the dSPACE DS1103 is used. It is a digital signatgssor system, which for
this application is programmed with C-code. The controleyshas among other things
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7.2. Down Scaled Converter

Fig. 7.6 The down scaled 11.2 kW converter.

built in A/D-converters for sampling of the measured qu#egiand control signals for
the valves as outputs.

For the output filter inductances, iron powder cores from dani, model T-400A-
26, are used. Five such cores are stacked on top and 74 tuin8 ofm copper wire is
wounded around them. This gives an inductance of 7.1 mH aag@roximate resistance
of 0.20Q.

The material for the transformer cores that where availabEMetglas alloy 2605SA1,
not annueled, with a width of 30 mm. The cores that was ordeegda inner diameter
of 120 mm and an outer diameter of 180 mm. The fill factors ferdbres are 0.76 and
0.82. The size of the cores are big for the power rating, mdesthere where an uncer-
tainty in how good the windings would become, the core wassxed to be sure that the
windings should fit. From the manufacture of the core thereevgeme protective plastic
around the cores. This was left on the core. To create a aircubss section of the core,
a 8 mm tube and two 6 mm tubes where put on each side of the cea¢ giie was used
to fill the rest. Fig. 7.7 left photo shows the transformerecaith the cooling tubes and
heat glue. In the right photo shows when the insulation idiegpthis will be discussed
later. Before the generator winding was wounded on the cdegjea of tape was put on,
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Fig. 7.7 The down scaled 11.2 kW converter.

to even out small unevenness. The generator side windinguseed with four 1.5 mm
copper wires and 33 turns are applied. This gives a currergityeof 3.3A /mm? which
is approximately the value for a standard 50 Hz transforBwet for a larger transformer
this is a high value. It was though to be too complicated tomabtihe transformer with
more then 4 wires and in order to avoid a problem with the sKete thicker conductors
were not considered. This also gave that the winding coulddaended in one layer only,
which also made it simpler to wound the transformer. The wmigdvas fixed with a layer
of tape and then two layers of 6 mm rubber was put around thee Gbiis is shown in the
right photo of Fig. 7.7. this construction was done in oraderesemble the insulation for
the transmission voltage. The thickness of only 7 mm waseaés keep the ratios be-
tween the radii similar as for the 5 MW transformer. Finallg transmission side winding
was wounded on top of the rubber insulation. The transmisside winding was made
identical to the generator side winding. In Fig.|7.8, thestigid transformer is shown. The
geometry of the down scaled transformers are:
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Fig. 7.8 The finished down scaled 5.6 kW transformer.

With the geometries the resistance of the generator sidé-ansimission side resistances
can be calculated tQ?,., = 4.1mQ and Ry.,s = 5.4m{2 respectively. The magnetiz-
ing inductance can be approximately calculated by assumnegatively permeability of
the core material of 20000 tb,,;, = 40mH. Even though this is a very rough figure it
indicates a high value of the magnetizing inductance.
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7.3 Measurements

7.3.1 Converter in steady-state
No-load test

Fig. 7.9 shows measurements from one module of a no-loacteated input voltage.
In Fig.7.9 a), the input voltagey, to the transformer is shown as a black line in p.u.
of the rated input voltage. The grey line shows the inputentri;, magnified 10 times,
in p.u. of the rated output current. From the figure it can beced that the current is
almost in phase with the voltage, which means that it is alrooly active power which is
transferred to the transformer, and this current corredptmthe losses. This is also seen
in Fig|7.9 b) where the input power to the transformer is showmu. of the rated power
of the transformer.

a) 1 1 1 1 1 1 1

1_ B B B B B B B B B .
v : :
0.59 [ a0y A Ak
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Fig. 7.9 No-load test of the down scaled 5.6 kW transformer. a) The black line shiwsvinput
voltage,u;, to the transformer in p.u. of the rated input voltage. The grey line shows the
input current,i;, magnified 10 times, in p.u. of the rated output current. b) The input
power to the transformer in p.u. of the rated power.

With the approximate magnetizing inductance calculategtipusly the magnetizing
current can be calculated, for this case to be 0.01 p.u pead.t®the, in comparison
with the "active loss current”, low magnetizing currentcén hardly be noted in plot a).
The peak flux for this case is approximately 0.5 T. The avepageer loss for the no-load
case is found to be 1.7 % of rated power, which is higher tharDt@ % estimated. This
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estimation was made from data sheets for this material ingitiadinal field anneal form,
which differs from the non-anneal form used.

Load test

The load test for the converter was performed at a lower geltapproximately 0.17
p.u. input voltage. The low input voltage was used in ordekdep the derivative of
the transformer current low, so that a good reading of it ¢dag obtained in order to
determine the leakage inductance for the transformer.dnFiLO the input voltage and
input current to the transformer is shown, as black and gneg Irespectively.

[p.u.]

-2 0 2 4 6 8 10 12
Time [us]

Fig. 7.10 Load test of the down scaled transformer. The black line shows the iofiage,v, to
the transformer and the grey line shows the input curtgnt,

From the figure it can be seen that between 0 ang:21&e voltage across the trans-
former is 0.16 p.u. and the current changes 0.36 p.u. Thes@veakage inductance of
approximately 12:H.

Diode snubber

For this measurement, RC-snubbers are mounted over the diodee module, and for
the other module, the diodes are without snubber. In Fidl, #He black line shows the
voltage over the diode with RC-snubber and the grey displagslithde voltage without
snubber in p.u. of rated input voltage. The input voltage Wvasu., the output voltage
1 p.u. and the output current were 0.5 p.u. in this measurerfeom the figure it can
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be seen that for the diode without snubber, the peak vol&ge8ip.u. and it should be
remembered that the rating of the diode is 3.3 p.u. Due todbethat this overvoltage
increases with the current, 0.5 p.u. current was consideredigh clearly motivating the
need for using a snubber circuit. For the diode with a snubipeuit, the peak voltage is

reduced to 1.2 p.u. in this case.

1.5

Voltage [p.u.]

=
1

0.5+

Time [us]

Fig. 7.11 The voltage across one diode in the diode bridge on the transmission sl ifgout
voltage of 1 p.u., output voltage of 1 p.u. and an output current of 0.5Rmuthis
measurement RC-snubbers are mounted over the diodes in one modube uedother
module the diodes are without snubber. The black line shows the voltagthewdiode
with an RC-snubber and the grey for the diode without snubber in p.watedl input

voltage.

The snubber is designed as described in [37], and with amatiof the peak reverse
recovery current/,,. of 10 A the base values of the snubber can be calculated as

L, |
C'base = LLeakage |: :| ~ 7 nF (74)
UWT,rated
Ripe = Wlaated _ 34 () (7.5)

]7"7‘

The recommended selection of snubber values@res= Ci.e aNd Ry = 1.3Rpase =
39 Q. The implemented values af¢ = 10 nF andRs = 55 Q.
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7.3.2 Current controller

The step performance of the current controller is showngnFil2. It can be noticed from
the figure that the rise time of the current is approximate®ys which corresponds well
to the theoretically ordered one of 0.7 ms. This case is fonallscurrent step, if larger

steps are made the converter goes into voltage saturattbthanincrease of the current
becomes limited. When the converter goes into voltage daiardhe rise time becomes
longer then the theoretical one.

a‘) Il Il Il Il Il Il Il Il

Current [p.u.]

0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8
Time [ms]

Fig. 7.12 Step response of the current controller for a step size of 0.17 p.u. @hdmwinput
voltage of 1 p.u. and an output voltage of 0.25 p.u. a) The rectified voltage,p.u. of
rated input voltage as black line and the transformer input curigms grey in p.u. b)
Inductor current as black line and the reference as grey, in p.utexf cautput current.

7.3.3 DC/DC transformer flux controller

Due to that the applied voltages during the positive and theggaycle are not perfectly
equal, it was necessary to use a flux controller with the pemd centering the current
around 0. The bandwidthy,, .,, used for the flux controller was 40 rad/s and the cutoff
frequency for the low pass filter was 125 Hz. In Fig. 7.13 th@sformer input current is
shown for two cases: black with the DC/DC transformer flux calter in operation and
the grey without. These measurements are performed at apawand output voltage, 0.2
and 0.18 p.u. respectively. From the figure it can be seerthidtux controller manages
to keep the flux (transformer current), centered around. Zarthis presented case, the
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Chapter 7. Transformer design and measurements

equalization voltagey;, . r, from the flux controller was around 0.2 % of the input
voltage. For the case with the flux controller disabled, it ba seen that the transformer
current has a DC-offset of approximately -0.05 p.u. The sapegation conditions were
used in both the cases.

0'25 Il 1 Il Il Il Il Il

With'flux'controjler SRR

Without

Current [p.u.]

|
o
in

—-0.15+
-0.21

—0.254

0 50 100 150 200 250 300 350 400
Time [us]

Fig. 7.13 Transformer input current in p.u. for the case with the DC/DC transfofffagrcon-
troller, black line, and without, grey line. The measurements are made fopatnalt-
age of 0.2 p.u. and an output voltage of 0.18 p.u.

From Fig/ 7.12 a) it can be seen that the flux controller alsoreanage steps in the
current. The method presented in Section 5.5.2 was implerdémthe experimental set-
up. From the figure, the initial limitation of the change oftage can be observed. The
first voltage pulse after the reference step is approximduaif of the second one which
is as desired.
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Chapter 8

Conclusions

8.1 Results from present work

In this thesis aspects regarding wind park designh and gndection has been treated.

Various wind turbine systems were investigated from anggneapture point of view.
It was found that the difference in energy capture betweenrnbestigated systems was
quite small, given a specific rotor diameter, the energy wapis almost the same re-
gardless of the system used. The selection of the systemusdaktthus depend on other
factors.

Using these results, six different electrical configunasiof wind parks were investi-
gated for the energy production cost. The investigation e for various wind park
sizes, different transmission lengths and different ayeraind speeds.

It should be stressed that the energy efficiency in itself lgtte importance, instead
it is the energy production cost that is the interesting ¢gjiarThe results regarding the
energy production cost for the AC wind parks was as expedtee small AC wind park
was best for short transmission distances (up to approgign@0km) and the AC/DC
wind park was best for long distances (above approximatédkm). The large AC wind
park is best in between the small AC and the AC/DC wind park.Sgrees DC wind park
showed a good potential to be cost effective, due to the lpiigsito operate without a
platform. It was found that an increased investment cost38 tan be allowed for the
series DC park before the production cost of this park is Eguhat of the large AC park.

Moreover, the electrical limiting factors when wind ingddilons are connected to the
grid were investigated. It was found that it is the line caiyaand the voltage limitations
that sets the limits for the installations. However, for $iwand parks using wind turbines
of fixed-speed types, care must be taken so that the flickessémnilimits, which are set
by the utilities, are not exceeded. An interesting obsematvas found regarding the
summation of flicker from individual wind turbines: it wasuiod that the summation
formula for flicker given in IEC 61400-21, can result in thiagtflicker prediction is too
low.
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Chapter 8. Conclusions

The main part of the thesis dealt with the dynamic invesiogeaf the series-connected
DC wind park concept. It was found that the proposed contraktesyy for the series-
connected wind turbines proved to operate the wind farmessfally in spite of large
variations in the individual turbine powers. However, thaavturbine controllers need a
control structure that can handle the operation of the tgrlihen the input power to the
turbines varies strongly. In order to avoid too high enengydpction loss, the output volt-
age rating of the wind turbine must be at least 35 % higherttinominal output voltage
(the transmission voltage divided by the number of ser@siected wind turbines).

As wind turbine unit DC/DC converters, two candidates wevestigated. The Full-
bridge isolated boost converter was used in the park simuaktsince it is the most
difficult one to operate in this application. The full bridgenverter was chosen for a
design analysis. A down-scaled version of this convertes ualt and the base current
controller functions were experimentally verified.

8.2 Future Research

There are several items regarding the series DC-convesgeistivorthy of further inves-
tigation.

The experimental prototype should be used also to test wmkover voltage limita-
tion operation.

A good idea is also to include a better model representafitimeovind turbine, with
an appropriate pitch and speed controller.

The generating system should also be more looked in to. bicpkar, a synchronous
generator with a diode rectifier, instead of the inductiorchiae and the IGBT rectifier,
could lead to a reduction of energy production cost. It waalkb be nice to build the
isolated boost converter and compare the performance gtfutl bridge converter.

The last item mentioned, but most certainly not the leastrasting is the fault han-
dling and protection design. This is a topic that also shbeldtudied further.
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Appendix A

Data for the implemented models

Turbine parameters Symbol Value
Turbine inertia (high speed side)/ 457 kgm?
Rated speed (electrical speed) 314 rad/s

Induction machine parameters Symbol Value

Rated voltage 400V
Rated current 3.5 kA
Stator resistance R, 0.73 nt)
Stator leakage inductance L, 56 uH
Rotor resistance Rr 0.58 2
Magnetizing inductance Ly 0.96mH
Pole pair number np 2
DC-link Symbol Value
DC-link capacitance C; 30 mF
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Appendix A. Data for the implemented models

FBIB converter Symbol  Value
Rated input voltage Uin 0.73 kV
Rated input current Tin 3.0 kA
Nominal output voltage UWTnom 19KV
Output capacitor Cout 70 uF
Input inductor L 0.25 mH
Inductor resistance Ry 1B 0.5m)

IGBT conduction resistance R, ger 1.1 nt2
IGBT conduction voltage drop Vi1 2V
Diode conduction resistance R, diode 42 M)
Diode conduction voltage dropV;,, giode 12V
Snubber resistance Reoubb 450¢)
Snubber capacitance Csnubb 200 uF

FBIB transformer parameters ~ Symbol  Value

Rating 2 MVA
Frequency 5 kHz
Leakage inductance 0.001 p.u.
Magnetizing current 10 %
Turns ratio 10
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Selected Publications

Paper |
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251-263, July/September 2005.

117



118



Paper Il

A. Petersson, S. Lundberg, “Energy Efficiency Comparison lettical Sys-
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