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EFFECT OF WIND TURBINES ON POWER SYSTEM OPERATION

ABSTRACT

In this thesis, effects of wind energy conversion systems on power system
operation and vice versa is investigated by a case study of the wind farm. The
electrical model of 12 wind energy conversion systems equipped with wound rotor
induction machine is developed. After model verification on one machine, whole
model of wind farm and power system , including point of common coupling, is used

for simulation for power quality analysis.

Site measurement was carried out at the point of common couplig as a part of
project, “Power Quality National Projects- Mobile Power Quality Measurements”.
The measured results are used for model verification. Wind speed measurement
result, which is used as input data in simulation, is obtained from wind farm
operators. Effects of wind farm on power system operation is evaluated by the help

of simulation results and site measurement results.

Like in other countries, which have particular wind energy conversion system in
their power system, in Turkey transmission system operator needs grid codes for
wind energy conversion systems. Contribution have been done in thesis for
developing grid codes by the help of results obtained, and developing an aggregated
model for wind energy conversion system having wound rotor induction machine

and its drive.

Keywords: Wind Energy Conversion System, Wound Rotor Induction Machine,
Power system, Power Quality.



RUZGAR TURBINLERININ GUC SiSTEMi UZERINE ETKIiSi
oz
Bu tezde riizgar enerjisi doniisiim sistemlerinin gii¢ sistemi {izerine etki ve karsi
etkileri bir riizgar c¢iftligi ornegi kullanilarak incelenmistir. Riizgar ciftliginde
bulunan yuvarlak rotorlu asenkron makine ile donatilmis 12 adet riizgar enerjisi
doniisiim sisteminin elektriksel modeli olusturulmustur. Tek makine modeli iizerinde

yapilan calismalara daha sonra tiim riizgar c¢iftligi ve baghh oldugu ortak kuplaj

noktasi itibariyle elektrik gii¢ sistemi dahil edilerek analizler yapilmistir.

Tez kapsaminda “Gii¢ Kalitesi Milli Projesi” mobil 6l¢iim ekiplerince riizgar
ciftliginin bagli oldugu trafo merkezinde elektriksel Olctimler yaptirilmis ve
kullamilmigtir. Riizgar c¢iftligi isletmecileri tarafindan yapilan riizgar hizi 6lclim
sonuclar1 bilgisayar modeli dogrulama simiilasyonlarinda girdi olarak kullanilmistir.
Simiilasyon sonuglar1 ve 6l¢iim sonuglar1 kullanilarak 6rnek riizgar enerjisi doniisiim

sistemi toplulugunun elektrik gii¢ sistemi ile karsilikli etkilesimi incelenmistir.

Riizgar enerjisi doniisiim sistemlerini elektrik gii¢ sistemi biinyesine katan diger
ilkelerde oldugu gibi ililkemizde de; enerji iletim ve dagitim sistemini ¢alistiranlar
tarafindan ihtiya¢c duyulan; “Riizgar Ciftlikleri Sebeke Baglanti Kurallar1” igin tez
kapsaminda elde edilen sonuglar vasitasi ile katki saglanmis ve yuvarlak rotorlu
asenkron makine ve siiriicii devresi ile donatilan riizgar enerjisi doniisiim sisteminin

birlestirilmis modeli gelistirilmistir.

Anahtar Kelimeler: Riizgar Enerjisi Doniisiim Sistemi, Yuvarlak Rotorlu Asenkron
Makine, Elektrik Gii¢ Sistemi, Gii¢ Kalitesi.
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CHAPTER ONE
INTRODUCTION

Sources of energy for the production of electricity are many and varied. Wind
power is being used as a clean and safe energy resource for electricity generation for
nearly a hundred years. The early established wind farms had relatively smaller
power rated generators with respect to conventional power stations. But nowadays,
large power rated offshore wind farms are being installed to control power system

data instead of conventional ones.

The wind farms have different impacts and functions on the performance of the
grid than conventional power plants, because of variation of wind speed in time.
Doubly fed and squirrel cage induction generators are widely used in wind energy
conversion systems. These generators are usually grid-coupled via power electronic
converters in order to control the voltage, frequency and power flow during the
variation of wind speed. As a consequence, wind turbines affect the dynamic
behaviour of the power system in a way that might be different from hydrolic or

steam turbines(Mutlu, Akpimnar & Balikci, 2009).

The increasing percentage of wind energy conversion systems in electrical power
production has amplified the need to address grid integration concerns. Power system
operators or transmission system operators(TSO) need simulation tools and scientific
practices before wind power-power system integration to guarantee reliable operation
of the system with wind power. Power system reliability consists of system security

and adequacy.

At the end of the 1980s, distribution network companies in Europe started to
develop their own interconnection rules or standards. In the beginning, each network
company that faced an increasing amount of interconnection asks the wind farms to
follow its own rules. During the 1990s, these interconnection rules were harmonised

on a national level, like in Germany and Spain.



In order to assure reliable operation, TSO demanded high short-circuit power
capability at wind farm connection buses, like at least 20 times greater than the wind
farm nominal power. These regularities impede further penetration of wind power

because of power system operational precautions.

Researchs on technologies, tools and practices for integrating large amounts of
wind power into electric power systems are attempting to increase knowledge and
resources. Interconnection rules need to be continuously reformulated because of the
increasing wind power penetration and the rapid development of wind turbine
technology (i.e. wind turbine ratings increased rapidly, from around 200kW in the
early 1990s to 34MW turbines in early 2004 and > 5 MW nowadays)(Matevosyan,
Ackermann & Bolik, 2005).

There are guidelines, recommendations and requirements which deal with the
technical data needed to assess the impact of wind turbines on power system and
discuss the requirements to be met by networks to which wind turbines are to be
connected. Research groups are founded by goverments, universities, manufacturers,
wind farm owners and power system operators to develop grid codes for wind farm-

grid integration.

European TSO launched an european wide grid study on the integration of wind
power, focusing on measures needed to be taken by legislators, regulators, TSO and
grid users, aiming at establishing a harmonised set of rules for the integration of wind
power. This set of rules is vital for the secure and reliable operation of the electricity
networks in presence of variable generation.(ETSO, 2007). There are also different

study groups founded for different countries with the same goal.

In the last years the trend has moved from installations including few wind
turbines to planning of large wind farms with capacity over hundreds of MW. A
model to investigate the power quality impacts of the wind farm during normal

operation on power system is given in (Hansen, Sorensen , Janosi & Bech, 2001).



The measured and simulated power quality performances of wind turbines during

normal operation is presented.

Chen (2005a) presented the grid connection issues of wind power systems. Also
the impacts of wind power on power quality, the grid requirements for integration of
wind turbines and potential operation and control methods to meet the chalenges are
stated. Chen (2005b) simulated the system with wound rotor induction generators
having rotor resistance controls and voltage stability and dynamic performance are

discussed with possible methods of improving the system performance.

The effects of short-circuit power capacity at the point of common coupling and
the reactive power compensation on the system stability were determined in
(Ledesma, Usaola, & Rodriguez, 2003). Flicker and switching operations, dynamic
stability, harmonic pollution, and voltage variations are the concerning issues about
the grid connection capacity of wind farms. The various power factor correction
strategies affects the voltage rise problems for fixed-speed wind turbine generators.
Because of these backdraws the connection capacity of wind farms is limitted to 20%
of the short circuit capacity at the point of common coupling(Dinic, Fox, Flynn, Xu
& Kennedy, 2006).

Holttinen et al.(2006) outlined impacts of wind power on the power system, the
national studies published/on-going and described the goals of the international
collaboration. Figure 1.1 shows impacts of wind power on power systems, divided in

different time scales and width of area relevant for the studies.
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Figure 1.1 Impacts of wind power on power systems, divided in different time scales and width of

area relevant for the studies.

At the time of developing the standard IEC 61400-21:“Measurement and
assessment of power quality characteristics of grid connected wind turbines-2001",
the wind turbines were mainly connected to the distribution grid, and the basic
concern was their possible impact on the voltage quality and not on power system
operation. This has changed with the development of large power rated wind farms
that may form a significant part of the power system. In consequence, today’s wind
turbines are able to control the power (active and reactive) delivered both in transient
and steady state, they can cope with power ramp requirements and they have low
voltage ride through(LVRT) capability. They may even contribute to the primary
frequency control, but then on the cost of dissipating energy. To this, IEC 61400-21
is also currently under revision to provide procedures for assessing these new wind

turbine characteristics (Estanqueiro, Tande & Pecas Lopes, 2007).

Wind farm projects in Turkey; built wind farms, wind projects waiting decision of
State Planning Organization, wind projects under contract discussion, wind projects
whose feasibility reports are being assessed, wind projects that awaits revision

feasibility reports, and wind projects that await feasibility are presented by



(Kenisarin, Karsli & Caglar, 2006). Actual status of wind power projects in Turkey

can be found in http://www.epdk.gov.tr/lisans/elektrik/lisansdatabase/verilentesis tipi.asp.

Additional total “97 MW” wind power installed and integrated to grid in Turkey, in
2007.

The purpose of this thesis is to analyze the counter effects of a selected wind farm
on power system and vice versa by appropriate modeling. The efforts and studies that

have been done for these goals can be listed as follows:

Firstly, model of a single wind turbine in the wind farm was implemented in
MATLAB/Simulink for transient tests and analysis. The simulation results for the
transient process in external short-circuit fault situations were obtained and the
impacts of the short circuit on wind turbine were analyzed. The MATLAB/Simulink

simulation results of the wind farm were presented in (Mutlu & Akpinar, 2005).

After getting results for a single wind turbine, it was necessary to form the
complete model of wind farm. PSCAD/EMTDC was used for this purpose; a detailed
model of the wind farm connected to Alacgati Substation was implemented in
PSCAD/EMTDC to simulate its impact on power system and vice versa. All wind
turbines and their interconnections are modelled seperately in PSCAD/EMTDC
simulation. Since all wind turbines are eqquipped with wound rotor induction

machine, special attention was given for rotor circuit modelling and speed control.

While studies about simulation were going on, measurements in the wind farm
had been carried out in the substation during 7 days in a week by power quality
monitoring set-up. The power quality impact of the wind farm has been investigated
through the comparison of the computed power quality characteristics from

PSCAD/EMTDC simulations with measured power quality characteristics.

Finally, aggregated modelling of the wind farm was investigated. An accurate
aggrageated model eliminates the need to develop a detailed model of a wind farm

with tens or hundreds of wind turbines and their interconnections, and to specify the



wind speed at each individual wind turbine within the farm. Aggregated model for
wound rotor induction machine was newly developed and aggregated model of the
wind farm in PSCAD/EMTDC was used to evaluate the effects of main parameters
on steady-state stability margin. PSCAD/EMTDC simulation results of the
developed aggregated model of the wind farm are compared with the
PSCAD/EMTDC simulation results of complete wind farm model for both standart

operation and grid disturbance.

The rest of the chapters are organized as follows; in Chapter 2, the structure of the
power system and power system connection issues of wind energy conversion
systems will be given in detail. Grid code studies about wind farms within the
“Power Quality National Project” and outcomes are analyzed and discussed for

further developmets in “Grid Codes for Wind Farm Grid Connections”.

The properties, classification and characteristics of Wind Energy Conversion

Systems will be given in Chapter 3.

In Chapter 4, the wind farm connected to Alagati Substation will be analyzed. The
simulated and measured system in this thesis is given for this wind farm. Wind
turbine generators, control system and power factor correction system of wind farm
will be presented. Details about the MATLAB/Simulink simulation of the wind
energy conversion system, which was used for energy conversion in the wind farm,

will be given.

In Chapter 5, the mathematical model of rotor circuit for wound rotor induction
generators is presented. The wind farm consists of twelve wind turbines eqquipped
with wound rotor induction generators. Two different rotor circuit designs were

evaluated for appropriate and accurate modelling.

Modeling issues of wind farms connected to grid will be discussed in Chapter 6.
PSCAD/EMTDC simulation tool, which was used to simulate the whole wind farm

and the grid, is introduced. The system data, priorities, simplifications that have been



done and other important fundamental information are given. Complete and

aggregated modeling results of the whole wind farm in PSCAD/EMTDC simulation

and site measurement results will also be presented in Chapter 6.

Conclusions will be given in Chapter 7. List of tables, list of figures, list of

abbreviations and conference/journal publications are given in Appendices.



CHAPTER TWO
POWER SYSTEM, DISTRIBUTED GENERATION, WECS
CONNECTION ISSUES AND GRID CODES

The interconnected power system is often referred to as the largest and most
complex machine ever built by humankind. This may be hyperbole, but it does
emphasize an inherent truth: there is a complex interdependency between different
parts of the system. The aim of this complex machine is to produce and deliver to the
consumers electric energy of defined parameters, where the main quantities
describing the electric energy are the voltage and frequency. It has to be operated to
ensure a continuous supply at the consumers terminals. The voltage should be a
sinusoidal wave with nominal amplitude and a frequency (Venkatasubramanian, &

Tomsovic, 2004), (Lubosny, 2003).

2.1 The Structure of the Power System

The power system can be separated into three major subsystems:

- Generation System,
- Transmission System,

- Distribution System.

Generation system includes generators, transmission system consists of
transmission lines, power transformers, capacitors, reactors, and distribution system
consists of subtransmission lines, distribution transformers, distribution lines and
loads. One line diagram of a typical power system, consisting only main parts, shown

in Figure 2.1.
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Figure 2.1 The main parts of typical AC 3 phase power system

2.1.1 Generation System

The vast majority of generation is carried out by synchronous generators. A
generator is an electromechanical machine composed of a static part (the stator) and
a rotating part (the rotor) whose relative position is changed periodically by rotating
angle wt. In other words, a generator is a three-phase electromagnetic machine
composed of time varying inductance /(¢#) and resistance r of stator and rotor

windings (Hase, 2007).

The source of the mechanical power, commonly known as the prime mover, are
hydraulic turbines, steam turbines or alternate sources. Hydraulic turbines operate
with low speed and their generators have salient type rotor with many poles. Steam
turbines operate relatively high speeds and coupled with cylindrical rotors. Alternate
sources can be listed as wind power, solar power, geotermal power, tidal power and
biomass (El-Hawary, 2000). The wind energy conversion systems connected to the

power system will be analyzed here.
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2.1.2 Transmission System

The purpose of the electric transmission system is the optimal high voltage
interconnection of the electric energy producing power plants or generating stations
with the loads. A three-phase AC system is used for most transmission lines. The
transmission systems usually contain loops to assure that each load substation is
supplied by at least two lines. This assures that the outage of a single line does not
cause loss of power to any customer. The system voltage is defined as the rms

voltage between two phases, also called line-to-line voltage(Karady, 2001).

2.1.3 Distribution System

The distribution system is the part of electric power system between the bulk
power source and the consumers’ service switches. It operates in low and medium
voltage levels and includes subtransmission systems; distribution substations;

distribution lines; and appropriate protective and control equipment(G6nen, 2004).

2.2 Power System Connection Issues of Wind Energy Conversion Systems

The wind farms have different impacts and functions on the performance of the
grid than conventional power plants, because of variation of wind speed in time.
Many studies have been performed on grid connected wind farms and related power
system issues. Different techniques and models have been used for determining
problems; the impacts of wind farms on technical and operational characteristics of
power systems and technical requirements for wind farm-grid connections were
analyzed. The doubly fed and squirrel cage induction generators are widely used in
wind energy conversion systems. These generators are usually grid-coupled via
power electronic converters in order to control the voltage, frequency and power
flow during the variation of wind speed. As a consequence, wind turbines affect the
dynamic behaviour of the power system in a way that might be different from
hydrolic or steam turbines. The factors that cause these affects will be analyzed in

this section.
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2.2.1 Location of the Wind Farm in the Electric Power System

The point of common coupling(PCC) of wind farms and the power system,
including the parameters of the power system, the parameters of wind farm and the
structure of the grid are of essential significance in further operation of the wind farm
in the power system and their influence on each other. The size and the location of
the considered wind farm and the parameters of the grid in that region highly

influences the appropriate PCC.

Wind farms must be located in the regions that have favourable wind conditions.
These regions can be shorelines and islands where the power network in these
regions can be named as “weakly developed”. A part of power grid can be named as
“weak” when it is electrically far away from the infinite bus of the interconnected
power system. The weak grids have lower short circuit power than strong grids
relatively. The short circuit power level in a given point in the electrical network
represents the system strength. Figure 2.2(a) illustrates an example of one line

diagram of wind farm connection to a grid and (b) shows phasor diagram.

Py Q

I
g
Infinite Bus
Wind )
Farm e — |
e
PCC
(@)
Ug
AU AUq
8 . .
U, AU,

(b)
Figure 2.2 (a) One line diagram of wind farm connection to a grid,

(b) Phasor diagram
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Wind farm is connected to the network with equivalent short circuit impedance,
Zi. The network voltage at the assumed infinite busbar and the voltage at the PCC are
U, and U,, respectively. The output power and reactive power of the wind farm are

P, and Q,, which corresponds to a current /,.
S P —j
I, = [_gj - P —io 2.1

The voltage difference, AU, between the infinite system and the PCC is given by

w B~ J0
U,~U,=AU=2Z., =(R + ]Xk)(% 2.2)

4

AU

_RP+X,0,  PX -OR
= U +J

8 8

=AU, + jAU, (2.3)

The short circuit impedance, the real and reactive power output of the wind farm
determines the voltage difference. The variations of the generated power will result
in the variations of the voltage at PCC. When the impedance Z; is small, then the grid
can be named as strong and when Z; is large, then the grid can be named as weak.

Since strong or weak are relative concepts, for a given electrical wind power capacity

P, the ratio,
2
R, == (2.4)
-

stated as the measure of the strength, where S, is short circuit power. The grid may
be considered as strong with respect to the wind farm installation if Rsc is above 20.
It is obvious from (2.4) that for large wind farm-grid connections, the PCC voltage

level have to be as high as possible to limit voltage variations(Chen, 2005a).
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As the amount of power system incorporated wind power continues rapidly to
increase; a distinction have been made between local wind turbines and large wind
farms. Large wind farms that are connected to transmission system are subject to grid
codes of TSO and must react like conventional power plants. Unlike local wind
farms that are connected to distribution system, these wind farms can be named as a

member of generation systems(Akhmatov, 2006).

Local wind farms are the most typical forms of distributed generation. Although
distribution systems are planned for unidirectional power flow from transmission
system to the consumers, the amount of distributed generation located at the
distribution level of electrical networks is showing rapid growth worldwide. Issues
such as new energy sources, efficiency of local energy production and modularity of
small production units are promoting this growth. On the other hand, large power
rated wind farms connected directly to the transmission level do not actually meet the
definition of distributed generation since those are named as the members of

generation system(Miki, Repo, & Jirventausta, 20006).

In case of wind farm installations on islands and offshore platforms the
underwater transmission of power to the mainland power system has to be performed
by cable. For long distance transmission, the transmission capacity of cables may be
mainly occupied by the produced reactive power, therefore ac transmission will meet
difficulties. In this situation high voltage direct current (HVDC) transmission
techniques may be used. The voltage source converter based HVDC system, provides
possibilities for performing voltage regulation and improving dynamic stability of
the wind farm as it will be possible to control the reactive power of the wind farm
and keep the voltage during the faults clearance and fast reclosures in the onshore
transmission system(Chen, 2005a). Figure 2.3 shows different wind farm

connections to grid.
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Figure 2.3 Different wind farm connections to a grid.

2.2.2 Impacts of Wind Farms on Power Quality

The currently existing power quality standard for wind turbines, issued by the
International Electrotechnical Commission (IEC), IEC 61400-21: “Measurement and
assessment of power quality characteristics of grid connected wind turbines”,Ed.1,
2001 defined the parameters that are characteristic of the wind turbine behavior in
terms of the quality of power, and also provides recommendations to carry out
measurements and assess the power quality characteristics of grid connected wind
turbines. Although the standard mainly describes measurement methods for
characterizing single wind turbines, there are methodologies and models developed
that enable, for well pre-defined conditions, to extrapolate the single turbine unit

parameters to the typical quality characteristics of wind farms.

Until the development of IEC 61400-21 there were no standart procedures for
determining the power quality characteristics of a wind turbine, and simplified rules
like; requiring a minimum short-circuit ratio of 25 or that the wind farm should not
cause a voltage increment of more than 1%, were often applied for dimensioning the
grid connection of wind turbines. This approach has proved generally to ensure

acceptable voltage quality; however, it has been costly by imposing grid
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reinforcements not needed and has greatly limited the development of wind farms in

distribution grids.

Table 2.1 gives the list of the factors and characteristics identified [Estanqueiro
et.al., 2007] with highest influence on the power quality of wind turbines and the
parameters more adapted to their quantification, to act as normalized quality
indicators by the help of the outcomes of some European funded research projects

and IEC 61400-21(Estanqueiro, Tande, & Pecas Lopes, 2007).

Table 2.1 Factors and characteristics with impact on the power quality of wind farms.

Wind Turbine Technology Grid Conditions at the PCC

Type of Electrical Generator Short Circuit Power and X/R ratio

Gearbox or Gearless Transmission Interconnection Voltage Level and Regulation
Direct/Controlled Connection to the Grid Type of Interconnecting Transformers

Coordination of the Protections

Wind Farm Design and Control Wind Flow Local Characteristics

Number and Nominal Power of the Wind Turbulence Intensity
Turbines

Wind Farm Internal Power Collecting Turbine Operation Under Wake Flow
System Characteristics (X/R)

Possible Capacity Effects from the Wind Spectrum of the Wind 3D Components
Farm Internal Cabling System

Added Power/Voltage Control and Spatial Variability of the Wind
Regulation

Since voltage variation and flicker are caused by power flow changes in the grid,
operation of wind farms may affect the voltage in the connected network. On the
local level, voltage variations are the main problem associated with wind power. This
can be the limiting factor on the amount of wind power which can be installed. If
necessary, the appropriate methods should be taken to ensure that the wind turbine
installation does not bring the magnitude of the voltage at PCC outside the required

limits.
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In normal operational condition, the voltage quality of a wind turbine or a group
of wind turbines may be assessed in terms of the following parameters: Steady state
voltage under continuous production of power, voltage fluctuations as flicker during

normal operation and flicker due to switching(Chen, Blaabjerg, & Sun, 2004).

2.2.2.1 Steady-State Voltage

The equation for the voltage difference at PCC of a wind farm is given by (2.2).
The voltage difference can be calculated with load flow methods as well as other
simulation techniques. The voltage at PCC should be maintained within the grid
codes of the TSO. The voltage in the connected network may be affected by
operation of wind turbines. The appropriate methods should be taken to ensure that
the wind turbine installation does not bring the magnitude of the voltage outside the
required limits. Modelling, simulation and load flow studies must be conducted to
assess this effect to ensure that the wind farm installation does not bring the

magnitude of the voltage outside the required limits of the TSO.

A wind turbine installation may be assumed as a PQ node, which may use ten
minutes average data as; Py, and Q. , or 60 s average data as; Psp and Qs , or 0.2 s
average data as; Pp> and Qp2. A wind farm with multiple wind turbines may be
represented with its output power at the PCC. Ten minutes average data and 60 s
average data can be calculated by simple summation of the output from each wind

turbine, whereas 0.2 s average data may be calculated according to (2.5) and (2.6);

N, N,

Py =) B +,> (Ry—F,) (2.5)
i=1 i=1
N, N,

QoAzz = ZQ/z,i + \/Z (QoAzi - Qn,i)z (2.6)
i=1 i=1

where P,;, O, are the rated real and reactive power of the individual wind turbine;

Py, is the highest valid 0.2 second average real power data of the individual wind
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turbine recorded during the measurement period specified in the standart, Qy ,; is the
0.2 average reactive power data at Py of the individual wind turbine, N, is the

number of wind turbines in the wind farm(IEC61400-21, 2001).

2.2.2.2 Voltage Fluctations

Flicker is defined as an impression of unsteadiness of visual sensation induced by
a light stimulus, whose luminance or spectral distribution fluctuates with time, which
can cause consumer annoyance and complaint. Flicker can become a limiting factor
for integrating wind turbines into weak grids, and even into relatively strong grids
where the wind power penetration levels are high. The allowable flicker limits for

Turkish National Transmission System is given in Table 2.2.

There are two types of flicker emissions associated with wind turbines, the flicker
emission during continuous operation and the flicker emission due to
switchings(IEC, 2001). Often, one or the other will be predominant. In order to
prevent flicker emission from impairing the voltage quality, the operation of the
generation units should not cause excessive voltage flicker. [EC 61000-4-15 specifies
a flickermeter which can be used to measure flicker directly (IEC, 1997). The flicker
measurement is based on the measurements of three instantaneous phase voltages
and currents followed by using a “flicker algorithm” to calculate the Py and Py,
where Py, is the short term flicker disturbance factor and measured over 10 minutes,
and the long term flicker disturbance factor Pj is defined for two hour periods.

Disturbances just visible are said to have a flicker disturbance factor of Py, = 1.

Table 2.2 Short-term and Long-term flicker disturbance factor limits for Turkish National

Transmission System

Voltage Level (kV) Pst PIt

V> 154 kV 0.85 0.63
345kV<V<154kV 0.97 0.72
1kV<V<345kV 1.15 0.85
V<1kV 1.15 0.85
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The flicker emissions from a wind farm installation should be limited to comply
with the flicker emission limits. Different utilities may have different flicker

emission limits. The assessments of the flicker emissions are described below.

2.2.2.2.1 Continuous Operation. The flicker emission produced by grid connected
wind turbines during continuous operation is mainly caused by fluctuations in the
output power due to wind speed variations, the wind gradient and the tower shadow
effect; blocking of the air flow by the tower results in regions of reduced wind speed
both upwind and downwind of the tower. As a consequence of the combination of
wind speed variations, the wind gradient and the tower shadow effect, an output
power drop will appear three times per revolution for a threebladed wind turbine.
This frequency is normally referred to as the 3p frequency. For fixed speed wind
turbines with induction generators, power pulsations up to 20% of the average power

at the frequency of 3p will be generated.

Wind characteristics as mean wind speed and turbulence intensity and also grid
conditions as short circuit capacity, grid impedance angle and load type are the
factors that affect flicker emission of grid-connected wind turbines during continuous
operation. Flicker emmision is also related to the type of wind turbine. Better
performance of variable speed wind turbines have been reported, related to flicker
emission in comparison with fixed speed wind turbines. Variable speed operation of
the rotor has the advantage that the faster power variations are not transmitted to the
grid but are smoothed by the flywheel action of the rotor(Sun, Chen & Blaabjerg,
2005).

The flicker emission from a single wind turbine during continuous operation may

be estimated by:

S
P, =c,(y, ,va)S—” 2.7)

sc
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where ¢, (y,,v,) is the flicker coefficient of the wind turbine for the given network

impedance phase angle, y,, at the PCC, and for the given annual average wind

speed, v,, at hub-height of the wind turbine, S, is the rated apparent power of the
wind turbine. A table of data is needed, that is produced from the measurements at a
number of specified impedance angles and wind speeds. From the table, the flicker

coefficient of the wind turbine for the actual y, and v, at the site, may be found by

applying linear interpolation. The flicker emission from a group of wind turbines

connected to the PCC is estimated using equation (2.8)

1 N,
Pstz = S_\/;(Cf,l (l//k’va )*S‘n,i)2 (28)

sc

where ¢ Fi (w,,v,)1s the flicker coefficient of the individual wind turbine; S,,; is the

rated apparent power of the individual wind turbine; N,, is the number of wind
turbines connected to the PCC. If the limits of the flicker emission are known, the

maximum allowable number of wind turbines for connection can be determined.

2.2.2.2.2 Switching Operation. Switching operations will produce flicker. Typical
switching operations are the start and stop of wind turbines. Start, stop and switching
between generators or generator windings will cause a change in the power
production. The change in the power production will cause voltage changes at the
PCC. These voltage changes will, in turn, cause flicker. Hence, switching operations
must be considered in wind turbine grid interconnections. The flicker emission due to

switching operations of a single wind turbine can be calculated as

Sll
P, =18.N k, (v, )S— (2.9)
where k,(y,)is the flicker step factor of the wind turbine for the given y, at the

PCC. The flicker step factor of the wind turbine for the actual ¥, at the site may be

found by applying linear interpolation to the table of data produced from
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measurements. Flicker step factor is a normalised measure of the flicker emmision
due to a single worst-case switching operation. The worst case switching operation is
commonly a start-up, although IEC 61400-21 also requires the assessment of
switching operations between generators, if applicable to the wind turbine in

question.

The flicker emission from a group of wind turbines connected to the PCC can be

estimated from:

031
18 [

Pstz :S_‘{ZNm,i'(kf,i(l//k)Sn,i)m} (2.10)
i1

sc

where k Fi (w,)1s the flicker step factor of the individual wind turbine; Njg; is the

number of switching operations of the individual wind turbine within 10 minute
period. S,,; is the rated apparent power of the individual wind turbine; if the limits of
the flicker emission are given, the maximum allowable number of switching
operations in a specified period, or the maximum permissible flicker emission factor,

or the required short circuit capacity at the PCC may be determined.
2.2.2.3 Harmonics

Harmonic disturbances are a phenomenon associated with the distortion of the
fundamental sine wave and are produced by non-linearity of electrical equipment.
Harmonics cause increased currents, power losses, possible destructive overheating
in equipment, resonance and problems in communication circuits. Harmonic
standards are specified to set up the limits on the total harmonic distortion(THD) as

well as on the individual harmonics.

The emmisions of harmonic currents during continuous operation of a wind
turbine with a power electronic converter has to be stated according to IEC 61400-21
and in accordance with IEC 61000-4-7. The individual harmonic currents will be

given as 10-minute average data for each harmonic order up to the 50th at the output
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power giving the maximum individual harmonic current and further the maximum

THD also has to be stated.

Harmonic emmisions had been reported from a few installations of wind turbines
with induction generators but without power electronic converters before IEC 61400-
21 was developed. Since there was no known instance of customer annoyance or
damage to equipment as a result of harmonic emmissions from such wind turbines,
IEC 61400-21 does not require measurements of harmonic emmisions from them.
Harmonic emmisions of wind turbine installations has been measured and reported in
the literature. A common conclusion in these observations is that the harmonic
current emission is below the recommended values. In general harmonic standards
can be met by modern wind turbines(Chen, 2005a), (Tande, 2005), (Thiringer, Petru,
& Lundberg, 2004).

2.2.2.4 Revision of International Standart: IEC 61400-21

It is stated that [EC 61400-21 is currently under revision to provide procedures for
assessing the newly developed wind turbine characteristics(Estanqueiro, Tande, &
Pecas Lopes, 2007). When the IEC 61400-21 standard was developed as published,
the assessment of the wind turbine’s power quality was, in its essence, the
assessment of the turbines voltage quality. The reason for this was that at the time of
developing the standard, the wind turbines were mainly connected to the distribution
grid, and the basic concern was their possible impact on the voltage quality and not
on power system operation. This has changed with the development of large wind
farms that may form a significant part of the power system. In consequence, today’s
wind turbines are able to control the power delivered both in transient and steady
state, they can cope with power ramp requirements and they have LVRT capabilities.
They may even contribute to the primary frequency control, but then on the cost of

dissipating energy.
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2.2.3 System Stability

Stability analysis of the power system is a large area that covers many different
topics. A formal definition of power system stability is provided by “IEEE/CIGRE
Joint Task Force on Stability Terms and Definitions” as the ability of an electric
power system, for a given initial operating condition, to regain a state of operating
equilibrium after being subjected to a physical disturbance, with most system
variables bounded so that practically the entire system remains intact. Figure 2.4
shows the overall picture of the power system stability problem, identifying its

categories and subcategories(Kundur et.al., 2004).

Power System
Stability

Rotar Angle Frequency Voltage

Stability Stability Stability
Small-Disturbance Transient Large- Small-

Angle Stability Stabilty D|sturbanc9 Disturbance
Voltage Stability Voltage Stability
] [ |
I [ |
Short Term | ‘ Short Term ‘ Long Term
Short Term Long Term

Figure 2.4 Classification of power system stability.

When an induction machine is used as a grid connected energy conversion unit,
severe voltage sags due to faults in the connecting network cause significant speed
increase of the turbine and generator rotor. After voltage recovery, the rotor speed of
the induction generator may be so high that it does not return to the prefault value.
Listed stability concepts used in power system analysis and shown in Figure 2.4 do
not include this phenomenon. Samuelsson and Lindahl provided a tentative
definition for this phenomenon and named it as rotor speed stability. Rotor speed

stability refers to the ability of an induction machine to remain connected to the
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electric power system and running at a mechanical speed close to the speed
corresponding to the actual system frequency after being subjected to a

disturbance(Samuelsson & Lindahl, 2005).

Tripping of transmission lines, loss of production capacity and short circuits are
named as power system faults which are related to system stability. These failures
affects the balance of both real and reactive power and change the power flow.
Though the capacity of the operating generators may be adequate, large voltage
drops may occur suddenly. The unbalance and re-distribution of real and reactive
power in the network may force the voltage to vary beyond the boundary of stability.
A period of low voltage may occur and possibly be followed by a complete loss of
power. Many of power system faults are cleared by the relay protection of the
transmission system either by disconnection or by disconnection and fast reclosure.
In all the situations the result is a short period with low or no voltage followed by a
period when the voltage returns. A wind farm nearby will see this event. In early
days of the development of wind energy only a few wind turbines, named earlier as
local wind turbines, were connected to the grid. In this situation, when a fault
somewhere in the lines caused the voltage at the PCC of local wind turbines to drop,
local wind turbines were simply disconnected from the grid and were reconnected

when the fault was cleared and the voltage returned to normal.

Because the penetration of wind power in the early days was low, the sudden
disconnection of a wind turbine or even a wind farm from the grid did not cause a
significant impact on the stability of the power system. With the increasing
penetration of wind energy, the contribution of power generated by a wind farm can
be significant. If a large power rated wind farm is suddenly disconnected at full
generation, the system will loss further production capability. Unless the remaining
operating power plants have enough “spinning reserve”, to replace the loss within
very short time, a large frequency and voltage drop will occur and possibly followed
by a blackout. Therefore, the new generation of wind turbines is required to be able
to LVRT during disturbances and faults to avoid total disconnection from the grid. In

order to keep system stability, it is necessary to ensure that the wind turbine restores
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normal operation in an appropriate way and within appropriate time. This could have
different focuses in different types of wind turbine technologies, and may include
supporting the system voltage with reactive power compensation devices, such as
interface power electronics, SVC, STATCOM and keeping the generator at
appropriate speed by regulating the power etc.(Chen, 2005a)

2.3 Grid Codes for Wind Energy Conversion Systems

Modern MW wind turbines currently replace a large number of small wind
turbines and there is a significant attention to offshore wind farms, mainly because of
higher average wind speed and no space limitations. Large power rated wind farms
are started to operate in superior power systems and more large power rated wind

farms are in construction or in the planning stage all over the world.

However, in order to achieve objectives as continuity and security of the supply, a
high level of wind power into electrical network posses new challenges as well as
new approaches in operation of the power system. Therefore countries started to
issue dedicated “grid codes” for connecting the wind turbines/farms to the electrical

network addressed to transmission and/or distributed system.

These requirements have focus on power controllability, power quality, LVRT
capability and grid support during network disturbances. Grid code regulations often
contain costly and demanding requirements for wind farm operators due to the
increase in share of wind farms in power production. Large wind farms connected at
the transmission level have to act as a conventional power plant and participate in

primary (local) and secondary(system level) frequency/power control.

Since these demanding requirements can limit the penetration of the wind power
in a given area, it was stated that grid codes and other technical requirements should
reflect the true technical needs for system operation and should be developed in
cooperation between TSO, the wind energy sector, government bodies, universities

and research institutes(lov, Hansen, Sgrensen, & Cutululis, 2007), (EWEA, 2005).
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Study and research groups are founded in different countries to investigate about
further development of wind power utilization in power systems and the
consequences on system stability, operation and grid extensions. With the
experiences and results acquired from these studies, existing grid codes are evaluated

and improved in all aspects.

In Turkey, the currently existing regulations for grid connected wind farms and
other kind of renewable energy power plants are given in “Elektrik Iletim Sistemi
Arz Glivenilirligi ve Kalitesi YoOnetmeligi” and “Elektrik Piyasas1 Sebeke
Yonetmeligi”. Since, the share of wind power in power system continuously
increases, issuing a dedicated grid code for grid connected wind farms in Turkey

becomes a necessity.

Studies and investigations about Turkish transmission system grid codes for wind
farms are being still continued by Turkish TSO(TEIAS). Since TEIAS and Dokuz
Eyliil University are participants of “Power Quality National Project, the further
developmets in draft version of “Riizgar Santrallar1 Sebeke Baglanti Kriterleri - Grid
Codes for Wind Farm Grid Connections” has been considered in this thesis. After
getting the results of simulations and scientific researches, that have been carried out
during this study, the proposals and suggestions were transfered to TEIAS about the
new grid codes. The outlines of the new grid code are given below with relevant

information.

2.3.1 Low Voltage Ride Through(LVRT) Capability

Conventional synchronous generators are equipped with exciter and voltage
control. Besides, energy is also stored in the magnetic fields within the machine,
particularly in the rotor circuits. Therefore, synchronous generators are able to supply
high short-circuit currents to the fault location during considerable time intervals.

High generator short-circuit currents keep the voltage within the grid relatively high
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and thus the low voltage area caused by the fault is reduced. In consequence, less

consumer, wind turbines or other distributed generator units are affected.

However, many conventional power plants will be replaced by large power rated
wind farms in the future. In the past, local wind turbines were allowed to disconnect
from the system in case of a fault. As wind turbines begin to replace conventional
generation, there is an increasing requirement that they should remain connected to
the power system during faults. Due to this requirement, power system operators in
many countries have recently established transmission and distribution system grid
codes that specify the range of voltage conditions for which wind turbine generators
must remain connected to the power system. These are commonly referred to as the
LVRT specifications and achieving these requirements is a significant technical issue

on which turbine manufacturers are still working.

In terms of wind farms, LVRT capability indicates that a wind farm should stay
connected to the network following voltage dips caused by short-circuit or lightning
on any or all phases, where the voltage measured at the high voltage terminals of the
grid connected transformer remains above the solid line of Figure 2.5. The vertical
axis shows the percentage of voltage change and horizontal axis shows the time in
miliseconds. The given limits of Figure 2.5 are changed for new wind farms, which

will be integrated to the transmission system after 01.01.2009, as seen in Figure 2.6.
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Figure 2.6 LVRT capability limits for wind turbines connected after 01.01.2009 to transmission

system of Turkey
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Zone 1, zone 2, and all above solid line specifies the range of voltage conditions
for which wind turbine generators must remain connected to the power system.
When the system voltage gets in zone 1 just after the fault, the wind turbine have to
increase active power production in %20 of rated power for each second, and have to
reach its maximum active power production. When the system voltage gets in zone 2
just after the fault, the wind turbine have to increase active power production in %35
of rated power for every second, and have to reach its maximum active power

production.

LVRT capability limits are based on a time voltage diagram and are important
subjects of grid codes that affect the appropriate wind turbine tecnology for wind
farm installations. If wind farms disconnect from the grid in case of a voltage dip;
depending on the output of wind generation connected at that time, system reserve
might be insufficient to make up the shortfall and under-frequency load shedding
might be necessary. A voltage dip that causes the loss of a conventional generator, in

addition to the widespread loss of wind generation, is an even more severe scenario.

According to the grid codes, wind farm operators have to provide evidence of the
fulfilment of LVRT capability requirements for their particular case. For single wind
turbines it may be sufficient to present a certificate for LVRT capability, but large
power rated wind farms need to be investigated by simulations which include steady
state as well as dynamic studies. Besides, fulfilling grid requirements must be

monitored continuously after installation(Erlich, Winter, & Dittrich, 2006).

2.3.2 Reactive Power and Voltage Variations

Equation (2.4) shows that the voltage variation at PCC are related to the reactive
power output of wind farms. The fundamental requirement is that the steady state
voltage variation in the grid, after the integration of a wind farm, must be maintained
within a certain range. This requires a dynamic control of reactive power in wind

farm due to the variation of active power generation.



29

Analysis of the impact of fluctuating wind generation output on the voltage
performance of different parts of power grids showed that a fixed power factor would
lead to unacceptable voltage variation as wind generator output varies. A power
factor range of 0.95 leading to 0.95 lagging was found to limit voltage variation to an
acceptable level. As grid codes are updated, reactive power requirements are also can

be changed for secure power system operation with large power rated wind farms.

The power factor range shown in Figure 2.7, was adopted by TEIAS as many
other countries. Wind farm that will be connected to transmission system must be
operated in this power factor range, and this will be suitable for a wide range of
system conditions. The range is not too dissimilar to grid code requirements for
conventional generation and does not impose unreasonable costs on wind energy

conversion system developers.
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Figure 2.7 Reactive power requirements for wind farms in Turkey.

Wind farms have to provide voltage support during faults and, to some extent,
also during normal operation. According to new grid codes of TEIAS; voltage

support is required when the terminal voltage exits the dead band of +10% around
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the operating point which is shown in Figure 2.8. The wind farm’s reactive power
output should be regulated within its reactive power range to achieve the set-points.
As seen from the slope of control characteristic, the minimum reactive
current/voltage gain required is 2.0 pu. According to this, a reactive current of 1.0 pu
will be supplied when the voltage level is 0.5 pu or 1.5 pu. Furthermore, the rise time
required for this control is less than 20 ms and the reactive current support must

continue at least 3 S. I...cive 1S the reactive current and I, is the rated current of the

wind farm.
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Figure 2.8 Voltage support characteristic of wind farms in Turkey.

To ensure variable voltage support during normal operation utilities can require
continuous voltage control too, as practised by conventional synchronous generators.
Fast continuous voltage control guarantees also maximum available reactive current
in-feed during faults and some smoothening of voltage flicker may be caused by the
fluctuating wind power. Large power rated offshore wind farms are candidates for
continuous voltage control. Besides, wind farms have to provide a contribution to
stabilizing power system electromechanical oscillations that require the design of

voltage controller taking power system stability aspects into account(Erlich, Winter,
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& Dittrich, 2006), (Fagan, Grimes, McArdle, Smith, & Stronge, 2005), (TEIAS,
2008).

2.3.3 Frequency Range, Control of Frequency and Active Power

In the power system, the frequency is an indicator of the balance between
production and cunsumption. The issues affecting the power system frequency that
are important for wind farms can be listed as; frequency range, provision of

frequency control, provision of active power and ramp rates.

The frequency ranges that are required for conventional generators, will be
required for wind generators which will be integrated to transmission system after
01.01.2009 in Turkey. Power system frequency usually remains within the normal
operating range, but there are occurrences where the frequency deviates outside the
range and TSO must ensure that all generators connected to the system can tolerate
these frequency excursions. Generators are required to operate within the normal
operating range continuously at normal rated output. All generators must be capable
of staying “synchronised”, in the case of conventional plant, and “connected”, in the
case of wind generators, to the transmission system at frequencies and periods given

in Figure 2.9 below.

I A1
{]0 min 20 min | 4hou.th'\< Continuously \\/<

/N

47.5 48 485 49 495 50 50.5
Frguency Range (Hz)

Figure 2.9 Frequency range for wind farms in Turkey.
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Frequency control has been traditionally provided by conventional thermal plants
through the use of on-load governors. However, as more wind generation replaces
conventional plant, wind generators must also provide this service. The requirements
for the provision of frequency control are set out in power-frequency control curves,

which are shown in Figure 2.10.

Available Active Power Available Active Power

303 Hz. %4100 ¢

%100

Y40 [T ................

%0 %0

Frequency 50 e

(a) (b)

Figure 2.10 Power-frequency control curves: (a) Without underfrequency control, (b) With

47.5 Frequency

underfrequency control

Two different power-frequency control curves are shown in Figure 2.10; power-
frequency control curve without underfrequency control in Figure 2.10(a) and power-

frequency control curve with underfrequency control in Figure 2.10(b).

According to the given curve in Figure 2.10(a), which is adopted by TEIAS; wind
farms have to participate in frequency control only in case of overfrequencies(above
50.3 Hz. for this curve) by decreasing production. During normal power system

operation, wind farm can produce 100% of its possible active power.

Wind farms have to keep their production lower than possible above the
frequency “a(for example 49.3 Hz.)” in order to participate in frequency control in
case of underfrequencies according to the given curve in Figure 2.10(b). The reduced
active power output at frequencies in the normal range; between b(for example 49.7

Hz.) and c(for example 50.3 Hz.), allows for an increase in output when the
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frequency falls below the defined limit b(49.7), and thus assisting in increasing the
frequency. The limits “a, b, ¢, d, e” can be adjusted according to the system

characteristics by the TSO.

In order to avoid long-term unbalanced conditions in the power system, the power
demand is predicted and power plants adjust their power production. The
requirements regarding active power control of wind farms aim to ensure; a stable
frequency in the system as detailed above, to prevent overloading of transmission
lines, to ensure compliance with power quality standarts and to avoid large voltage

steps and in-rush currents during startup and shutdown of wind turbines.

According to the new grid codes; each wind farm connected to Turkish
transmission system must be capable of accepting an active power set-point signal
from TEIAS and implementing the necessary changes. If necessary; the output power
of wind farms will be controlled in the range of %20-%100 of rated powers by
TEIAS.

Ramp rates refer to the change in active power output over time. The maximum
ramp rates of wind farms complies with the conventional plants’ ramp rates to

prevent adverse effects with the new grid code:

(a) Ramp rate for wind farms under 100 MW rated power
%5 of Rated Power in a minute.
(b) Ramp rate for wind farms over 100 MW rated power

%4 of Rated Power in a minute.

2.3.4 Signals, Control and Communications

In most regulations, the wind farm operator is required to provide the signals
necessary for the operation of the power system. The signals, control and
communications requirements specified in the grid codes are originally written with

conventional generation in mind. There are also a number of new signals and control
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commands that are required due to the implementation of the various requirements as

detailed above.

As the source for wind generation is the wind, the TSO must receive
meteorological data from each wind farm site. This is essential for the TSO to run its
own wind forecasting programs. The meteorological signals that are required are
wind speed and direction, air temperature and air pressure. The meteorological data
signals can be provided by a dedicated on-site meteorological mast, or, if the wind
farm can prove that the signals would be as accurate or more accurate taken

elsewhere then this can be allowed.

The TSO also needs to be able to control each wind farm. The control signals that
each wind farm must be capable of accepting are active power curtailment signal; a
signal to change the mode of the frequency controller and a signal to set the kV
setpoint for voltage regulation purposes. In the case of a total or partial system
blackout, the TSO shall send the wind farm a trip and inhibit signal which shall
prevent the wind farm from reconnecting. The TSO must be able to communicate
with a responsible operator for the wind farm, who must also be on site within one
hour. Large power rated wind farms must provide power output forecasts to the
TSO(Fagan, Grimes, McArdle, Smith, & Stronge, 2005), (Matevosyan, Ackermann,
& Bolik, 2005).



CHAPTER THREE
WIND ENERGY CONVERSION SYSTEMS
PROPERTIES, CLASSIFICATION AND CHARACTERISTICS

Grid connected wind energy conversion systems are designed and build for
converting wind energy into electrical energy, which is fed into grid. A group of
wind energy conversion systems, which are connected to the same PCC, consists a

“wind farm - wind power plant” as shown in Figure 3.1.

- b b
ot
Pt

Figure 3.1 Wind farm configuration

Wind power has quite distinctive generation characteristics compared to
conventional generation. Typical technical features of wind farms and performance
indicators which make them different from conventional power generators will be

discussed in this chapter.

3.1 Components of Grid Connected Wind Energy Conversion System

Grid connected wind energy conversion systems are composed of; wind turbine,

control system and grid integration system.

35
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Table 3.1 . Components of Grid Connected WECS

Wind turbine Nacelle, Generator, Rotor(Blades&Hub), Shafts(Low
Speed-High Speed), Gearbox, , Brakes, Tower, Yaw:
Shown in Figure 3.2.

Control System Control and comunication devices, Wind Sensors.

Grid Integration System | Step-up  Transformers, Cables, Substation(PCC),

Companzation Equipments, Protection devices.

Pitch

=Y Control
Blade
Nacelle
High Speed
Brake Low
™ Speed
shart | (Gear Generator
Hub
Box
M
Rotor Drive Train
Yaw

v Tower

Figure 3.2 Major components of a wind turbine.

The blades and the hub together are called the rotor, which converts wind energy
to mechanical energy. The efficiency of this conversion depends on several factors
such as blade profiles, pitch angle, tip speed ratio and air density. The pitch angle, f
is the angle of the blades towards the rotational plane. If the pitch angle is low, the
blades are almost perpendicular to the wind and if the pitch angle is high (near 90

degrees) the blades are almost in parallel with the hub direction.

A wind turbine can be equipped with any type of three-phase generator. Several
generic types of generators may be used in wind turbines; squirrel cage induction
generators, wound rotor induction generators, doubly fed induction generators,
wound rotor synchronous generators, and permanent magnet synchronous generators.
Also high voltage generators, switch reluctance generators and transverse flux

generators are reported as other types of potential interest(Hansen, 2005).
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3.2 Classification of Wind Energy Conversion Systems

The most commonly applied wind turbine configurations are classified; by their
ability to control turbine speed, by the type of power control used, by the type of grid
connection, and by the type of the generator used. Wind turbines have to be designed
with some sort of power control in order to limit the power in very high winds and
avoid damage to the wind turbine. Stall control, pitch control and active stall control
are the methods for power control in wind turbines. Active stall control means that
the pitch angle is adjusted slightly at higher wind speeds in order to obtain
appropriate power level. Wind turbines can be connected to the grid directly, by one
power electronic converter or by two power electronic converters; one for stator and

one for rotor, (doubly fed).

3.2.1 Fixed Speed Wind Turbines

The wind turbines of early installations operate at near constant speed. This means
that regardless of the wind speed, the angular speed of the rotor is fixed and
determined by the frequency of the grid, the gear ratio, and the generator layout.
They are designed to achieve maximum efficiency at one particular wind speed.
Induction generators and the wound rotor synchronous generators have been applied,

where the majority have been based on the induction generator.

Fixed speed wind turbines generally use squirrel cage induction generators with
direct grid connection so as to maintain a fixed speed that matches the electrical
frequency of the grid. The reasons for this popularity are mainly due to its simplicity,
high efficiency, and low maintenance requirements, which generally are restricted to
bearing lubrication only. When the induction generator is coupled directly to the
supply grid, the wind turbine will have a very high impact on the supply grid because
of the necessity to obtain the excitation current from the supply grid. Also, because
of the steep torque speed characteristic of an induction generator, the fluctuations in
the wind power will to some extent be transferred directly to the supply grid. These

transients become especially critical during connection of the wind turbine to the
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grid. To overcome these two problems, wind turbines based on a squirrel cage
induction generator are usually equipped with a soft-starter mechanism and an
installation for reactive power compensation. Fixed speed wind turbines have a
certain impact on the supply grid, especially in the areas with weak supply grids and

a high penetration of wind energy(Helle & Blaabjerg, 2002).

In order to operate the fixed speed systems at low and high wind speeds
efficiently, pole changing is generally employed. Smaller number of pole pairs is
used at high wind speeds and higher number at lower wind speeds. This allows the
generator to operate at a different mechanical speed without affecting its electrical
frequency. The advantage is that a cost-effective aerodynamic control like stall
control can be used. The drawbacks of fixed speed systems can be listed as

follows(Chowdhury & Chellapilla, 2006);

a) Available wind power cannot be optimally used due to constant speed
operation.

b) Since there is no inherent reactive power control method in this
configuration, compenzation equipment must be used for not to draw the
reactive power from the grid.

c) Since the generator is made to run at a constant speed in spite of fluctuations
in wind speed, it will result in fluctuation of generated voltage as well as

output power.

3.2.2 Variable Speed Wind Turbines

Variable speed wind turbines with power electronic converters has become more
common than traditional fixed speed wind turbines. Modern wind farms are mostly
equipped with variable speed wind turbines that are usually operated to maintain the
maximum aerodynamic efficiency condition, so the maximum power can be obtained
from the actual wind at every instant and delivered to the power system. This
operation strategy is generally denominated maximum power tracking. Fast control

of active and reactive power can be achieved from these types of turbines. Variable
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speed operation yields more energy than the fixed speed operation, providing
benefits in reducing power fluctuations and improving var supply. Also, better
performance of variable speed wind turbines, related to flicker emission in

comparison with fixed speed wind turbines have been reported(Larsson, 2002).

In variable speed systems, the turbine rotor absorbs the mechanical power
fluctuations by changing its speed. So the output power curve is smoother which
greatly enhances the quality of power. The reason is that variable speed operation of
the rotor has the advantage that the faster power variations are not transmitted to the
grid but are smoothed by the flywheel action of the rotor. However, since variable
speed operation produces a variable frequency voltage, a power electronic converter
must be used to connect to the constant frequency grid. Economical power electronic

devices have made the variable speed technology more prefered and common.

3.2.3 Typical Wind Turbine Configurations

Studies have been performed and reported about different wind turbine
configurations in the literature, to adapt the designs to the requirement of improved
grid compatibility with increasing wind power penetration. As a result, there are four
typical wind turbine configurations accepted on common literature. Brief information

will be given about these configurations in this section.

3.2.3.1 Type A
Squirrel Cage Transformer
Induction Generator
Soft 4
Gear Starter \ GRID
Capacitor Bank

Figure 3.3 Type A configuration.
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This configuration denotes the fixed speed wind turbine with squirrel cage
induction generator directly connected to the grid via a transformer as shown in
Figure 3.3. Since squirrel cage induction generator always draws reactive power
from the grid, this configuration uses a capacitor bank for reactive power

compensation. A smoother grid connection is achieved by using a soft-starter.

Nearly all configurations need a gearbox mechanism to increase the turbine shaft
speed to rotational speed of the generator, since the rotational speed of wind turbine

is considerably low in comparison with that of the conventional electrical machines.

3.2.3.2 Type B
Variable
Resistance
Transformer
Soft %
Gear Starter \ GRID

‘Wound Rotor
Induction Generator

Capacitor Bank

Figure 3.4 Type B configuration.

This configuration corresponds to the limited variable speed wind turbine with
variable generator rotor resistance. The generator is directly connected to the grid. A
capacitor bank performs the the reactive power compensation. The unique feature of
this concept is that it has a variable additional rotor resitance, which can be changed
by a controlled converter mounted on the rotor shaft. The wind turbines of type B are

equipped with an active blade pitch control system.
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3.2.33 Type C
e ot
3 {
Gear GRID
'/ LY

Partial Scale

Converter

Figure 3.5 Type C configuration.

This configuration, known as the doubly fed induction generator(DFIG) concept,
corresponds to the limited variable speed wind turbine with a wound rotor induction
generator and partial scale frequency converter(rated at approximately 30% of
nominal generator power) on the rotor circuit. The partial scale frequency converter

performs the reactive power compensation and the smoother grid connection.

3.2.3.4 Type D

WRSG/PMSGWRIG

Transformer

.........

Full Scale
Frequency GRID

. Gear !
' ) Converter

Figure 3.6 Type D configuration.

This configuration corresponds to the full variable speed wind turbine with
generator connected to the grid through a full-scale frequency converter. The
frequency converter performs the reactive power compensation and the smoother

grid connection. The generator can be excited electrically or by a permanent magnet.
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Some full variable speed systems have no gearbox. In these cases, a direct driven

multipole generator with a large diameter is used.

3.3 Technical Features of Wind Power Plants

The wind turbine generator system operation is permanently determined by the
speed and variations of the wind. The following four basic operating states can be

distinguished:

a) Standstill of the turbine — as a result of the wind speed value falling below the
cut-in wind speed v < Veyrin

b) Partial load — operation with maximum energy extraction from the wind, when
the wind speed v is within the range v .i, <v < v,, where v, is the rated wind
speed. Wind turbine generator generates the rated power at the rated wind
speed.

c) Full load — operation with constant and rated load when the wind speed is
higher than the rated wind speed v, < v < V.04 and simultaneously lower than
the maxiumum one. The cut-out wind speed is usually vy = 25 m/s.

d) Standstill of the turbine — because of too high wind speed v > Veur-our.

These operating states of the wind turbine are usually presented in the form of the
power versus wind speed characteristics of the wind turbine. An example of such a
characteristic is shown in Figure 3.7(Lubosny, 2003). The dashed line shows the
power in the wind and the continuous line shows the power that the wind turbine can
convert to the grid. The vertical axis is the ratio of power generated Pg, to the rated

power of the wind turbine P,, and the horizontal axis is the wind speed.
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Figure 3.7 Power versus wind speed characteristics of a wind

turbine.

The power of an air mass that flows at speed v(m/s) through an area A can be

calculated as follows;
. 1 3
Power in wind(watts) = EpAv 3.1

where, p is air density in (kg/mS). As seen from (3.1) the power in wind is
proportional to the air density, the intercepting area(the area of the wind turbine

rotor), and the speed to the third power.

The power in wind is the total avaliable energy per unit of time. The power in the
wind is converted into mechanical-rotational energy of the wind turbine rotor, which

results in a reduced speed in the air mass.

The tip speed ratio, 4, is the ratio between the tip speed of the blades and the wind
speed. The mechanical characteristics of wind turbines are formulated by power and

torque equations;

1 2 3
B =C,(f.A) pa ) (3.2)
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Here, R is the turbine radius, £ is the blade pitch angle, and 4 is the tip-speed ratio

which is defined as

A= (3.4)

where ; is the rotational speed of the turbine in rad/s. In equation (3.2) and (3.3),
the term C, (f, 1) is the power coefficient of the rotor, which is dependent on the pitch
blade angle and tip-speed ratio, determines the characteristics of power versus
rotational speed. The ratio of the power coefficient to tip-speed ratio is the torque

coefficient Cr (f, 1) of the turbine and given by(Siirgevil,2004)

C,(B.A)

CT(ﬂ’)i): /l

(3.5)

The Betz limit, Cpu.e = 16/27, is the maximum theoretically possible rotor power
coefficient. In practice three effects lead to a decrease in the maximum achievable
power coefficient: rotation of the wake behind the rotor, finite number of blades and
associated tip losses, non-zero aerodynamic drag. The overall turbine efficiency is a
function of both the rotor power coefficient and the mechanical/electrical efficiency

of the wind turbine:

P
novemll = o (3 . 6)

Capacity factor, given in (3.7), of a wind farm is relatively lower; 0,25 for low
wind speed locations and 0,40 for high wind speed locations, than conventional
power plants. This implies that in order to obtain the same energy production from a

conventional power plant and a wind farm, the installed wind farm capacity must be



45

significantly larger than the capacity of the conventional power plant(Manwell,

McGovan & Rogers, 2002).

Cap.Fac. = (Anual) (3.7)
P 8760

rated

where W(Annual) is the sum of the energy produced by the wind farm for a year in

(kW/h).



CHAPTER FOUR
ALACATI WIND FARM

4.1 Alacat1 Wind Farm
Alacat1 wind farm was built in 1997 and started to operated in 1998. It is located

in Alagati-Izmir, which is placed on west region of Turkey with 65-90 meters

altitude.

Figure 4.1 Wind farm.

There are twelve 600 kW wind turbines of VESTAS equipped with three phase
wound rotor induction generator. Control unit of each turbine is placed at the bottom

of turbine tower and named as ground controller.

46
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Figure 4.2 Wind turbine 0.69/34.5 kV star-delta connected transformer in wind farm.

Each wind turbine generator has its own 0.69/34.5 kV star-delta connected
transformer. The neutral point of the transformer is grounded to diminish the 3™

harmonic voltages.

Wind turbine transformers are connected to the 34.5 kV bus of wind farm
substation. Two loops are formed for connection and each loop has six transformers
as seen from Figure 4.3. Wind farm substation is connected to the 34.5 kV
distribution feeder of TEIAS-Alacat1 Substation, which forms the PCC for the wind

farm.

There are various types of loads; mostly residental and commercial, fed from 34.5
kV common bus of Alacat1 Substation, as shown in Figure 4.4. Alagat1 Substation
34,5 kV bus is connected to interconnected 154 kV power lines via 154/34.5 kV, 50
MVA transformer.
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Figure 4.3 Wind farm one line diagram.
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Figure 4.4 : TEIAS-Alacati Substation one line diagram.

4.1.1 Wind Turbine Generators

Wind turbines are equipped with wound rotor induction generators, with a three
phase uncontroled rectifier, IGBT chopping unit, three phase resistor and control unit

as shown in Figure 4.5 and Figure 4.6. The equivalent resistance at rotor terminals

are adjusted by the electronic control system.
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Figure 4.5 WRIG with rotor circuit.
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Figure 4.6 A photo of rotor circuit.

The control unit calculates the necessary resistance using the current reference
(related to extracted power) and the measured rotor current. This resistance is
controlled by chopping the rectifier output current. The IGBT is switched on and off
with a 3 kHz switching frequency for this purpose. This control technique keeeps the
slip between approximately 0.6% and 10% by adjusting the resistance between 0 and

the maximum value.

A snubber is used to limit the voltage peak each time the IGBT is switched-off. A
thyristor is used for over-voltage protection of the power electronics by short-

circuiting the IGBT in case of a short interruption or a short-circuiting on the grid.

4.1.2 Control System

Control unit of each turbine is placed at the bottom of turbine tower and named as
ground controller. Overall control system diagram is shown in Figure 4.7. Ground
controller collects the data of; wind speed, external rotor resistance, direction of the
nacelle, pitch angle of blades, currents, voltages, output power and capacitors. After
the calculations are done, the unit makes the necessary changes of; external rotor
resistance, direction of the nacelle, pitch angle of blades, and capacitors for

maximum efficiency.
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The mechanical input power is controlled using the blade pitch angle. The wind
turbines are equipped with an active blade pitch control system connected to the
ground controller. Basically, the functionality of a pitch-controlled wind turbine
consists in its ability to change the power performance coefficient C, (f, 1) by turning
the rotor blades around their longitudinal axis. Control unit checks the output power
of the wind turbine and whenever the output power becomes too high, the rotor
blades are pitched slightly out of the wind. Conversely, the blades are turned back
into the wind whenever the wind drops again. During normal operation the blades
will pitch a fraction of a degree at a time and the rotor will be turning at the same
time. Also a yaw system, located in the junction of the nacelle and the tower; is used

to make the yaw angle and wind direction equal.

Wind Turhine
Erquipped with WRIG

Wind Farm
Transformer
0.69/34.5 &V

/,—f/T‘ t ' H To Feeder and ather
. I B Wind Turbine Transformers

I
: e
! L

: 1LY 5 : III
+ &f_ﬁz)_ Yy ViY
............................. P

: > .
(v, Roan, divg G | Wind Turbine To Wind Farm Control Centre
Control Unit

Figure 4.7 : Wind Turbine Control System.

4.1.3 Power Factor Correction

Each wind turbine in the wind farm is equipped with compansation capacitors
which are divided into four steps 75 kVAr, 50 kVAR, 50 kVAR, 50 kVAR (totally
225 kVAR) for power factor correction. After the generator starts up, the capacitor

banks are switched on with the delay of one second. Once a capacitor bank is
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switched off, then it can be connected to bus again due to the reactive power demand
after minimum time of 60 seconds in order to ensure that the capacitors are
discharged. Just before the generator is cut out all capacitors are switched off
simultaneously. In case of a fault in power system operation, the capacitors are cut

out temporarily by the controller.

4.2 MATLAB/Simulink Simulation of the Wind Energy Conversion System

At the begining of the thesis study; a simulation model of wind turbine equipped
with wound rotor induction machine developed in MATLAB/Simulink for transient
tests and analysis. The aim of the simulation was to get results of a single wind
turbine model, esspecially rotor circuit, in case of a power system fault. Because it is
known that wind farm operator had problems about relatively quick IGBT

breakdowns in the rotor circuit.

The simulation results for the transient process in an external 100 ms. short-circuit
fault situation are given and the impacts of the short circuit on wind energy
conversion system are analyzed. Wound rotor induction machine data of Alacati
wind farm which is given in Table 4.1 is used in simulation. Wind speed is assumed
to be constant at 10 m/s which is the first input for the simulink wind turbine model

and second input is the rotor speed as rpm.

Table 4.1 Wind farm generator parameters

Parameter Value Units
Rated Power 600 kW
Rated Voltage 690 v
Rated Slip 5 %
Slip Regulation Interval 1-10 %
Rated Speed 1575 RPM
Stator Resistance 0.00357 ohm
Stator Leakage Inductance 0.055 ohm
Mutual Inductance 2.39 ohm
Rotor Resistance” 0.0055 ohm
Rotor Leakage Inductance” 0.0662 ohm
External Resistance 1 (per phase) ohm

Rotor Inertia

29

kgm
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Simulation circuit is given in Figure 4.8. At first, induction machine starts to
operate and reachs rated speed with zero torque input in motor mode. After
t = 1.75 s, wind turbine starts to operate as a generator with constant wind speed.
Power switch(IGBT) current waveform during the simulation is given in Figure 4.9.
As seen from Figure 4.9, the current within rotor circuit and IGBT is around 500 A.
Three phase-ground short-circuit fault for 100 miliseconds at transmission line which
connects wind turbine to grid, is demonstrated by the help of circuit breaker between
t = 2.5 — 2.6 s. The current within IGBT after the grid fault reachs 8000 A. which

will cause thermal breakdown.

Simulation results show LVRT capability and stability limits of the generator
depends on the rotor circuit current capability. The present protection system in the
Alacati wind farm cuts out the wind turbine to protect IGBT, since IGBT can not
withstand those high current values in this wind turbine configuration. A time lag in

the protection system causes IGBT thermal breakdown.

The wind farm operator will need new precautions in case of new grid code
obligations for present wind farms. Additional protection system like crowbar, can be
implemented on present generators of the wind farm in order to prevent unnecessary

cut outs and excessive IGBT breakdowns.
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Figure 4.8 Overview of MATLAB/Simulink simulation circuit.
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Figure 4.9 IGBT current waveform for MATLAB/Simulink simulation.

After getting results and experiences from MATLAB/Simulink simulations for a
single wind turbine, it was necessary to form the complete model of wind farm.
Since MATLAB/Simulink is not a tool esspecially developed for power system
analysis, PSCAD/EMTDC was used to develop a detailed model of the wind farm
connected to Alagati Substation. While developing models of wind farm for
PSCAD/EMTDC simulation, special attention was given for rotor circuit modelling

and speed control.



CHAPTER FIVE
WOUND ROTOR INDUCTION GENERATOR and SPEED CONTROL

Two controllers are designed to operate in a coordinated manner in wind turbine
controller units of the wind farm; a pitch controller for turbine and a rotor resistance
controller for wound rotor induction generator. This design guarantees that the active
power output is equal to the maximum power at wind speeds below and equal to
rated power above nominal wind speeds(Divya, & Rao, 2006). Controller data

connections of a wind turbine control unit of the wind farm is shown in Figure 4.7.

5.1 Wound Rotor Induction Machine Rotor Circuits for Speed Control

The simplest and oldest method of ac motor speed control is a wound rotor
induction machine with a mechanically varying rotor circuit rheostat. Changing the
rotor resistance changes the operating speed of the machine; the higher resistance of
the rotor windings gives the higher slip. However inserting extra resistance into the

rotor circuit of an induction machine reduces the efficiency of the machine.

Main feature of this machine is that the slip power easily becomes available from
the slip rings, which can be electronically controlled to control speed of the machine,
instead of mechanically varying the resistance. This gives stepless and smooth
control, fast response, less maintenance, longer life, compact size, assured balance
between rotor phase currents, simple closed loop control and so on. For limited-range
speed control applications, like fans, pumps and wind energy conversion systems, the
KVA ratings and hence cost of the converter is substantially reduced compared to the

full-power converter on the stator side(Akpinar & Pillay, 1990), (Bose, 2002).

The method relies on the dynamics of the systems such that

r=7%%_7 1 (5.1)
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where T, is the accelerating torque (Nm), 7, is the torque available from the wind
turbine (Nm), 7, is the torque developed by the induction generator (Nm), J is the
combined moment of inertia of the rotating system (kg.m?), w is the angular velocity
(rad/s). T,, depends on wind speed and rotational speed while 7, depends on rotor
resistance and rotational speed. The torque developed by the induction generator
decreases as the rotor resistance increases and vice versa (ensuring that the rotor
speed is maintained constant). Under varying wind conditions, the turbine will be
accelerating ( T, > 0) or decelerating (7, < 0). The adjustment criteria is to minimize
T, such that, the rotor resistance is decreased while the turbine is accelerating and the

rotor resistance is increased while the turbine is decelerating(Siirgevil, 2004).

Two different rotor circuit choppers are shown in Figure 5.1 and Figure 5.2.
Wound rotor induction generators of the Alacati wind farm are equipped with the
rotor circuit chopper that is shown in Figure 5.2. Models of these different circuit
desingns are developed individually to determine the specific distincts between each
of them. Effective resistance value for different duty ratio values of each design has
been evaluated. Thus steady-state equations of wound rotor induction machines of

the Alacat1 wind farm will be obtained, to make comparisons with simulation results.

A six pulse diode rectifier is connected to the rotor circuit and at the dc side of the
rectifier a controllable semiconductor switch, such as an insulated gate bipolar
transistor (IGBT), is connected. Controlling the switching duty ratio of the
semiconductor switch, the equivalent resistance connected to the rotor circuit can be
changed, from fully connected in the circuit (IGBT is off) to totally disconnected
resistance (IGBT is on). Consequently, the torque and reactive power characteristics
of the machine are changed. The effective resistance seen at the rotor terminals is
changed as a parameter of duty cycle hence the rotor speed control is performed in
both systems. A snubber must be used to limit the voltage peak each time the switch
is switched off and also an overvoltage circuit is needed to short-circuit the switch in

case of an grid error.
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Wind turbine control unit adjusts the appropriate average resistance of the rotor
circuit by switching the semiconductor switch on and off at several kHz. When rotor
speed accelerates due to high wind speed, external rotor resistance is increased by
decreasing the switch duty ratio, J. In case of low wind speeds the rotor speed
decelerates and rotor resistance can be totally disconnected by the wind turbine
control unit to keep the operation of the system near to the maximum power point. A
detailed comparison results of these two systems has been given in (Balikci, 2008).
The ripple in phase current is neglected and waveforms of current and voltage

through the switch assumed linear with time during analysis.
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Figure 5.1 Speed control with rotor circuit chopper (One resistance)
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Figure 5.2 Speed control with rotor circuit chopper (Three resistances)
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5.1.1 Speed control with rotor circuit chopper (One resistance)

The system given in Figure 5.1 has a wound rotor induction machine, a six pulse
diode rectifier and boost converter circuit. There is an inductor in a boost converter
between rectifier and IGBT device in a conventional circuit, however, the rotor
leakage inductance shows the effect in such a way that normal inductor in a boost
converter does. Therefore, this external inductor that would be normally used in
boost converter is taken out of circuit. In order to control rotor speed of the machine,

the IGBT is driven by PWM signal.

The duty ratio of the power electronic switch J is defined in the same way as for a

chopper;
t
5: on 5.2
T (5.2)

When the ripple in current /; is neglected, the energy absorbed by resistance R

during a period T of switching is given by
We=1,R(T ~1,,) (5.3)

where I; is the current of diode, f,, is the on time period of the power electronic

switch. The average power absorbed by resistance R during a period is
P = % [IdzR(T - tm)]z [IdzR(l - 5)] (5.4)

Hence effective resistance R* can be defined as;

R*=(1-0)R (5.5)



From Figure 5.3, the rms value of the rotor phase current is

27 %
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Figure 5.3 Rotor phase voltage and phase current

Hence the fundamental rotor current is

The per-phase power consumed by resistance R, is
L >
P = gld [(1-0)R]

Substitude (5.6) into (5.10)
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(5.6)

(5.7)

(5.8)

(5.9

(5.10)
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P = %.[(1 -8RI, (5.11)
This is equivalent to the power dissipation in a resistance of “%.[(l— O)R)]” Q

caused by the rms rotor current /... Hence, the effective per-phase value of

resistance R, is given by;
1
Re*:E.[(l—é')R] (5.12)

By controlling the switching duty ratio of the semiconductor switch, the effective
per-phase value of R, (R.*) is controlled and the torque and reactive power
characteristics of the machine are changed. Also R,* can be used for further analysis

to get equivalent circuit of wound rotor induction machine and its stability analysis.
5.1.2 Speed control with rotor circuit chopper (Three resistances)

Wound rotor induction generators of the Alagati wind farm are equipped with
rotor circuit chopper with three phase resistances which is also shown in Figure 4.5
and Figure 5.2. Analyzing and developing the appropriate model of this rotor circuit

design is therefore important for further simulations of the thesis.

The effective per-phase value of the resistance across the diode bridge is;
1
Re*:E‘(5‘Rbs) (5.13)

where R, is an equivalent resistance to represent switching and conduction power

losses of the diode bridge and the IGBT.
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Turn-on and turn-off v-i characteristics are also given in Figure 5.4 by assuming

linear with time, where, f,, is turn-on time, f,; is turn-off time, f.,» is conduction

time, P, is turn-on power loss, Py is turn-off power loss, P.., is conduction power

loss. During each transition from on to off, and vice versa, the switch has

simultaneously high current and voltage, as seen from the switching waveforms. As

most of the losses are due to high frequency switching; when the switching

frequency gets higher, the power losses also increase.
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Figure 5.4 Turn-on and turn-off trajectories.

The instantaneous power loss in the switch is the product of current and voltage as

plotted. The average value of the losses, Py is;

+P

loss con

sSw on

1
==V.I.(t
> (

) 1, +V, 1.0

(5.14)
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and P, is independent from J. When the controller changes 9, f.,, (P.,) change

for a given T(f;). Since Py, is equal to Pgps;

Psw + Pmn = PRbs (515)

%V.I.(ron +1,.).f, +V, 18 =1"R, (5.16)
1v V

Ry =——(t,, +t,).f, +—=.0 5.17

bs 27 ( on oﬁ) <fs I ( )

where Prpsis the average value of the power dissipation at Ry;.

Total effective per-phase value of external circuit resistance becomes,

R*=05.(5R,)+(1—5)R, (5.18)

Table.5.1 shows the results of effective resistance for two systems and different &

values.
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Table 5.1. Results of the effective resistance for two different systems.

Effective Resistance
System 0 Result
Formula
One
R *=05.[1-0)R] 0 R,*=0,5.[R]
Resistance
One
R *=0,5.[(1-0)R] 05 R,*=0,25.[R]
Resistance
One
R *=05.[1-0)R] 1 R,*=0
Resistance
Three
R,*=0,5.(0.R,,)+(1- )R, 0 R,* =R,
Resistances
Three
R,*=0,5.(0.R,,)+(1-9)R, 05 R*=0,25.[R, 1+ 0,5.[R,]
Resistances
Three
R,*=05.(0.R,,))+(1-9)R, 1 R, *=0,5.[R,,]
Resistances

In the equivalent circuit of an induction machine, the power transferred across the

air-gap (P,,) 1s given by;

P, =3EI, Cos#, (5.19)

’

where 6, is the phase angle between phasors E and I_r .
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Figure 5.5 The power-flow diagram of an induction machine.

In the drive under consideration, the total power consumed in the rotor circuit (Pg)

1s;

7

P, =31, '(R.+R)+P, (5.20)

8
Using (5.9) in (5.20);

7

7’
P :71,2(R,+R€')+Pm (5.21)

8

The fundamental equivalent circuit of the drive must satisfy the condition P,, =

P,’. Hence;
’ n’ . P
EI, cosf, = ?I,Z(R, +R )+ > (5.22)

P,, is the mechanical power developed by the fundamental rotor current.

P,=P,~P,=(-5P, (5.23)

m ag

P, =31"(R + Rj)@ (5.24)
S
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, 2 )

EI cosf, = [(% (R +R )+ BFR)y 2 (5.25)
N

’ Rf )

El cosf = (R, +—)I, (5.26)
N
where
' .

R, =5 =D(R,+ R)) (5.27)
R, =(R +R)) (5.28)

The per-phase fundamental equivalent curcuit of the drive refered to the stator,

shown in Figure 5.6, can be obtained from;

’

2

’ ’ Rf ’
El cosf =(R, +—)I, (5.29)
N

’ ’

where R, and R, are respectively the values of R, and Ry referred to the stator

side. Thus;

’

R, =a,'R, (5.30)

1

’

R, =a;'R, (5.31)
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) ) : R
where ar; 1s the stator to rotor turns ratio. Resistance ( % j accounts for the

developed mechanical power and the fundamental rotor copper loss. Resistance

’

R, accounts for the rotor harmonic copper loss (Dubey, 1989) .

v E E i¥m § Ry'/s

O

Figure5.6 The per-phase fundamental equivalent curcuit of the drive refered to the stator

By calculating the Thevenin equivalent circuit seen from the rotor circuit, the

reduced equivalent circuit which is given in Figure 5.8, can be obtained where

V,, and Z,, are the Thevenin’s voltage and impedance, which are given by;

— —_{ Z
Vy =V|—%— (5.32)
Z,+Z,
. Z,Z
Zpy =Ry + jXpy = ZMM+ ;S (5.33)

where Zy, =jX); and Zs= Rs+jXs .

The resistance R,, that represents the core losses can be added in paralel to the
magnetizing branch as shown in Figure 5.7. It’s value depends slightly on slip

frequency @, = s.w, as non-negligible core losses also occur in the rotor core for s.fi

> 5 Hz (Boldea, 2005).
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Figure5.7 R, in paralel to the magnetizing branch of equivalent circuit.
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Figure5.8 The per-phase reduced equivalent curcuit of the drive refered to the stator

From the reduced equivalent circuit, the magnitude of the rotor current can be

calculated by using;

o= 1,'= Y (5.34)

' Rf'2 "2
(R, +Rh+T) + (X +X:)

R, R, 2
T, =—"1,"=—L Vi (5.35)

R ]
s (R + R+ 1) + (X, + X )
R)

For given values of ¢ and s, the rotor current and torque can be calculated from
the equations. The nature of torque-speed curves for different values of J is shown in
Figure 5.9. For d=1, R is fully bypassed by the semiconductor switch S. However,
due to the conduction losses in chopper circuit; the torque-speed curve for 0=/ lies
below natural torque-speed curve. For a given torque, speed reduces with increased
0. The control region consists of the area enclosed in ABCD. Any operating point in

this region can be obtained by controlling J. This operation is not possible in the area



69

ADQ. This control region is increased and ADO is decreased when the value of the
external R is increased. In case of three resistances, Ry, increases the interval between
natural torque-speed curve and the torque-speed curve for =1/ due to switching and

conduction power losses of the diode bridge and the IGBT.

N
)

Figure5.9 Torque-speed curves

Compared to mechanically varying the resistance, the static rotor resistance
control has the disadvantage of requiring machine derating. Since only the
fundamental rotor current is assumed to contribute to the torque, the same value of
the fundamental rotor current is necessary to produce a given torque, whether the
current is sinusoidal or nonsinusoidal. For the rated thermal loading, the rms current
is fixed, irrespective of whether it is sinusoidal or nonsinusoidal, when the increase

in machine resistance due to skin effect is neglected. Therefore, the maximum

fundamental current rating of the machine will decrease by the factor (% j The

machine power rating will also decrease by this factor (Dubey, 1989). This drive has;

Machine Derating = [ L, j = (ij =095
/4

rms

If the ripple in the 1;, commutation overlap in the diode bridge, skin effect, and the

reduction in full load speed due to losses in diode bridge, inverter, transformer, and
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semiconductor switch are considered, the derating of the machine will be much

higher.

If the rotor of the wound rotor induction machine is driven faster than
synchronous speed, the machine becomes a generator, converting mechanical power
to electric power. While operating as a generator, the electrical and mechanical
torques, and the generator active power are negative quantities. Nevertheless, in the
figures of the thesis, they are presented as positive ones, in order to facilitate

understanding.
When a mechanical torque is applied to the wound rotor induction machine with a

constant ¢, two equilibrium points are defined, which are given by the intersection

between the T-w curve and T, line in Figure 5-10.

T /AN

TEmax

& = CONSTANT

%
o)

®, Ormax

Figure5.10 Torque-speed curve with constant & and Ty,

This points corespond to the rotor speeds w; and w; as shown in Figure 5.10. The
first one is the stable equilibrium point and the second one is the unstable
equilibrium point. If the mechanical torque is continuously increased, there is a

critical condition w; = @2 = @W;mex Which corresponds to the critical or maximum
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electrical torque Tgn.. When the mechanical torque is larger than Tgy, the

generator accelerates and loses the steady state stability.

Thus, the operating point(w,max, Temax ) defines the generator steady-state stability

limits for a constant o, like squirrel cage induction generator. This point can be

=0, which results in the expressions for the

steady state maximum slip(the slip of the rotor at maximum torque) and maximum

torque.

’

R, (5.36)

\/(RTH +R, ) +(Xpy + X,

2
r =1 Vi (5.37)

E max
R +Rh) \/(R +Rh)2+(XTH+XR')2

s =A=s_ o, (5.38)

If J is reduced, Tgyu. does not change as can be seen in Figure 5.9, but the steady
state maximum slip increases. The operating points for each J value can be

calculated with the same method; like 6; (Wsmax, TEmax ) » 02 (@rmax , TEmax )

At the steady-state stability limit, the machine delivers Prgnq.. The generator

active power Pg can be calculated by;
2 ' Rf' 12
P =RI~+(R,+—)I, (5.39)
S

The magnitude of the stator current can be determined by;
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Z,+Z,
ZyZy +Z,(Z, +2Zy)

s

=\V|

(5.40)

5

‘Z‘J v
Z |ZS+(ZM||ZR)

’

’ ’ Rf ) ’
where Z, =R, +——+ jX, .
N

Note that both I and Is are dependent on the slip. At the steady-state stability
limit condition, where s = s, these currents can be referred as steady-state
maximum rotor current Jrmq: and steady-state maximum stator current Isu... Finally

Premax can be obtained by substituting s, Iz, and Is by Smax » IRmax and Ismax.



CHAPTER SIX
MODELLING AND SIMULATION OF WIND FARM FOR POWER
SYSTEM STUDY

Since the models of the grid and the wind farm, have to comply with common
requirements of the simulation platforms; this chapter initially presents modeling
concepts for grid integrated wind farms. After that presentation; Alacat1 wind farm

PSCAD/EMTDC simulation models are given.

6.1 Simulations and Modelling

Computer simulation makes it possible to investigate a multitude of properties in
design and application phase. The correctness of a computer simulation depends on
the quality of the built-in models and of the applied data. In order to investigate the
effects of wind energy conversion systems on power system and vice versa; it is

necessary to develop accurate models of both systems.

Power system simulation packages are commonly used for power system
operational studies by TSO. All power system components are modelled by
reasonably accurate and low-capacity-demanding models. Simplifications are done
for every component model used in the system to get convenient computation time
and results. Models of the new types of generation units, like wind turbines, have to
comply with this requirement. There are simulation packages, which in principle can
describe a complete wind turbine with all units. However, the turbine description
used in those programs can not be viable in grid simulations packages because of
high computational burden and can not be used to represent wind farms containing

hundred of wind turbines in grid simulations without proper simplifications.

The amount of electricity generated from wind is increasing day by day. Large
wind farms are planned and connected to the high voltage transmision lines all over
the world. The penetration of wind energy in power systems will increase and they

may begin to influence overall power system behavior. This situation increases the

73
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need for adequate models of wind energy conversion systems to use in grid

investigation studies and simulations.

When the aim is to investigate grid integration of wind turbines, there are three
main interests; steady-state  voltage level influence, rapid voltage

fluctuations(flicker), and response to grid disturbances.

6.1.1 Steady-State Voltage

The voltage difference between the infinite system and the PCC of the wind farm
is given by (2.2) and (2.3). The voltage difference, AU, is related to the short circuit

impedance, the real and reactive power output of the wind farm.

Infinite system (or busbar) represents interconnected grid, where voltage never
changes from the designed value. So it is an important decision for us that at which
feeder in the model voltage never changes. Power system components between the
infinite system and the PCC of the wind farm; transmission lines/cables and
transformers, have to be modelled exactly in the simulation. Otherwise the effect of
system X/R ratio(ratio between grid reactance and grid resistance) on wind farm

terminal voltage can not be modelled correctly.

154 kV busbar of Alagati Substation is directly connected to Turkish national
interconnected grid. Transmission line, which is that busbar is connected to, has a
constant voltage/frequency characteristic. The voltage/frequency of the connected
line are monitored by TEIAS transmission line control centre and all probable
deviations are diminished directly by the control centre commands. For this reason;
154 kV busbar of Alacati1 Substation was the best location to be chosen as infinite

busbar in the PSCAD/EMTDC simulations.

The first term and real part of the voltage difference AU, which is given in (2.3),
is AUy:
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(6.1)

The effect of system X/R ratio on the voltage difference can be examined by
monitoring the magnitudes of the two terms on the nominator of AU,,. No-load power
factor correction, which means that the wind-farm reactive power consumption will
be zero at no load, must be set for a clear examination. With a relatively low X/R
value, the first term of AU, predominates, and voltage rises over the loading range.
When X/R value is relatively high, the second term of AU, which goes negative with

increasing reactive consumption, predominates at higher active power generation.

The impact on the steady-state voltage level by the fixed speed wind turbine
system with an induction generator directly connected to the grid is predestined and
cannot be controlled during the operation. There is a capacitor bank connected at the
turbine, which is typically designed to compensate for the induction machine no-load
reactive power consumption like in wind farm. As the active power production
increases, the reactive power consumption rises as well. These outcomes, in
combination with the grid X/R value, determine if the voltage level in the PCC is

increasing with increasing power production or not.

For variable-speed turbines, the reactive power is controllable and is usually kept
close to zero in order to obtain a power factor of one. This means that the voltage
level increases as the power production increases. However, if desired, the wind
turbine converters can produce any reactive power, provided that the rating of the

converter allows it(Petru & Thiringer, 2002).

6.1.2 Flicker

As previously mentioned; there are two types of flicker emissions associated with
wind turbines. In order to predict the rapid power fluctuations from fixed-speed
turbines, there is a need to represent the wind field arriving at the turbine, since the

flicker emission during continuous operation is mainly caused by fluctuations in the
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output power due to wind speed variations, the wind gradient and the tower shadow

effect.

Switching operations like start, stop and switching between generators or
generator windings, also produce flicker. When the limits of the flicker emission are
given, the maximum allowable number of switching operations in a specified period
can be examined by appropriate models in simulations. Model of a single wind
energy conversion system must take into consideration soft starter, capacitor group,

pitch control, and wind speed variations.

The wind farm at hand has the active-stall regulated system that produces similar
rapid power fluctuations to fixed speed system since the pitching of the blades are
done slowly. Each wind turbine control unit of the wind farm, which is shown in
overall control system diagram in Figure 4.7, individually makes changes at the pitch
angle of turbine blades. Additional data acquisition system which can acquire data
of; pitch angle (f), wind speed(w), wind direction and yaw angle for every wind
turbine in order to model pitch controller for any simulation. When modelling the
complete wind farm in PSCAD/EMTDC simulations, it is not necessary to model the
pitch control system since it has a rather slow impact(bigger time constant) on input

torque, related to the individual wind speed.

6.1.3 Grid Disturbances

When the response to grid disturbances is of interest, it is mainly the generator
description that affects the response of the turbine. For assessing the stability margin
of the wind farm-grid integration, small-signal dynamic model of the system must be

formed in simulation platforms.

Wind speed, pitch control and input torque to generator are usually assumed
constant for transient analysis, since mechanical system time steps are too larger than
time constant of electrical system. The worst case scenario must be defined, like

maximum wind speed and minimum load conditions.
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In case of a grid disturbance; the wind farm is allowed to disconnect from the grid
for avoiding negative effects of the fault. The voltage level in the PCC decreases and
occillates afterwards the fault which can cause overspeed and instability of wound

rotor induction generators at low voltage levels.

To simulate the response of variable-speed systems to grid disturbances, the
details of the control and protection of the power electronic converters must be
known and implemented in the simulation(Petru & Thiringer, 2002). For variable-
speed wind turbines with a power electronic converter between the stator and the
grid, the short-circuit current can be determined by the converter and will generally
not exceed the nominal current of the converter. A DFIG is directly coupled to the
grid but it has a relatively small scaled power electronic converter connected
between the rotor windings and the grid. During a grid fault, a protection system, like
crowbar, protects the converter from short circuits, otherwise high currents can cause

thermal breakdown of the converter(Morren & de Haan, 2007).

6.2 Aggregated Modeling

Representing a wind farm, which consists of many relatively small power rated
wind turbines, by one or few large power rated wind turbines by addition of power
ratings of the small power rated wind turbines, can be stated as “aggregated
modeling”. When the effect of a wind farm on power systems is studied, the behavior
of the wind farm at the PCC to power system can be represented by an equivalent
model derived from the aggregation of wind turbines into an equivalent wind turbine,
instead of the complete model including the modelling of all the wind turbines . The
structure of an aggregated wind farm model should be such, that maximum user
friendliness is achieved while keeping the results as close to reality as

possible(Slootweg & Kling, 2002).

After getting results for the complete model including the modelling of all wind

turbines, simulations were done with the aggregated model of the wind farm. The
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advantage of an aggregated model is that it eliminates the need to develop a detailed
model of a wind farm with tens or hundreds of wind turbines and their
interconnections, and to specify the wind speed at each individual wind turbine

within the wind farm.

(Akhmatov, 2004) stated that, the wind farm could be represented by one-machine
equivalent when no mutual interaction was indicated and the aim was to investigate
voltage stability of the transmission system. It is found that there is neither risk of
mutual interaction nor power oscillations between fixed-speed wind turbines of a
large power rated wind farm(Akhmatov, Knudsen, Nielsen, Pedersen & Poulsen,

2003).

One machine equivalent model represents the collective response of the wind
farm at PCC to grid assuming; no impedances within the wind farm, a uniform wind
speed distribution in the wind farm(no difference in incoming wind), no park effect
or shadowing between the rows of wind turbines and as a result same operating states
for all wind turbines throughout the simulation. However, equivalent model is not
valid if wind turbines receiving different incoming winds are aggregated, since the

operation conditions of each wind turbine are different.

Groups of wind turbines with similar winds can be aggregated by an equivalent
model which results representing a large power rated wind farm by a few large wind
turbines. An example of such representation for a fictitious wind farm is shown in
Figure 6.1. There are three sections with identical wind turbines facing similar wind
speeds. Power ratings of representative wind turbines are according to the addition of
the wind turbines inside the sections;1, 2, and, 3. The effective value of the wind is
reduced per row of the wind turbines because of shadowing and generation of
turbulence in the wind farm. Aggregating just the electrical system of variable speed
wind turbines, including electrical controls and the electrical part of the generators
and to model the mechanical system of each individual turbine and generator is

another option for modelling. This model maintains the nonlinear characteristics, but
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it reduces calculation speed considerable compared to a fully detailed, non-

aggregated wind farm model(Poller & Achilles, 2003).

' Sz, 1= Sat Sp S+ SHSe 5,

WM%

Figure 6.1 Aggregated modelling of a wind farm by a few large wind turbines.

(Conroy & Watson, 2009) investigated the behaviour of a wind farm containing
full converter wind turbine generators subjected to a voltage dip, with a number of
aggregate modelling options. It was shown that simplified aggregated models that
represent the wind farm behaviour at the PCC can be used for large wind farms in

stability investigations.

6.3 Validation Procedure of Wind Farm Models

Models of grid connected wind farms can be validated with field measurement
results to represent correct prediction of wind farm behavior. The response of the
aggregated and the detailed models have to show a high degree of similarity, both
during normal operation as well as during disturbances for model validation, like in
(Slootweg & Kling, 2002). Also results from the simulations can be validated against
field measurement data as done by (Perdana, Uski, Carlson & Lemstrom, 2006) and
(Martins, Perdana, Ledesma, Agneholm & Carlson, 2007). (Kazachkov, Feltes &
Zavadil, 2003) used another way of model validation; the comparison of the response
of PSS/E models to the response of more detailed, higher-bandwidth models created
for use with PSCAD/EMTDC.
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Field measurements for validation and data acquisition requires simultaneous
electrical and wind speed measurements. The SCADA systems are usually used by

wind farm operators to acquire data for operation conditions.

However substation-load conditions and different power system faults may not be
observed by this way. External measurement system which is capable of aquiring
reliable data with optimum equipment should be used for additional measurements.
Additional measurement points also can cause synchronization and data storage

problems for both wind farm operators and study groups.

The case study has given benficial outputs about a grid connected wind farm.
Field measurements were used for PSCAD/EMTDC complete model verification
process of the wind farm. PCC of the wind farm is Alacati1 Substation 34.5 kV feeder
which was chosen as the electrical measurement point. Grid and load conditions
could not be controlled or measured during electrical measurements. Wind speed
measurement results, related to the same period of the electrical measurements, were
obtained from early installed wind speed anemometer in the wind farm. The control
algorithm of wind turbine was not provided by the system operators for the wind

farm considered.

6.4 Simulation Tool: PSCAD/EMTDC

The simulation model of the grid connected wind farm is developed in power
system analysis tool, PSCAD/EMTDC. The grid and the electrical components of the
wind farm are built with standard electrical component models from
PSCAD/EMTDC library. The models of the wind, the aerodynamic and control
components of the wind turbine are built with custom components developed in
PSCAD/EMTDC. Simulations are performed to analyze the mutual effects of the

wind farm with the grid.
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To derivate the true model of the whole wind farm for the analysis at hand, recent
studies have been examined attentively and benefical experiences and conclusions of
them have been noted. When the aim is to develop models for grid connected wind
turbines, there are various headlines that have to be checked during model derivation.
All the WECS concepts classified in the previous chapters had been analyzed due to
the power system operational aspects by different researchers. Models have been
developed and used for the studies. Different methods, simplifications and
evaluations have been done for all models of distinct wind turbines and wind farms.
The following are widely used keywords for simulation of grid connected WECS in

the previous studies;

- Offshore Wind Farms / Onshore Wind Farms,

- Large Power Rated Wind Farms / Small Power Rated Wind Farms,
- Fixed Speed Turbine/ Variable Speed turbine,

- Analysis During Normal Operation / Analysis During Disturbances,
- Long Time Analysis / Transients Analysis,

- Strong Grids / Weak Grids,

- MV/HV AC Connections / HVDC Connections,

- Stiff Grid Codes / Loose Grid Codes, etc.

Modelling issues of WECS are related to these keywords with respect to
classification. These keywords are exact definitions for classification in every study
about grid connected WECS. While developing models for Alacat1 wind farm, these
keywords are used for appropriate model development with the help of same class of

modelling studies.

6.5 Models for the Wind Farm

6.5.1 Generator Modelling

The fifth order non-linear model of the induction machine is considered in this

study. The models of lower order than the fifth-order model are usually used for
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power system studies. The reduced order models of induction machines for power
system studies with series of measurements are compared in (Thiringer & Luomi,
2001). The third order model is applicable if the stator voltage is sinusoidal and not
disturbed. When the power quality problems under the distortion of bus voltage is
considered, which is the case in wind turbines, the fifth order model is more accurate
than the third order model. The saturation of magnetic circuit is neglegted and data of
the wound rotor induction machine is given in Table 4.1. All resistances(except

external resitance) and inductances are refered to the stator side.

6.5.2 Control System Model

Control circuit is employed on the rotor current for effective power extraction.
The three phase resistor connected to the rotor terminals takes over the rotor current
due to the operation of chopper circuit at the rectifier output. The IGBT of the
chopper is switched on and off with 3 kHz switching frequency at varying duty cycle
for this purpose. This speed control technique is described in section “5.1.2 Speed
control with rotor circuit chopper (Three resistances)” and it keeps the slip between

approximately 0.6% and 10% by adjusting the duty cycle.

The validity of model is tested at two different switching frequencies.
Experimental and simulation results are seen in Figure 6.2(a) and 6.2(b),
respectively. It can be seen that the voltage and current waveforms from the
simulation are similar to experimental ones for 0.5 kHz and 5 kHz switching

frequencies. Detailed results are presented in (Balikc1, Akpinar & Mutlu, 2008).
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Table 6.1 Wind Speed — Torque

Wind Speed (m/s) | Torque (p.u.)
1.53 0.00438
2.01 0.0046
2.53 0.00376
3.03 -0.00376
3.49 -0.01468
4.02 -0.03498
4.5 -0.05468
4.99 -0.07956
5.49 -0.10766
6.01 -0.149
6.45 -0.18862
7.02 -0.24492
7.50 -0.30444
7.99 -0.37652
8.52 -0.43314
8.98 -0.51018
9.49 -0.58742

10.01 -0.68474
10.52 -0.75856
11.01 -0.8472

11.50 -0.87584
12.01 -0.9263

12.52 -0.9584

13.02 -0.98328
13.50 -0.99224
13.69 -1.00054
14.45 -0.9987

15.02 -1.00576
15.39 -1.00354
15.95 -1.00398
16.46 -1.00366
16.97 -1.00106

6.5.3 Turbine Model
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Figure 6.3 depicts the block diagram of wind turbine model used for

PSCAD/EMTDC simulations.
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Figure 6.3 Structure of developed Model for Wind Speed — Torque

A torque subsystem generates shaft torque values for induction generator from the
user defined look-up table, based on measured wind speeds and manufacturers’ data

given in Table 6.1.

6.5.4 Model of Wind

The wind model is essential to obtain the power fluctuations during continuous
operation of the wind farms (Sgrensen, Hansen, Janosi, Bech, & Bak-Jensen, 2001).
The wind can be modeled as a four-component model and can be described as

(Anderson & Bose, 1983):

Vind = Viase T Voust T Vearn TV,

wind base gust ramp noise (6 2)

where Viae is the average value of the wind speed(m/s), Vus is the gust wind
component(m/s), V,um, 1s the ramp wind component(m/s), and Vs is the noise wind
component(m/s), (Slootweg & Kling, 2002). Figure 6.4 shows the measured wind
speed results by an anemometer that is located on the nacelle of the wind turbine.
PSCAD/EMTDC wind model uses the equation given in (6.2) to specify the random
fluctations of the wind speed. This simulation package program reads the number of
noise components, noise amplitude controlling parameter, surface drag coefficient
and turbulence length scale that can be set according to the data collected for a wind
farm. Gust and ramp components are neglegted which require multiple wind
measurements in the wind farm and geographical layout analysis of the wind farm.
The average value of the wind speed and noise wind component are used for the
simulations. Since the simulation of wind farm is carried out for 6 seconds, the
average speed of wind is considered constant. During this short time of operation, the

pitch angle is assumed constant. The wind speed results that had been measured in



87

the fourth day (between 72 and 96 hours in Figure 6.4 ) are used in simulation. The

average value, V. is taken as 8.9 m/s.

B = Wind Speed

120
110
100 -
9.0
8.0
7.0 -
£.0 -
5.0 -
40 -
5.0 -
a 20 40 £0 a0 100 120 140

m's

Figure 6.4 Measured wind speed in wind farm.

6.5.5 Alagati Substation

Alacat1 substation is represented by a 50 MVA three phase two winding
transformer component of PSCAD/EMTDC. The substation also ensures that the
electric power generated from wind is delivered to the transmission line at constant

voltage level of 154 kV and 50 Hz.

TEIAS
Alacati

50.0 [MVA]
154.0 [KY] / 34.5 [KV]

[ 1

Figure 6.5 Three phase two winding transformer

33.0 [ohm]

model that is used to model Alagat1 Substation in

PSCAD/EMTDC simulation.
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6.5.6 Power System(Grid)

The eqivalent circuit between the wind farm and the grid is shown in Figure 6.6.
The equivalent impedance consists of: transmission line; 4 km. Ilength
[3*(1*95)mm2] XLPE cable, and transformer; 50 MVA, impedances. When the
equivalent impedances is relatively high; the network that the wind farm is
connected to, is called as a weak network. The short circuit capacity at the PCC is
one of the important factors that affects the security and stability of the wind farms.
With the increase of the output power of the wind farm, the amount of current
through the equivalent impedance increases that cause larger voltage variations from
the infinite bus voltage. To increase the short circuit capacity; the voltage level of
PCC must be increased or the equivalent impedance must be reduced for the wind

farm.

Vit
Vs Reg+iXi Wind Farm
—(P)iredtiXeq
Grid
Loads
|
pPCC

Figure 6.6 Eqivalent circuit between the wind farm and

the National Grid.

6.6 Wind Farm Simulation Results with PSCAD/EMTDC

The simulation is performed to analyze the power quality of the grid model
including the wind turbines. Simulated and measured results of current on wind farm
feeder while all wind turbines (12 wind turbines) were generating active power, are
shown in Figure 6.7 and Figure 6.8, respectively. These 12 turbines are identical and

assumed to be running under same shaft torque.
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Figure 6.7 Simulated result of current on wind farm feeder.
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Figure 6.8 Measurement result of current on wind farm feeder.

Two fixed valued capacitor groups are installed in the simulation to set power

factor correction for no-load operation. Simulated active and reactive power results

FaZ-A
Faz-B
Fg-C
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are shown in Figure 6.9. Base power for per unit system used in simulation is chosen
as 9 MVA, the simulation result shows that the real power changes between 3.15

MW and 5 MW while the reactive power varies between 450 kVAR and 900 kVAr.
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Figure 6.9 Simulation result of power on wind farm feeder.

Measured THD of current in wind farm feeder is shown in Figure 6.10. These
measured values show that the THD is usually less than the limit of specified by
IEEE Std. 519 for industrial harmonics loads. IEEE Std 519 establishes harmonic
limits on voltage as 5% for total harmonic distortion and 3% of the fundamental

voltage for any single harmonic.
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Figure 6.10 Measurement result of THD on wind farm feeder-34.5 kV.

Although measured wind speed values at site was used in the simulation, the wind
speed is measured with one single anemometer located on the nacelle, whereas the
rotor has a larger surface and wind speed is not constant on surface. The wind speed
is disturbed by rotor wake. Therefore, it is not possible to observe the validation of
simulation results given in Figure 6.11 with the measured ones. Simulation values

show that the THD is also less than the limit of specified by IEEE Std. 519.
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Figure 6.11 Simulation result of THD on wind farm feeder-34.5 kV.
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6.7 Aggregated Model of the Wind Farm

Wind farm models may be built to various level of detail ranging from a one-to-
one modelling approach to full aggregation. A wind farm one-line model, including
N wind turbines equipped with wound rotor induction generators, is shown in Figure
6.12. Generators, capacitor banks, and transformers are assumed identical.
Aggregated equivalent system can be obtained by aggregating the N sets of
generators, capacitor banks, and transformers into one equivalent generator set
composed by one of each component as shown in Figure 6.13. Turbine aggregation is
mathematically exact only when all the involved wind turbines are similar and

receive the same wind speed from the same direction.

T

1

1

—

| Line

Substation |

by

T

—

Figure 6.12 Wind-farm one line diagram

| Line |
Sibstation | | @ @
TEQ

CEQ

-

Figure 6.13 Wind-farm one line diagram with aggregated model
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In the aggregated model, single component capabilities are multiplied by N and
all the per-unit impedances are kept at original values while multiplying the MVA
base of each component by N. Aggregated model can be represented by the
equivalent circuit shown in Figure 6.14. In this figure, Vj,;, is the substation voltage,
R, and X, represent the substation short-circuit level, R, and X; are the line
resistance and reactance, Xyg is the transformer reactance and Zc is the equivalent

impedance of the local capacitor bank.

Aggregated model equivalent circuit can be reduced to equivalent circuit of
Figure 6.15 by applying Thevenin’s theorem to the circuit seen from the generator

terminals(A-B).

+ Z + Z — ZC‘(ZSub + ZL + ZTR) (63)
‘ " ZC + ZSub + ZL + ZTR

Sub

Z'TH = R'TH+jX 'TH = Zc"Z

= ZC VSub (64)
ZSub + ZL + ZTR + ZC

'
TH

Figure 6.14 Equivalent circuit of aggregated model
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Figure 6.15 Reduced equivalent circuit of aggregated model

The circuit of Figure 6.15 can be reduced to the circuit of Figure 5.8 by
substituting Zs by Z 7, + Zs in (5.32) and (5.33) and V by V 75 in (5.32).

— — Z
V., =V | — "M 6.5
TH TH[ZM+Z;H+ZSJ ( )

2y (Zy, +Zy)

= 7 (6.6)
Zy+tZyy +Z,

TH

By this way; power system parameters are applied to the aggregated model of
wind farm. Adding power system components to the equivalent circuit of wind farm
effects the steady-state stability margin of the model as can be seen from (5.37).
System components cause a reduction in the maximum mechanical torque that can be
applied to the machine. This fact reduces the steady-state stability margin and the
maximum generator active power. The expression for the equivalent generator

terminal voltage V¢ considering the complete system can be obtained as;

=01z, + (ZM||ZR,)]\ 6.7)

Z(Zy+2Z' )+ 2,7,
’ Z,+7Z',

(6.8)
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6.7.1 Aggregated Model PSCAD/EMTDC Simulation Results

In this subsection, the effect of main parameters on steady-state stability margin is
evaluated and discussed by the help of aggregated wind farm model results. The
results help to understand the steady-state stability phenomena in wind farms
eqquipped with wound rotor induction generators. The studied parameters are; power
system components, rotor resistance control and substation voltage level. The
developed aggregated model of the wind farm is used for simulation studies in

PSCAD/EMTDC.

Aggregated mechanical torque that is applied to the wound rotor induction
machine, is increased step by step to determine the maximum mechanical torque that
can be applied to the machine. Wound rotor induction machine loses its stability if
mechanical torque input gets bigger than the determined maximum value, Temax.
Scalar addition of the swing equation as an aggregation technique for N turbines of a
wind farm, is given in (6.9) in per-unit by (Shafiu, Anaya-Lara, Bathurst, & Jenkins,

2006). H is the inertia constant, P;, and P,, are power input and output of wind

N N N
turbine where H “® = ZH L P = ZPim., P = ZPM .
=1 i=1

in out
i=1

2H “* (il_w =P8 — Pt (6.9)
t

6.7.2 Effect of Power System Components

Figure 6.16 presents aggregated model PSCAD/EMTDC simulation results of two
different situations by the T-w curves; first, wound rotor induction machine equipped
wind turbine is connected directly to source: without power system
components(strong grid); transformer, overhead line or underground cable(Tgyax;,
wgemaxr) and latter, wind turbine is connected to distribution system(weak-resistive
grid): with power system components (Tgmax2, ®emaxz2). 0 is equal to 0.95 in both

situations.
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Figure 6.16 Torque-speed curve for two different situations

These aggregated model simulation results show that impedances of power system
components, which connect the wind farm to grid, cause reduction in the maximum
mechanical torque that can be applied to the generator. As given in (2.4), R ;
measure of the strength decreases as the impedance Z; increases. Strong grids with

minimal connection impedances are the best options for wind farm-grid connections.

6.7.3 Effect of Rotor Resistance Control

Figure 6.17 presents aggregated model PSCAD/EMTDC simulation results of
three different situations to analyze the impact of the external resistance control of
wound rotor induction machine.

First; 6;=0.9, R3* =0.45[Rp]+ 0.1 [R3] Q,

second; 0;=0.85, R;3* =0.425[Rys]+0.15[R; ],

and third; 6;,=0.8,, R;* =0.4[Rp]+ 0.2 [R3] Q; ;> 62 >03.
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Figure 6.17 Torque-speed curve for three different situations

These aggregated model simulation results show that maximum electrical torque
values are independent of rotor equivalent resistance as given (5-37), but the critical
slips at which maximum electrical torque values occur are proportional to it, as given

(5-36) .

Effect of the rotor external resistance control to rotor speed can be seen from the
difference of wemax ; WeEMaxI< WEMAX2< WEMax3. When ¢ is decreased by controller,
Ry and R, are increased. These increments in Ry and R; cause an increment in Sy,
since Ry has a dominant affect than R, over s,.; as a result, the higher resistance of
the rotor, the higher the slip is. Maximum electrical torques are equal for all

situations as expected; Tevaxi= Temax2 = TEmaxs-
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6.7.4 Effect of Substation Voltage Level

Figure 6.18 presents aggregated model PSCAD/EMTDC simulation results of two
different situations to analyze the impact of the PCC voltage difference; first system
with substation voltage %100 (Tgmaxs, @emax;) and second system with substation

voltage %80 (Temax2 @emax2)-

Tor que(pu)
A

Substation Voltage = % 100
——e— e Substation Voltage = %80

T,
(Temaxy) 325

2.5

]

I

I

I
(Temax2) A
I
I
I
I
I
I
I
I
]

-
2.5

(®ppMax1,2)

Rotor Speed(pu)

Figure 6.18 Torque-speed curve for two different situations

These aggregated model simulation results show that the PCC voltage reduction
cause reduction in the maximum mechanical torque that can be applied to the
generator. This means that the voltage reduction at the PCC in case of high wind
speeds(full power output of the wind farm) can result as losing rotor speed stability

and cut out of the wind turbine as a consequence.
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6.8 Comparison of Aggregated Model PSCAD/EMTDC Simulation Results with

Complete Model PSCAD/EMTDC Simulation Results

PSCAD/EMTDC simulation results of the developed aggregated wind farm model
are compared with the PSCAD/EMTDC simulation results of complete wind farm
model for verification. The effectiveness of the aggregated model to represent the
collective response of the wind farm is demonstrated by comparing the simulation
results of aggregated and complete models both during standart operation and grid

disturbance.

Figure 6.19 and 6.20 show the real and reactive power output results of; complete
wind farm model and aggregated model, respectively. In complete model simulation,
the slope of the power output lines are smaller than aggregated model simulation,
since wound rotor induction machines of wind turbines start to operate as a generator
one by one, after t = 1.5. In aggregated model simulation; slope is rather high with

respect to the complete model.

In case of standart operation: balanced source voltage, fault free operation, no
noise component in wind speed and constant incoming wind speed for all wind
turbines; resulting values for real and reactive power are the same as seen in the
graphs. The results demonstrate the effectiveness of the aggregated model to
approximate the collective response of the wind farm for steady-state power systems

studies.
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Figure 6.19 Complete model real and reactive output of the wind farm
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Figure 6.20 Aggregated model real and reactive output of the wind farm

Figure 6.21 and 6.22 show the current waveform results of; complete wind farm
model and aggregated model in case of steady-state operation, respectively. There
are harmonic contents because of rotor circuit resistance control. But in complete
model current waveform, these harmonic contents are reduced due to mutual

interactions of individual machines. Although twelve wound rotor induction
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machines are modeled seperately in complete model; aggregated machine model can

not eliminate harmonic contents in current waveform.
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Figure 6.21 Complete model current output of the wind farm
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Figure 6.22 Aggregated model current output of the wind farm
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Figure 6.23 and 6.24 show the real and reactive power output results of complete
wind farm model and aggregated model in case of three phase-ground short-circuit
fault for 150 miliseconds at the transmission line which connects the wind farm to

grid. Standart operation is valid except the fault situation.

As seen from the graphs at post fault time interval, real and reactive power
changes show different characteristics. Although transient time interval results are
not the same in both models, aggregated model real and reactive power results are

valid for steady-state operation.

m=Total P = m =Totgl Gr=

-0.20 H

040 - Q

P and 2 (pu)

-0.60

-0.80 -

5D 360 400 4.0 4.40 450

Figure 6.23 Complete model real and reactive power output of the wind farm in case of 150 ms

grid fault.
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Figure 6.24 Aggregated model real and reactive power output of the wind farm in case of 150 ms

grid fault.

6.9 Power Quality Project

Mobile Power Quality Measurements had been carried out in many substations in
all around Turkey. The main goal of Mobile Power Quality Measurements is to

identify the problems of of power system in terms of power quality indices.

Measurements at each point had been performed continuously for at least seven
days according to IEC 61000-4-30 Std. and in this way; the data concerning
weekday/weekend, day/night, and peak times were collected. This measurement
system were used for obtaining changes of the electrical power quality magnitude
such as active and reactive power flows, voltage and current magnitudes, and
harmonics. In the case that an event occured during the seven-day period of the

measurement, even this process was recorded in a detailed way.

The measurements in the wind farm of Alacati had been carried out in the
substation during 7 days in a week by power quality monitoring set-up shown in
Figure 6.25. It collected the raw data in accordance with IEC 61000-4-30/Class B,
and carried out on-line data processing according to IEC 61000-4-7/Class B, IEC
61000-4-15/Class B and IEEE Std. 519. Locations of measurements are shown on

one-line diagram of the substation given in Figure 6.26.



104

T
L1 l\ /'I
L2 o
L3 Pl -

Current

Transformers [

Lo |

Current Clamp:
100mVrh

.kASSA or 1A

—-'l—‘—"

— &

voltage Trandformer:

. kv mr

L A

Ny

Gain: 100 Gain:1

Sample & Hold Card
NI 5C 2040

T~

DAQ NI 6036 E Card
Analog signal is
converted to digital
by DAC 8036 E Card
with 16 kit resclution
at 3.2 kHz per channal

voltage Dividing
Cabling
Divider Ratio: 1003 &

s External Time
Synchronization
Facility

Ondine Data Processing
Software

Raw Data Callection
(Optional)

Raw Data Storage

for events

Reporting Saftware

Figure 6.25 Block Diagram of Power Quality Monitoring Set-up
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6.9.1 Results of Power Quality

The active, reactive, apparent powers and power factor were measured and
recorded at every ten minutes on wind farm feeder and the results are shown in

Figure 6.27 and Figure 6.28.
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Figure 6.27 Measured Real, Reactive and Apparent Power results in wind farm feeder for 7 days
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Figure 6.28 Measured power factor results in wind farm feeder for 7 days

The voltage and current magnitudes are measured at the bus of wind farm and at
the output of wind generators. Recorded data is analyzed according to the definitions
of IEC 61000-4-30; and 63 events observed for the seven days; 33 voltage sags, 4

voltage swells, 4 voltage shortages, 22 voltage unbalances on the substation voltages.

Examples of voltage sag, voltage sweel, voltage shortage and voltage unbalace
waveforms with synchronous current waveforms are given in Figure 6.29-6.36,

respectively.
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Figure 6.32 Current waveforms during the voltage swell.

Figure 6.31 and 6.32 show the voltage swell and phase current measured at the
same time. Voltage swells is occured because of a start-up in wind farm. As given in
Chapter-2, output power of the wind farm and the short circuit impedance determines

the voltage difference at the PCC.
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Figure 6.34 Current waveforms during the voltage shortage.

Figure 6.33 and 6.34 show the voltage shortage and phase current measured at the

same time. The recored data for phase current contains only noise component like in

Figure 6.30. In case of a grid fault(event) series, wind turbine control system

disconnects the wind turbine from the grid. Wind farm generators continues to

operate in “motor” mode until the next control order.
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Figure 6.36 Current waveforms during the voltage unbalance.

Figure 6.35 and 6.36 show the voltage unbalance and phase current measured at

the same time. Voltage waveform has a particular characteristic, which pr

information about how phase voltage can be changed in case of a grid event.
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The simulations are based on real measurement and a realistic model of the
system. However it is necessary to make the following statements, which affect the

accuracy of the simulation results:

Although measured wind speed values at site was used in the simulation, the wind
speed is measured with one single anemometer located on the nacelle, whereas the
rotor has a larger surface and wind speed is not constant on surface. The wind speed
is disturbed by rotor wake. Therefore, it is not possible to observe the validation of

simulation results with the measured ones.

Individual control system of wind turbines works independently for the incoming
wind speed and wind direction. There is no a record of each wind turbine status
during the measurement period. Although the wind speed is measured, gust and ramp
components are neglegted which require multiple wind measurements in the wind

farm and geographical layout analysis of the wind farm.

There are various types of loads; mostly residental and commercial, fed from 34.5
kV common bus of Alacat1 Substation which wind farm is connected. Since electrical
measurement procedure is set to record data only before and after the disturbances
and synchronization of measurements at different buses are not guaranteed; the load
feeders; including power factor correction feeder, can not be controlled or measured
during the measurement period. A very high capacity data acquisition system, which
is neither present in Alacati substation nor has been used by mobile measurement

system, is required to obtain synchronous data for multiple measurements

Despite these statements, the case study has given benficial outputs about a real
system. The combination of measurements and simulation model makes it possible to
estimate power quality and stability margin of the system that would otherwise be

difficult to predict and to measure.



CHAPTER SEVEN

CONCLUSIONS

The share of wind energy in Turkish electrical power system is getting higher
each year. The wind farms have different impacts and functions on the performance
of power system than conventional power plants, because of variation of wind speed
in time. Power system operators have to be sure about the reliability of the system
after wind energy integrations. As a result; accurate models of wind farms and power

system are needed for accurate analysis.

In this thesis, a case study has been performed about grid-connected wind farms
and related power quality issues. The model of the drive circuit with slip ring
induction machine is verified by the experimental results then model is implemented
to the wind farm having 12 turbines. The field measurements have been carried out
according to standarts. The line current, real power, reactive power and THD are

predicted from simulation program and compared to measured results.

The ratio between short circuit current and installed capacity of WECS is around
41, therefore, the distortion of bus voltage is not significant. If the pitch angle control
is also included into the model, then the power disturbances due to the wind speed
variation can also be accurately predicted. This control algorithm is not provided by

the system operators for the wind farm considered here.

Finally an accurate aggrageated model for wound rotor induction machine was
newly developed and results were compared with the complete model. Aggregated
model of the wind farm in PSCAD/EMTDC was used to evaluate the effects of main
parameters on steady-state stability margin. Also the effectiveness of the equivalent
model to represent the collective response of the wind farm is demonstrated by
comparing the simulation results of aggregated and complete models both during

standart operation and grid disturbances.
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Like in other countries, which have particular wind energy conversion system
integrated into overall power system, in Turkey TEIAS needed grid codes for wind
energy conversion systems. The case study has given benficial outputs about the
grid connected wind farm and contribution have been done during thesis for
developing grid code for wind energy conversion systems of TEIAS by the help of

the case study results obtained.

According to the developed new grid code for wind farms; wind farm investors
have to provide evidence of the fulfilment of grid code capabilities like; LVRT
capability, power quality affect and any other, by simulations which include steady

state as well as dynamic studies before wind farm installations.

It has been more than ten years since Alacati wind farm started to operate.
According to the site measurement results, Alacati wind farm has problems about
compliance with power quality standarts. In addition, all regulations and grid codes
will be more demanding and more restrictive with revisions. Although TEIAS can
not demand compliance with the new grid code for Alacati wind farm operator,
limited improvements may be discussed by both sides. LVRT capability and control
of frequency can not be provided with present wound rotor induction generators. A
new dynamic reactive power control system like a STATCOM can be established
instead of present capacitor banks. Thus; fast and smooth reactive power control,
PCC voltage level control, flicker mitigation and as a result; power quality

improvement can be provided for the wind farm and the grid.
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conduction power loss of the power electronic switch

average value of the switching losses of the power electronic switch
average power absorbed by resistance R during a period
per-phase power consumed by resistance R,

mechanical power developed by the fundamental rotor current



P
Pour
Pi,
Prated
P
PCC
Qg
Ome
Qoo
Qo2
Qﬂ,i
Qo.2i
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rotor copper loss

power output of a wind farm/ turbine

power input of a wind farm/turbine

rated power of wind farm

mechanical power of wind turbine

point of common coupling

reactive power of the wind farm

reactive power at P,

reactive power(60 second average value) at P

reactive power(0.2 second average value) at Py,

rated reactive power of the individual wind turbine

0.2 average reactive power data at Py ; of the individual wind

turbine

measure of the strength

turbine radius

effective value of resistance R

effective value per-phase value of R,

effective per-phase value of R

rotor resistance

resistance that represents the core losses
resistance and reactance to represent the substation short-
circuit level

line resistance

short circuit power



t{)ﬂ

Lof
tC{)n

N

U
AU
XL
Xrr
Xrr
Va
Vn

Veut-in

Veut-out <

Vbase
Vgust

Vramp

Vnoise

rated apparent power of the individual wind turbine
slip
accelerating torque
torque available from the wind turbine
torque developed by the induction generator
period
on time period of the power electronic switch
off time period of the power electronic switch
conduction time period of the power electronic switch
transmission system operator
voltage at the PCC
network voltage at the assumed infinite busbar
voltage difference between the infinite system and the PCC
line reactance
transformer reactance
thevenin’s impedance
given annual average wind speed at hub-height of the wind turbine
rated wind speed
cut-in wind speed
cut-out wind speed
average value of the wind speed
gust wind component
ramp wind component

noise wind component
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Vo = substation voltage

Vin thevenin’s voltage

W(Annual) sum of the energy produced by the wind farm for a year
Wr . energy absorbed by resistance R during T

Zy : equivalent short circuit impedance of the network
Zc : equivalent impedance of the local capacitor bank
v, : network impedance phase angle at the PCC

s : pitch angle

p : air density

A : tip speed ratio

; : rotational speed of the turbine

Hoverall * overall turbine efficiency

w : angular velocity

0 : switch duty ratio

0, : phase angle between phasors
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On-line power quality analysis software is as illustrated:

INPUTS
REAL TIME DATA COLLECTED AT A RATE OF 3200 Sample/Sec./Channe
USING NON-DVERLAPPING WINDOWS OF 1 SEC. LENGTH

[v] ]
[e] (e ][] im

L

e

ONLINE DATA PROCESSING IN ACCORDANCE WITH
IEC E1000-4-30/CLASS B, IEC 61000-4-T/CLASS B,
IEC 61000-4-15/CLASS B, and |EEE Std-519-1992

POWER and POWER QUALITY PARAMETER CALCULATIONS

| Frequency (1 See. Averages) |
| Active and Reactive Power (1 Sec. Averages) |
1 Volage and Current Hammonics (3 Sec. Averiges) l
[ Flicker (10 Min. Averages) |
| Current Rims Value (10 Cycle Averages) |
| Voltge Hms Value (10 Cyele Averages) ]

POWER QUALITY EVENT DETECTION

Voltage Sag |Volmgv: Unbalance |
Voltage Swell |\-‘ulmg.cimcrruptiua |

L STORED in OVD
3 and
T DATA CARTRIDGE

"h.v..#'

REPORTING

10 Min. Averages for Active, Reactive, and Apparent Powers and
Power Factor

| 5 Min. Averages for Voltage and Current RMS Values

|3 Sec. Averages for Voltage and Current Hanmonics

[ 10 Min, Averages for Short Term Flicker

I! Hour Averages for Long Term Flicker

|Raw Data of Power Quality Event + Pre & Post Event Data 1 Sec. Each

S L

SOFT and HARD COPY OUTPUTS

Figure A.1 An illustration of on-line power quality analysis software.
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28/11/2006

Figure A.2 A photo from on-line power quality analysis.

Figure A.3 A photo from on-line power quality analysis in Alagat1 Substation.
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IEC 61400-21 Sample Report Format

Sample report format

This sample report format gives a suggested format for reporting the resulis of measurements
for characterizing the power guality parameters of a wind turbines.

REPORT ON RESULTS OF WIND TUREINE POWER QUALITY TESTS

The reported characteristics are walid for the specific configuration of the assessed wind
turkine only. Other configurations, including aliered control parameters, that cause the wind
turkine to behave differently with respect to power quality, require separate assessmeant.

Mame of test organization

Report number

Wind turbine type designation

Wind turbine manufacturer

Serial number of wind turbine tested

The wind furkine identified above has been tested in accordance with IEC 81400-21.

This test report is accompanied by the documents specified below.

Type of information Document name and date

Description of the tested wind turbine,
including settings of control parameters

Description of test site and grid connection

Description of test equipment

Description of test conditions

Mote of exceptions to IEC &1400-21

Author

Checked

Approved

Date of issue

Characteristic parameters that are determined otherwise than ouwtlined in IEC 81400-21 are
marked. This includes parameters that are calculated instead of measured. The document(s)
with exgeptions to IEC 81400-21 describes the alternative procedurs(s) that has been applied.

The resulting characteristic parametars are stated below.



A1 General data

Wind turbine type (horizontalivertical axis)

Mumber of blades

Rotor diameter {m)

Hub height {m)

Blade control [pitchistall)

Speed control (fixed/two-speedivariable)

Generator type and rating(s) (kW)

Frequency converter type and rating (kW)

Identification of wind turbine terminals

A.2 Rated data

Rated power, P, (KW)

Rated wind speed, v, (m/s)

Rated apparent power, 5, (kVA)

Rated reactive power, @ (kvar)

Rated current, I', {A)

Rated voltage, L7 (V]

A3 Maximum permitted power

Assessed value, Py, (kW)

Normalized value, pp. = Pp. /P

A4 Maximum measured power

A4 60 s average value

Measured value, Pgp (kW)

Normalized value, pep = Py 7 Pp
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A42 0.2 s average value

Measured value, Py o (kW)

MNormalized value, pp 2 = Py o /Py

A5 Reactive power

Cutput power (% of P} Cutput power (kW)

Reactive power (kvar)

0

10

20

30

40

50

&0

70

30

90

100

Assessed reactive power at Pp,. (kvar)

Assessed reactive power at Pgy (kvar)

Assessed reactive power at Pp o (kvar)

A6 Voltage fluctuations

A Continuous operation
Network impedance phase angle, w, (deg.} a0 T 85
Annual average wind speed, v; (mls) Flicker coefficient, c{py, v;)
&,0
7.5
8.5
10,0
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A2 Switching operations

Case of switching ocperation

Start-up at cut-in wind speed

Maximum number of switching
operations, Vg

Maximum number of switching
operations, Nyag

Network impedance phase angle, w, (deg.}

30 50 70 85

Flicker step factor, by}

Voltage change factor, &j(wy)

Case of switching ocperation

Start-up at rated wind speed

Maximum number of switching
operations, Vg

Maximum number of switching
operations, N,

Network impedance phase angle, w, (deg )

30 50 T0 85

Flicker step factor, kpiiwg)

Voltage change factor, &(y)

Case of switching operation

Worst case switching between generators

Maximum number of switching
operations, Ny

Maximum number of switching
operations, Nyzq

Network impedance phase angle, w; (deg.)

30 50 T0 85

Flicker step factor, ki)

Voltage change factor, &j{wy)
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AT Harmonics

This clause is only relevant for wind furkines with a power electranic convarier.

Order | Output power Harmonic current | Order | Qutput power Harmonic current

(kW) (% of I) (kW) (% of I;)
2 3
4 ]
[ T
8 k)
10 11
12 13
14 15
16 17
18 19
20 21
22 23
24 25
26 27
28 23
3o "
az 33
34 35
36 kT
aa 313
40 41
42 43
44 45
46 47
48 43
50

Maximum total harmonic current distortion {% of I}

Cutput power at maximum total harmonic current distortion (kW)
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Data Sheet for Wind Turbine Test(Enercon-Windguard)
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Referenzertrag
PRO4OTT
Auftragneber:  EMERCOM GmbH Leishngsioiye
Wi Paent Werle-
WEA-Typ: ENERCON E-2V5.40 i Wl (B
i nmis | in kW Anzshl
schalloplimiert 153l .29 ol
Heratelber: EMERCOM GmbH o 230 -03s
i LAY -1BE) DS
Hannledstung: 500 KW | 18] o
Rotordurch- 4003 m 349 7.34 o2
Masser: 402 1749 034
Abschaltwind- 25 mis 4301 7734 038
peachwindigkeit: A998 AT D4l
Messberich  DEWI 0479 iy e e
e i i GO TASH 04
Messinstibut: Dewsches %] W) 048
Windan argie-Institut 702 12246 Dds
GmbH 7.50| 15222 D4
Messon: Domuin 799 1%826 047
B.32 1I£].!-:| 45
Berichisdaiwm: O 092000 BOE| 15500 045
g aE Y49 29371 D44
Richilinag MEASMET 2000 woi| 23] 044
EEG-konbarm: Ja 10.52 Ji‘?.zﬁl 042
11.00| 423.60 0l
Korakturan: Keing 1.50| 43792 037
12,00] 46315 34
12.52 d‘I'EI.H'II K|
15.02( 49044 29
13.50] 4%6.12 036
Berechneter Referanzertrag 1396 s00x?| 024

HabenhBhe Referenzartrag 14.45] 49915 ] |

inm in kWh 15.02| 50228 12

[rem 15.3%] 500.TT LN

a4 4987475 1505 qmsal 006

1646 S00EY 014

Anmerkungen bzgl. der Eignung fir das EEG a1 swozy o3
{Zutrefiandes ist angekreuzl) : o :

[ |Die verwendate Leistungekurve wurde entsprochind FGW- odar MEASNET- Richilinie unier |
Berlicksichligung der Erginzungen dieser Richflinie vermessen. Die ausgewsesenan
Rieferenzeririge sind unsingaschrdnki fir Anlagen gleichen Typs nutzhar,

O | Die verwendate Leistungskurve wurde nach enem vergkschbaren® Varfahren vor dem
01012000 ermittel. Die ausgewksenan Referenzerrage sind nur zu verwenden, weann mit
der Erichiung von Anlagen des Typs rach dem 31.92.2001 im Geltungsbereich des EEG
michl mehr begannen wurde,

O | Die verwendete Lesiungskurve wurde aus den Konsiruklionsunterdagen des Anlagenlyps
ermittelf, Die ausgewiasenan Rederenzenrige sind nur zu verwenden, wean Ankagen des
Typs nach dam 01.04.2000 im Gellungsbereich des EEG nicht mehr in Belrish ganommen
wondan sind.

O |Die hier angegabenen Referenzenergisertrage arfillan nicht alle Bedingungen des
Ermeusrbaren-Enargien-Gasetzas und sind daber als Grundlage for die Erméltiung der
Lawlzeit der erhihien Vergliung nicht gesignet

Yy b SN AN
Deutsche CONSULTING Gl , | ]
WindGuard Windules: |5 , lictd I’ |
Consuling 126316 Virel o J b AN e S
GirpH TH DELS H;h:;ﬁr*l‘l;j&m 22.05.2004 Unfarschrif ¥ Untarschift
i (Dipl-Phys. A Albers)  (Dipl.-Phys. J. Mandsr) |
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Calculation of Switching Loss

SKM 800GA176D is an IGBT module, manufactured by SEMIKRON, that is
used in wind power applications. Its characteristics given at the manufacturers’ sheet
can be used for equations(Semikron, 2009): Turn-on time ¢,,, is consist of; turn-on
delay time #,.,,) and rise time ¢, , and is given as totally 320 ns. The turn-off time 7,
is defined as the sum of turn-off delay time 74,4 and fall time #; and is given as

totally 1190 ns. The given values are for V..= 1200 Volts and I. = 600 Amps.
Energy dissipation during turn-on E,,; energy dissipation during turn-off E, per
cycle are 335 mj and 245 mj according to the data sheet, respectively. Power loss

during switching may be calculated by multiplication of the switching frequency f

with E,, and E4 :

P, = f(E,, +E,;) =3000.(335 +245) = 1740000 mW = 1740 W

By using turn-on and turn-off times;

P, = %V.I.(ron +1,0).f, = M.@zm 1190).107.3000 = 1630.8W

Both results are not far away from each other.
For a duty ratio ¢ = 0.9 of the switch, V.. = 1.5 Volts, R, becomes;

R, = lK(IM +1,.).f, + Vee 5 l@(320+ 1190).107.3000 + 13 09
21 N 2 150 150

where rated rotor current of the wind turbine generator is given as 150 A.

R,, =0.01812+0.009 = 0.02712
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Total effective per-phase value of external circuit resistance becomes,

R*=05.(6.R,,)+(1— &R, =0.5x(0.9x0.02712) + (1-0.9).1=0.112204

2 2

R, = (% “1)(R +R,)= (% —1)(0.067375+0.112204) = 0.01751

R, =(R, +R,)=(0.067375+0.112204) = 0.179579

’

R, =a, R, =0.081225x0.01751=0.001422

’

R, = aleRf =0.081225x0.179579=0.014586

TR T j2.39 __ 16491 e
j2.39+0.00357+ j0.055)  j2.445+0.00357

ZyZs  j2.39(j0.055+0.00357) —0.13145+ j0.00853

Z. =Ry + jX = =
i = o Z,+Zs j2.39+ j0.055+0.00357  0.00357+ j2.445

Z,,, =0.00341+ j0.05376

|I_R|:IR': RV"TH
\/(RTH FR )+ (X, + X))
R)
B 674.47
\/ (0.00341+0.001422 + M)z +(0.05376+ 0.0662)>
R)
TE:R_fIR'ZZRf "/TH2
N N ' Rf 2 "2
(R, +R, +T) +( X,y + X2
0.014586 (674.47)°
s 0.014586

(0.00341+0.001422+ ————--)* +(0.05376+0.0662)
s

The control unit calculates the necessary effective resistance using the current
reference and measured rotor current for any given slip. When the duty ratio 0 is
changed by the controller unit, the torque and reactive power characteristics of the

machine are changed.



for s = %2;
i | 674.47
A
0.014586_, .
(0.00341+0.001422+ 2217802 1605376 +0.0662)
1,'=906.7
22007 _ 93654
12.31
- _ 0014586 (674.47)
=
0.02 0.00341+0.001422+ 0’%13;86)2 +(0.05376+0.0662)
T, = 599569
for s = %1;
i | 674.47
|1R| =1,'=
0.014586_, )
(0.00341+0.001422+ 2217802 1605376 +0.0662)
1,'= 45934
1, =393% 37314

12.31
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_0.014586 (674.47)°

0.01 0.014586,>  0.05376+ 0.0662)2

E

(0.00341+0.001422+

T, =307757



