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Abstract

In this paper, a comparative analysis of the energy production obfeaneavind turbine with two
different types of induction generators modeled for the sanaidocis presented. Both induction
generators — double-fed induction generator (DFIG) and the conventidiigtion generator (IG)
are simulated using the same input wind conditions. The analysislomasusing real measured
data for the entire 2012 at the location of recently developed parkd location near the city of
Bogdanci, South Macedonia.

The objective of this paper was to compare obtained resutig nsithematical model developed in
Matlab/SIMULINK environment with the really achieved productiaribee same site, proving the
model accuracy. The results show that DFIG yields up to 40%r largegy production in relation

to conventional IG and should be considered for locations with timy@agawind conditions.
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AGcTpakT

VY oBOM pajny, MpHKa3aHa j€ yrnopeHa aHajau3a MPOU3BOIbE CHEPrHje JOOUjCHE 13 BETPOCICKTpaHa
ca JIB€ pa3IM4YiTE BPCTE aCHHXPOHHX TeHepaTopa Ha MCTOj Jokanuju. O0a acHHXpOHA TeHepaTopa —
JBOCTpPYKO-Hamnajanu acuHxpoHu reHeparop (DFIG) u kOHBEHIMOHAIHM ACHHXPOHH TE€HEPaTop
(IG) ce cumynupajy xopumihemeM HCTHM YCIOBHMa BeTpa. AHann3a je H3BpIICHA MPUMEHOM
peamHO m3MepeHHX mojataka 3a meny 2012 roauwHy Ha JIOKAIMju HENAaBHO Pa3BHjEHOT BETEPHOT
MapK Ha JIOKANWju Y HeTocpeiHoj Onmm3uHu rpajga bormaniy, Ha jyry MakenoHuje.

[lwe oBor pasa je Omo na ce ymopene JoOWjeHe pesynTare y3 MOMOh MaTeMaTHYKOr Mojesa
paszsujeHor y Matlab/SIMULINK okpysxemy ca cTBapHO OCTBapeHE MPOU3BO/HE Ha HCTOJOKAIIUH
M T0J WCTHM YCJIOBMMA, THME JOKa3zyjydd Ta4yHOCT Mojena. Pesynratu mnokasyjy naa
Betporeneparop ca DFIG naje i do 40%eehy npou3Bomby eHepruje y OJHOCY Ha BETpOreHeparopa
ca xoHBeHIMOHIHNM WI' u TpeGa MCTOr KOPHUCTHTH 3a JIOKAIMje ca BPEMEHCKH MPOMEHJBHUBUM
yCIIOBHMA BETpa.

Kibyune peun: enekrpoeHepreTrka, oOHOBINBH N3BOPH, BeTepHe Typoune, DFIG, acnaxponu reaepatop



1. Introduction

The kinetic energy of the wind for years was usgdhe people to aid in their everyday work suchiras
windmills for milling grains, for pumping water farrigation or drinking, for pressing grapes orves, etc.
In the recent years, the kinetic energy of the wisdnainly used for producing electricity as thesmo
sophisticated energy resource. The kinetic enefgyired using so-called wind turbines firstly is aanted
into mechanical energy at the turbine’s shaft aterithis mechanical energy is transformed intctetal
energy utilizing various types of electric generate.g. DC generators or AC synchronous or indocti
generators [1].

As we know, the kinetic energy of the wind has @lsastic nature, so one cannot predict its avdigbi
speed and direction of the wind at any point ofetirthus the rotation speed of the wind turbine, and
accordingly the rotor speed of the generator cooldbe constant with the time. Therefore, the fesqy of
induced electric voltage cannot be constant, tesylting with problems for direct connection of thind
turbines to the common electricity grid. This pegbl is usually solved using an adequate frequency
converter that converts the generated voltage eegliéncy by the wind generator into suitable networ
voltage and frequency of the grid to which the windbine is connected. This process usually is call
synchronization of the wind turbine with the povgeid. These power converters consist of variousgrow
electronic elements, mostly IGB transistors and grogiodes that regrettably cause additional poossds
and reduce the efficiency of the turbines.

To aid in these matters, recently was proposedeaiapconstruction of the induction generator, athed
double-fed induction generator, or shortly DRIBoubly+ed InductionGenerator) [2], [3]. DFIG is AC
induction machine that has two windings, in theostand in the rotor, wherein both windings carry a
significant portion of the active power between tenerator's shaft and the power grid. In this cése
stator and the rotor windings are connected topbwer sources, which are mechanical energy at the
generator's shaft, at one side, and grid energythenother side, with different frequencies. Thestmo
common case is that the stator’s windings are adededirectly to the three-phase grid network wkiie
rotor’'s windings are connected also with the ttpkase grid network, however indirectly through saléc
designed three-phase power converters. The bigghsintage of this DFIG is its ability to operate at
different speeds of the incoming wind, this havagignificantly larger operational range in comsgani
with the conventional induction generator (IG). 9lé due to the fact that the power convertersnate
connected to the stator’'s windings, but ratherht rotor's windings, thus enabling the adjustmenthe
rotor speed with the variations of the stator gatezt synchronous magnetic field at different tugbépeed
propelled by various wind speed.

In this paper, the authors briefly describe théedéinces in the operation and the generated poeterelen
wind turbine with DFIG and wind turbine with convemal |G. The comparison is based on the real
measured data of the wind speed for a period ofvdmde year at the Bogdanci wind farm located i@ th
southeastern part of the Republic of Macedonia.ti@n basis of the operational characteristics ard th
developed mathematical model, comparison betweentypes of generators was done for the active and
reactive output power. The objective of this workswo compare the production results already gteteed

the wind power plant with the simulated resultstfod same input data and at the same location F0GD
driven wind turbines, using program package MaS8#dULINK. The compared simulated results showed
large compliance with the experimentally obtainew The simulated results using DFIG-driven wind
turbines at the same location and for the sameageewind speed could yield up to 40% higher energy
production, in comparison with the energy produttiy conventional IG-driven wind turbines.

2. Wind turbine energy conversion

Wind turbine is an electro-mechanical device tlmatverts kinetic wind energy into electrical energyind

is a clean renewable energy source that does nibtagm harmful gases and can constantly be used for
electricity production as a result of its renewath@racteristic. There are several commercial tyfesnd
turbines today in operation. However, all work twe basis of a single principle - transformationtlod
mechanical momentum carried by the aerodynamiefoaon the blades of the turbine rotor into meclanic
energy on the turbine’s shaft and later into actatl energy by means of electric generator. Mdghe
wind turbines today in their drive train includegaarbox, a mechanical gear drive transmission isyste
between the turbine and generator. Its task isattsform the large but low speed momentum at thé sh

the turbine into a smaller but high speed rotatimomentum at the shaft of the generator. Some of the



modern types of wind turbines are gearless andaisglex power converters to adjust the low spedtief
turbine shaft and low frequency generated powerdesired voltage and frequency of the power dijd [

Albeit the turbine type and construction, the gatedt power of a wind turbine equals to:

P, =3 PAVC, (1) ®

or

P, =3 PI*/C, (1) @)

where,P,, is the power of wind ifiw], p is the air density ifikg/m’], A is the surface area covered by the
blades of the turbine ifm?], r is the radius of the turbine rotor[im], v is wind speed ifim/s], Cy(4) is the
coefficient of Betz, and is speed coefficient at the tip of the blades;udated using the expression:

v
A =-P 3)
\
where,v, is the peripheral speed of rotation of the blaatesv is the speed of unimpeded wind.

Having in mind that the air density and the radfishe turbine rotor are fixed for particular loicat and
turbine design, while the wind speed changes ssgtidadly and cannot be controlled by the user,dhly
parameter that can be controlled to maintain mamirpower output, is the coefficient of Be@,(A).

This coefficient has the maximum theoretical vadfi®.593 and it is strongly and non-linearly rethte the
pitch angle of the blades and the incoming wincedp@he turbine quality largely depends of thisfficient
that varies for different turbine type and turbmeanufacturer. A typical characteristic of the cmééht
Cy(/) is presented in Fig. 1. Most wind turbines staiddpicing electricity at an initial wind speed the s
called the cut-in wind speed between 3 ardh/]. Then they reach their rated power at a wind spéed
about 10 — 1%m/s]. Finally, the wind turbines are cut from the gatdwind speea 25 [m/s], usually called
as cut-out wind speed (see Fig. 2).
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Fig. 1: TypicalC,(A) characteristic of a wind turbine. Fig. 2: Wind turbine power curve

Analyzing Fig. 1, one can conclude that in the aséamall and medium wind speeds, pitch angle is
controlled so that the wind turbine can operatarabptimum mode. However, in the area of high speed
using the pitch angle, part of the kinetic enerfjthe wind is discharged or lost in order to prothe wind
turbine and its vital parts. Wind turbines usuasfiver maximum power at wind speeds ranging franadl

15 [m/s]. For wind turbines with variable speed of rotatitire steering of the turbine is also done with the
help of dynamic pitch angle regulation. As a resiilthis regulation and in order to maintain maxmu
power output of the turbine at various wind spékd,speed of the turbine is continuously adjusteskt on

the speed of the incoming wind. The dependencheivind turbine power output on the rotational spiee
graphically presented in Fig. 3. Moreover, from (Bgit can be concluded that the top speed atiphef the
blades of a wind turbine varies in a wide rangeedelng on the value of the speed value of the imogm



wind. However, from (2), it can be seen that thbihe achieves maximum power only when working with
the same maximum power coefficigBf(A). To achieve this goal, the rotor speed shoulgdieso that it
follows the appropriate change of the speed of/#thee of the incoming wind [1].

The technology for the operation of wind turbingsvariable speeds with DFIG efficiently solves this
problem. The rotor speed can be always controljethéans of managing the difference between theubutp
electric power and power taken away from the williith dynamic pitch control DFIG-driven turbines d¢du
regulate the power extracted from the wind’s kimetnergy and using converter could actively marithge
power output of the turbine. As a result of thege tegulations, one could successfully manage fgbed of
rotation of the rotor.
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Fig. 3: Dependence of the wind turbine power ougfubtational speed (per unit values).
3. Doublefed induction generator (DFIG)

If we look at a wind turbine with conventional 16 terms of variable speed of rotation, then a sgu@age
rotor induction machine could be used, becausdrédggiency management is performed on the stater sid
For such machine to operate in a generator modis, riecessary its rotor speed to be higher than its
synchronous speed, i.e. the rotor speed must besguwehronous speed [4]. The more speed changes,
becomes more difficult to achieve stable speed latign. This is because for wind turbines directly
connected to the grid the change in frequency ifopaed on the stator side using adequate energy
convertors. The disadvantage of this approach shesized at large power generation where hugerdurre
leaks through the energy converter become unavigidalnd converter losses became significant. Thus,
DFIGs were introduced in the wind turbine technglagwhich the power converters for frequency cohtr
are located on the rotor side, i.e. they adapfrégpiency of rotor turning not frequency of the @yonous
field of the stator [5]. A schematic block diagrafMDFIG-driven wind turbine is presented in Fig. 4.

186

3.1. DFIG vs. conventional I1G

In Fig. 5, the conventional IG-driven wind turbiwéh constant rotation speed is presented. Betwadiine
rotor and the induction generator an asynchronauiiptier i.e. gearbox is placed, typically a thméegree
ratio up to 1:100. Thus, as IG usually four- or-gote three-phase machine could be used to provide
generated power with as close as possible frequaadye power grid. Such type of IG is quite simple
usually with squirrel-cage rotor and it is directignnected to the power grid of 50 or 60 Hz, usinly a
device that reduces the starting or short-circuiisrents (i.e. soft-start deviceyvhich occur when the
generator is switched to the grid. The load of gbeerator is limited by aerodynamic performancéehef
turbine blades, i.e'Stall principle”, while the speed of the entire drive trgtarbine, gearbox and the
generator)varies very little around the nominal speed of geaerator. The slip value of the IG is usually
around-1% to -2%, thus the rotor losses have tolerably low val#gd turbine cannot operate without
connection to the power grid from which it takeaatéere power for magnetization of the IG. In preefi
fairly applied option is conventional squirrel-cad@ewith variable number of pairs of poles and Ulguavo
gears as illustrated in the Fig. 5 [5], [6].
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Fig. 5: Conventionetwo pairs of polelG-driven wind turbine with constant rotational sg and two geau.

Fig. 6: Wind turbine with DFIG and turbine with iable rotational speed.

To compare the construction differences betweenptiegiously explained conventional IG-driven wind
turbine with constant rotational speed and DFIGsehiwind turbine with variable rotational speed, wge
the Fig. 6. Under this case, the connection isizedl with AC excitation current brought to the moto
windings, the frequency convert@re. cycloconverter or bidirectional static fregpcy converter)which is
connected to the same power grid as the statorimgadas shown in Fig. 6. Due to this double-sided
brought of excitation, this type of constructiom foe IG was named double-fed induction generddéi G).
While the stator winding are connected to the pogver with rated frequency of 5®z] over three-phase
power transformer, the rotor windings are connetieithe same power grid using a frequency convertdr
a custom transformer. In such construction schédraeause the stator field has fixed frequency défime
the frequency of the power grid, the rotation spefeithe turbine could be harmonized with the rejoeed to
achieve the optimum energy extraction from theitg5], [6].

The DFIG, besides getting its excitation currewotrfrthe grid through the stator windings, also pesrai
second excitation current input, through slip riigsa wound rotor permitting greater control ovee t
generator output. It consist of a 3 phase wounak Igénerator with its stator windings fed from tred and
its rotor windings fed via a back-to-back convergstem in a bidirectional feedback loop taking pow
either from the grid to the generator or from tle@erator to the grid. The basic generation priecgilthe
DFIG can be easily grasped from the schematic tipeed diagram shown in Fig. 7 [5].
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Fig. 7: Schematic operational diagram and powev fi6 typical DFIG-driven wind turbine.

The DFIG feedback control system constantly mosithe stator output voltage and frequency and gesvi
error signals if these are different from the gradues. The frequency error is equal to the geoeslip
frequency and is equivalent to the difference betwie synchronous speed and the actual shaft spées
machine. The excitation from the stator windingsses the generator to act in much the same waypasia
squirrel-cage or wound rotor IG. Therefore, withthe additional rotor excitation the frequency aflaw
running generator will be less than the grid fremyewhich provides its excitation and its slip wabude
positive —motor operation modeConversely, if it was running too fast, the freqay would be too high and
its slip would be negative generator operation moddhe rotor acts as a storage barrier — it abgoolser
from the grid to speed up and delivers power togtfiet in order to slow down. Finally, when the miaghis
running synchronously, the frequency of the comtbirstator and rotor excitation matches the grid
frequency, there is no slip and the machine wilspechronized with the grid.

4. Modeling of the power plant using Matlab/SIMULINK

Using the simulation program Matlab/SIMULINK simtitans of two kinds of wind turbine systems were
developed, one for conventional IG, and the otbelDFIG [4] — [6]. The models we accommodated using
already developed model of a wind power plants wisltalled capacity of MW] with a set of 6 wind
turbines, each with an installed capacity of [M&V], and connected over 2kV] local distribution system
with the 110 [kV] transmission power grid. The auttpf those two wind farms was determined by thaalc
monthly average values for the wind speed, whiclewabtained as average values of the wind speed
measured at intervals of JMin] each day during 2014 at the location Bogdanci T8 duration of each
simulation was 30 seconds. The Matlab/SIMULINK sukefor both IG and DFIG models are presented in
Fig. 8 and 9, while the turbines’ output charastés for IG-driven and DFIG-driven models are prasd

in Fig. 10 and 11, respectively [5] — [7].
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5. Obtained resultsand discussions
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In the southeast part of the Republic of Macedoeiar the city of Bogranci, at the location callea/@ec
(472 m.a.s.l)the JSC Macedonian Power Plants (AD ELEM) didesglvyears of wind measurements [8].
The aim was to define the possibility and the faitisi of the development of the first wind farm the

Republic of Macedonia, at that location.

Legend
®  Layou Gara Hasss

[ wec Buter 125m

Elevation

mas.l.

Fig. 12: Location of the first wind farm in Bogdanc

Table 1: Wind farm Bogdanci design data.

(I phase)
Average wind speed 7[tn/s]
Number of turbines 16
Turbine diameter 9]
Estimated production app. 10qGWh/year]




After period of several years spent in measuremamtisanalysis, it was concluded that the locatsowell
suited for installation of a wind farm consistinf 22 turbines with approximately 5W] of installed
capacity (see Fig. 12). However, taking into actdhe available amount of investments, the projeas
split into two phases — first one installation " 1turbines, and the second phase installation of the
remaining 6 turbines, on locations little away frtm main wind farm location (see Fig. 12). Thedviarm
design parameters for the selected location aengivTable 1 [8].

Using raw measuring data taken every 10 min fohalevpilot year 2014, initially the average windsgd
data was calculated for each day, week and montheo014. The obtained average wind speed data per
month are given in Table 2.

Table 2: Average wind speed data per month cakdlasing raw measured d@ta's].

Jan Fev Mar Apr May| Juned July Au Se Oct Nov Dec
8.91 6.89 7.88 6.13 6.7( 5.49 6.38 5.65 5.0 5/6202 5| 7.48

For simulation of the amount of generated eledjriosing the average wind speed data, the windrterb
power curves were used, specifically modeled foth ligpes of induction generators, the conventional
squirrel-cage 1G and DFIG, respectively. Knowingttthe squirrel-cage IG has stable operation vkighstip
values of + 10%, and the DFIG has large operaticarade with slip of + 30%, the wind turbine powene
were adequately modeled, as shown in Fig. 13.
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Fig. 13: Comparison of the operational range of grosurves between IG and DFIG.

Using the step values of the average wind spedakisimulation, first the generated power per twelhwas
calculated in per unit values, and later the tptater for the whole wind farm was calculated as:

P =P, (Numbe of turbinesinthewind park) [ R, (4)

while the energy production per month was caledlats:
E=PIld[h (5)

whereP is the average power for whole wind park per moBthis the installed capacity of a single turbine,
d is the number of days in that month, ants number of working hours. The comparison of délverage
power and the generated energy per month for lypibstof turbines, with 1G and with DFIG is given in
Table 3.

According to the information provided from the EmerRegulatory Commission of the Republic of
Macedonia, for the same year 2014 [9], the produactif Bogdanci wind farm was 70.388Wh] which
very well correspond with the simulated resultsiférdriven wind turbines, with error of app. 3,9%.the
same time, one could observe that due to largeatipeal range of the DFIG-driven wind turbines, the
electricity generation is larger than 1G-driven diturbines for about 30.6§8MWh] for the same location
and at the same average wind speed, or largetrfarst41%. The results strongly suggest the bentft
DFIG-driven wind turbine could have over the cori@mal squirrel-cage IG-driven wind turbines.



6. Conclusions

A compared analysis of the production results lier tame location and the same wind speed inpuffatata
two types of wind turbines, conventional 1G-driwvemd turbine and DFIG-driven wind turbine is pretseh

in this paper. The results were compared with tleasured real production data using 1G-driven wind
turbine and later the same data was used for siiomlaf replacement of the IG-driven with DFIG-dgiv
wind turbines. Very good correlation between meadand simulated results for the 1G-driven windie
with error of only 3,9% was achieved. Finally, gimulation showed that the replacement of the li@edr
with DFIG-driven wind turbines for the same locatiand under same operational conditions could yield
increase electricity generation up to 40% in faeorDFIG-driven wind turbines. This is solely resaf the
large operational range that DFIG has over the eotional squirrel-cage 1G.

Table 3: Comparison between simulated results fodarm with IG and DFIG.

. I1G DFIG Difference [DFIG - IG]
2014 average wind ™ 3 ™ 3 ™ 3
speed [m/s]
[MW] [MWh] [MW] [MWh] [MW] [MWh]

jan 8,91 30,14 22.434,51| 28,05 20.857,46 -2,09 -1.577,04
fev 6,89 10,39 7.233,04] 12,88 8.956,79 2,49 1.723,75
mar 7,88 19,87 14.798,47| 19,34 14.376,82 -0,53 -421,65
apr 6,13 4,13 2.967,55 9,04 6.494,18 4,91 3.526,63
may 6,70 8,71 6.486,12| 11,82 8.796,92 3,11 2.310,79
june 5,49 0,00 0,00 6,50 4.689,79 6,50 4.689,79
july 6,38 6,05 4.503,87] 10,18 7.584,03 4,13 3.080,16
avg 5,65 0,86 629,69] 7,07 5.267,76 6,22 4.638,07
sep 5,90 2,49 1.785,82] 8,01 5.773,47 5,52 3.987,65
oct 6,62 0,65 492,83 6,99 5.188,35 6,34 4.695,52
nov 5,02 0,00 0,00 5,03 3.608,77 5,03 3.608,77
dec 7,48 15,95 11.852,46| 16,52 12.276,85 0,57 424,39
Total: 73.184,36 103.871,19 30.686,82
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