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Abstract

Recently, wind energy is considered as one of the most important
energy resources. The growing share of the wind energy in the electrical
grids male many countriesntroduced new grid codes to identify the

responsildities and rightf the wind farms during afirid conditions.

Nowadays, The Doubly Fed Induction GenerdioF|G) becomes
one of the most popular generators in variable wind turbine systems. The
DFIG has the advantages of; low cost, low weight, and &f§biency.
However, one of its main disadvantages is its sensitivity to the voltage
dips. Therefore, there are various techniques were developed to protect
the DFIG and enhance its performance during the faults so as to meet the

grid codes requirements.

In this thesis, various protection techniques of the DFIG were
discussed andsimulated under different conditions using the
Matlab/Simulink.



Acknowledgment

| mustfirst thank Allah for his prosperity in completion this thesis

despite of sombardtimes.

| would like also to thank my beloved paremi#ho gavemeagreat

help and support to accomplish tinerk, also my brother andyrsister

Special thanks to my supervisdis. Hadi Elhelwand Prof.Dr.

Yasser Galalor theircontentiousupport,guidance and assistance.



Table of Contents

Abstractéééeéeééceéeéeeéeééeeeéeéeee |
Acknowl edgment ééééééeéecéeeeeeeéeéecée l
Tabl e of Content s é éetécécéeéeéeéeé.é. ... I
Li st of EkEiégéeres€&€écéeéeéeéeéeéee. . é. .V
List of Tablesééééééeceeeeéeéeéeée. ééélX
Li st of Symbolsééééeecececéeééééeee X
1. Chapter 1 (Introduction)é ¢ € é ééééééeeee. é. .. 1
1.1 Thesis Objecti v eéééééééé é.é.é.¢é¢ 2
1. 2 Thesis Outlineséeeeeéeééeée 3

2. Chapter 2 (Wind Energy Systems: Background and Literature

Survey é ééeéééééeé. ...............A4
2.1 |l ntroductionééééeeeceeeéeée 5
2. 2 Wind Energy Status and C6
2.3 Basic Theory of Wi nd Pow 8
2. 4 Wind Turbine Main Compon 13
2.5 Basic Operational Charac 15
26 Powerad Speed Control Met hods 16

2. 6.1 No Speed Control éééé 16

2. 6.2 Yaw/ teeée€énééeéecéé. 17
2.6. 3 Pitch Control éeeéeeééé l7
2.6. 4 Stall Control eéeeeéeéé l7
2.6.4.1 Passive Stall C 18
2.6.4.2 Active Stall Co 18

2. 6.5 Safety Brakeééeééééee 19
2.7 Wind Turbine Systemséeéeeel9



2. 7.1 Fi xed Speed Wind .T.ur 20
2. 7.2 Vari able speed wind 21
2. 7.3 Vari able Speed Wi nd 22
2. 8 Grid Code Requirements C24
2.9 Conclusionséeéeéééeecéeééeéeéé 26
3. Chapter 3 (Doubly Fed Induction Generator (DFIG)) . . é € . 28
3.1 Il ntroductionéé. .. éeeéeéée 29
3.2 DFI' G Theory of operation?29
3.3 DFIG Modes of operation..........cccuuveiieiieeiiiinieeeeeeieemeeeee e eeeaees 31
331 SupeSynchronous Modeééééeeéec 32
332 SusSynchronous Modeéeeéeeéeeéeét33
3.4 Control of DFI Gé. .. ééééé A
3.4.1 Vector Control ééé. 35
3411 Vetcor Control of the |36
3.4.1.2 Vector Control 36
3.4.2 Direct Control of DF 37
3.5 Protection Systems Of C 38
3.5.1 DFIGDuringVoltge Di pséééééeeece38
3.5.2 DFI' G Protection Tech40
3.5.2.1 Braking Chopper 40
3.5.2.2 Changing Contro 41
3.5.2.3 Crowbar Techniq 41
3.5.2.4 Dynamic Braking Resistor (DBR) Techniques. 43
3.5.2.5 Rotor Bypass Re 46
3.5.2.6 Demagneti zing C 47
3.5.2.7 Series Grid Side Converter (SGSC) Technique 48
3.5.2.8 Repl acement Loa 50

3.6 Conclusionéééeéeééeeéeéeeéhnl



,,,,,,,,,,

////////////

4.1 |l ntroductionééééeecececeececeté
4.2 The DFIG Behavior Without Proted on Appl i edé
4. 2.1 Asymmetri cal Fault V
4. 2. 2 Symmetri cal Faul t Wi
4 . 3 The DFI G Behavior with C
4.3.1 Asymmetrical Fault With Only DC Chopper Technique
4.3.2 Symmetrical Fault With Only DC Chopper Technique..

4 . 4 The DFI G Behavior with t
4. 4.1 Asymmetri cal Fault V
4411 CBResistace of (0.0045 q)

4. 4. 1. 2 Crowbar Resista

4. 4. 1.3 CB Resistance o

4. 4. 2 Symmetri cal Faul t Wi

4. 4. 2.2 CB Resistance o
4. 4. 2.3 CB Resistance o
4. 5 The DFI G Behavior with F
4.5.1 Asymmetrical Fault With Rotor Connected DB
TECHNIQUE......eii e
4.5.1.1 DBR of (0.0025
4.5.1. 2 DBR of (0.005 q
4.5.1.3 DBR of (0.0125.
4.5.2 Symmetrical fault with rotor connected DBR Techniqu
4. 5.2.1 DBR of (0.0025
4.5.2.2 DBR of (0.005 q
4. 5. 2.3 DBR of (0.0125
4.6 The DFIG Behavior with Stator Connec2® R Tec hni

52
53
95
95
56
S7
S7
58
59
99

60
61
62
62
63
64
66

66
66
67
68
69
69
70
71
73



4.6.1 Asymmetrical Fault With Stator Connected D
Techniqueééééeééeeééeéeéeéeée 73
4.6.1.1 DBR of (0.01 q) 73
4.6.1.2 DBR of (0.02 q) 74
4.6.1.3 DBR of (0.05 q) 75

4.6.2 §mmetrical fault with stator connected DBR Techniqu 76
4.6.2.1 DBR of (0.01 q) 76
4.6.2.2 DBR of (0.02 q) 77

4.6.2.3 DBR of (0.05 q) 78

4.7 Conclusionéeéeéééeeééeeéé 80
5 Chapter 5 (Conclusion and Future Work é¢ é éé . . . é é. . 81
(@0} o o 11153 (o] o 82
FULUIE WOTK... . s e 84

Referenceséééeéeeceececcecéeéeéeéeéeéeeeeee 8
Appendi x A DFI G model eéeeéeeéeé&éeee 91

Appendix B PublicationsOut Of Thi s Thes.i.s.& 92

Vi



List of Fiqures

Fig. 2.1 Renewable energy shareglbbal electricity production 2010 [1] 5
Fig.2.2 Global Annual Installed Wind Capacity 19260 1 1 [ 1].é& 6
Fig. 2.3 Top 10 countries in cumulative capacity Dec 2011 [1]. coeeeeeeee. 7
Fig. 2.4 An air mass moving toward wind turle@n [ 4 ].éeéé . 9
Fig.25 Ef fect of el evation and .t empl0
Fig. 2.6 Definiton of the pitch angl.e. b&é&¢12
Fig. 2.7 The power coefficientCas a function of
pitch angle b for a speci..cl2
Fig.28 Typi cal wind turbine syst.em 13
Fig. 2.9 A typicality power curve of a wind turbine [7]..........cccccceevievemma. 15
Fig. 2.10 Speed control methods used in small to medium turbines.[9].. 19
Fig.211Fi xed speed wind turbine [.1.120
Fig.212Vari abl e speed wind tur bi.ne. 22
Fig.213Vari able speed wind turbi.ne 23
Fig.214Fault ride through requir.eéne 26
Fig.3.1 DFI G Schemeéeéééeééeéecééeéeéeceeel0
Fig.332 DFI G Modes of operation [.1.2] 31
Fig. 3.3 The power flow diagram of the DFIM in supgynchronous masl 33
Fig. 3.4 The power flow diagram of the DFIM subsynchrom us mo 34
Fig. 3.5 Comparison between the Vect@ontrol of the squirrel cag
machi ne and t héee elFRI.M .[.1.0.].266. 36
Fig3.6 DC Chopper séyésétéeént é[€1€0.].é. é..é é ¢ 40
Fig.3.7 DFI G with crowbareéegreet €cti oni4l
Fig.38 Active crowbar with a..s.eut...af 42
Fig.39 DFI G with DBR connected t.o . 44
Fig.3.100DFI1 G wi th DBR connected t.o..s45

VIl



Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

311DF1I G with bypass resistor.s.e.é
312DFI G with SGSC [36] ééeecééeceé
313Repl acement | oads tech. [ 10.].e
41 The simulated systeméeéeceécécdec.e
42 Asymmetrical fault with noép
43 Symmetrical fault with no . .@r
44 Asymmetri cal fault with onl.y
4.5 Symnmetrical fault with only DC chopper technique applied.£...
4.6 Asymmetrical fault at CB resistance (0.00#5 € € é é .

47 Asymmetrical fault at CB .r.eé
48 Asymmetrical fault at CB .rées
49 Symmetrical fault at CB reé&i
410 Symmetri cal fault at CB R.e.sa
411 Sy mmetrical fault at CB r.e&i
412Asymmetrical fault at r ot.o&.
413 Asynmet ri cal fault at rotor...cC
414 Asymmetrical fault at r ot.o.r
415Symmetri cal fault at r ot a.r...c
4.16 Symmetricaf aul t at r ot or conn.e.c.t
417Sy mmet ri cal fault at r ot a.r...c
418 Asymmetrical fault at stater
4.19 Asymmetrical faulat st at or connect e.d.
420Asymmetrical fault at st at.ar
421 Symmetrical fault at stat o.r..
4.22 Symmetrical faultastatd c onnect ed DBR €.
423Symmetrical fault at statée

VI

46
49

... 50

54
55
56
S7
58

. 99

60
61
62
63
64
66
67
68
69
70
71
73
74
75
76
77
78



List of Tables

Table 4.2 The 1.5Mw DFIG parametelsé ¢ e éeee. . . . . . ™
Table 4.2 CB technique resultsunmarizationduring asymmetrical fault 65
Table 4.: CB technique resulsummarizatiorduring symmetrical fault.. 65
Table 4. Rotor connected DBR technique ressiisnmarizatiorduring
asymmetrical fault @, 72
Table 4.t Rotor connected DBR technique ressiisnmarizatiorduring
symmetrical fault é....... 72
Table 4.¢ Stator connected DBR technique resalisimarizéon during
asymmetrical fault............ccccoooi oo 79
Table 4.7 Stator connected DBR technique resalimmmarizatiorduring

symmetrical fault..............ooiiiiiii 80



List of Symbols

Whole cross sectional area of wind turbine rotor blades

Power performance coefficient
Kinetic energy

Stator current

Rotor Current

Mass

Active power

Rotor power

Rotor cupgr losses

Air stream power

Air gap power
Mechanical power delivered to the generator
Stator power

Stator cupper losses
Reactive power

Slip

Electromagnetic torque
Temperature

Time

Torque

Air stream volune
Velocity

Voltage

Stator voltage

Rotor speed

Rotor speed



Synchronous speed
Air stream Thickness
Elevation

Blade pitch angle

Air stream density
Rotor Flux

Tip speed ratio

Xl



DBR
DFIG
DPC
DSO
DTC
GSC
GTO
IGBT
LVRT
P-DTC
P-DPC
PGSC
PMSG
RSC
SCIG
SCR
SGSC
STI
TSO
VSC
WRIG
WRSG

List of Abbreviations

Dynamic braking resistor
Doubly fed induction generator
Direct power control

Distribution system operators
Direct torque control

Grid side converter

Gate turroff thyristor

Insulated gate bipolar transistor
Low voltage ride through
Predictive direct torque control
Predictive direct power control
Parallel grid side converter
Permanent magnet synchronous generator
Rotor side converter

Squirrel cage induction generator
Silicon controlled rectifier

Series grid side converter

Short time interruption
Transmission system operators
Voltage Source Converter
Wound rotor induction generator

Wound rotor synchronous generator

Xl



Chapter 1

Introduction



1.1 Thesis Objective

Nowadays the utilization of renewable energy in electrical power
generation field is ragly growing in many countries all ov¢he world,

not only because this type of eneiigyfree, clean & infinite but also the

traditional energy sources ( e.g.

near future. The Wind energy has a great concemanfy countries in
the last two decades. As the share of wind gnengthe electrical
networks is increasinghe disconnection of wind farms during abnormal
conditionsbecame not acceptable anymao#es a result, many countries
began to introducenewgrid codes so as to control the interconnection of
the wind farns with its networks to ensure the stability of its network in
both steady state and transient conditions
Doubly Fed Induction Generator (DFIG) is one of the most
commorty used generaterin wind farms nowadays. It has many
advantages like; its lowonverter ratingl The converter rating of the
DFIG is 2530% from the machine rating ) consequently its relatively
high efficiency, lighter in weight, its low cost and itapability of
decoupling the @ntrol of both active and reactive powén the other
hand, DFIG's main disadvantage is its sensitivity to grid faults.
The objective of this thesis is to discuss :

1. The DFIG operation theory.

2. Different control techniques of the DFIG.

3. The performance fothe DFIG during transient conditions

(symmetrical & asymmetrical faults).
4. Different protection techniques of the DFIG.
5. Conduct a comparison study between the most efficient

techniques.



1.2 Thesis Outlines

The thesis is divided intfour parts,Chapter 1is an introduction to
the wind energy & its usage in the field of the power electrical
generation.

Chapter 2focuseson & discuses the wind energy system
components (wind energy, wind turbine & generators coupled with the
wind turbines).

Chapter 3 discuss the Doubly Fed Induction Generator (DFIG),
its theory behind the operation, power flow, modes of operation, control
topologies and the protectioechniqus usually used in DIFG protection.

Chapter 4 is the case study, in this chapter the performartbe of
DFIG studied under symmetrical and asymmetrical faults with different
protection techniques applied in order to comprer effect on the
DFIG behavior during different types of faults.

Chapter 5 is the conclusion of the thesi®l also suggestionsdr

future research work



Chapter 2

Wind Energy Systems,
Background and Literature

Survey



2.1 Introduction

The Wind energy is onef the main types of reawable energy
which have a remarkableoncern of many countrieand researchers in
the last two decade¥vhile wind energy usagspreads increasing some
problems bega to raise concerningthe effect of the wind farms on its
neighborslike its soundand shadow flicker On the other hand there is
alsosometechnical problemsoncerninghe interconnectioof the wind
farms with the networksand the behavior of the wind turbiseduring
both the steady standthe transient conditiong-ig. 2.1 classifies the
electricity productionn 2011 according to the power platype.

Consequentlymany countriebegpn to introduce a negrid codes
that containthe ruleswhich regulate theights andresponsibilities othe
wind farmsconnected to thgrid. The grid code consideboth steady
state and transient condition to ensure he stability of the network.

Thereforethe windgeneratorgnanufactures must take into thaiccount

thosecodes
Biomass/solar/
geothermal
hot water /heating 3.3%
Hydropewer 3.3%
i Wind/solar /biomass/

geothermal power

Modern 829 ‘ generation 0.9%

Renewables 0

Global energy 1 6] A} T Biofuels 0.7%

[ [ Nuclear 2.7%

Fossil fuels 80.6%

Fig. 2.1 Renewable energy sharaf global electricity production 2011[1]



2.2Wind Enerqgy Status and Challenges

The global wind powercapacityat the endof 2011 is 238 GW,
which representsa cumulative market growth of more than 20%.
Howeverthis growthis lower than thdast 10 yearsaverage which is
about 28% as shen in fig. 2.2 which summarize the global annual

installed wind apacityfrom 1996 till 2011[1].
e 238
225

198

200
175 159

150

1
94

125

100 74

59
73 39 48

50 5 ,
s |61 76 102 13.6 174 -

0D -
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Fig.2.2 Global Annual Installed Wind Capacity 19962011 [1]

The main drivers of growth in the global market, as they have been
for the past several years, are the Asian powerhouses of China and India
The US maket made a respectable recoveryile Canadahad a record
year,and Europe emained on track to meet its ZDtargets. Offshore
installations in Europe decreased slightly last year, but strong growth
figures were postkin Romania, Poland and Turkey. sirong year in
Germany reflects eenewed and even stronger commitment to renewable
in the wake of the nuclear phaset decision2]. Fig. 2.3shows thedp

10 countries incumulative capacityntil Dec 2011



China I N R +17.6
United
States I I R N +6.8
Germany s +2.0
Spain e+
India o 430
France +[I:B
Italy +1.0
United 2010 total
Kingdom +1.3 _
c 1 +13 added in 2011
Portugal +0.4
0 10 20 30 40 50 50 70
Gigawatts

Fig. 2.3Top 10 countries in cumulative capacity Dec 2011 [1]

The challengeswhich the windenergyfaces can be divided into

two sectorsCivil andTechnicalchallenges

1) The civil challenges sector which is concerned by non
specializedpeople contain[3] :

a) The wind turbine soundwvhich is are heard by itsclose
neighborshowevernowadayswind turbine manufacturers have
made significant strides since tkarly days of the industry in
reducing turbine noise

b) The local and migrated birds which is killed by wind turbine
bladesand habitat removal or alteration of birds due wind
farms spreadHowever hese problens can be minimized by
making awhole study on the selected location of the new wind
farmsprojects

c) Shadow flicker occurrencey wind turbine blades which is

observed byloseneighbors of wind farm



2) The technical challenges Sector which is concerned by
specialized peopleinterested in the filed of electrical power
generationand transmissioncontain :

a) Interconnectionof the wind farms with the networks dhe
conventionapower stationsThewi nd powerntang ndét ¢
then the outut power, while the conventiongbwer stations
haveconstant output power.

b) Reactive power which is needed by wind far(Wghich use
induction generators)during steady stateand transient
conditions

c) Fault ride hroughrequirementsiuring thefaultsfor a specified

period

2.3Basic Theory of Wind Power Conversion

Basicallyit shoud be noted that the energytilized in the wind is
the kinetic enegy of the large air massesioving over the earth surface.
When these masses hhe wind turbine bladesthe kinetic energy
transfes to the bladesand make it turn This rotary movementan be
usedin many mechanicar electricalapplicationd4].

In this part some fundamentals relations involved e twind
power conversion system is dissed[4 , 5]

The kinetic energy of a stream of air with mas&nd moving with
avelocity Vis given by:

E = 22 mV? (2.1)

Considemg a wind turbine rotor bldes with awhole cross

sectional area A expose tsteamof air with density} , volume g and



thicknessX as shown in Fig. 2.4Thekinetic energy contained in this air

massandavailable for the turbine blades can be expressed as
E =12 (r u)V?* (2.2)
E=12(r AXx)V? (2.3)

The power of this air mass is the time derivative of the kinetic erlergy

O , OX ]
P-a-l/ZrAV&-UZrAV (2.4)
________ -—

-

1

L
X
I

Fig. 2.4 An air mass moving toward wind turbine [4]

Eq. (24) showsthat the factorswhich affect the poweravailable in
thewind are :

1) The air density

2) The cross sectional area of the rotor blades

3) The windspeeds the most effecting factor because it is cubic.



If the elevation Z and temperature T of a siteis known then

the air density in this site can be epressed as :

353049 _(-0.034 2IT)

25
T (25)

1.40

.,
3

Density, kg/m
¥
=]
TT T T T T T T[T T T T[T T T T [ TT T T[T TT T[T T TT[TTTT

100 | N S TN N Y Y Y N NN [ T S T N Y Y T T Y N T N Y T N |
240 260 280 300 320 340 360

Temperature. K

3

Density, kg/m”

1.15

1.10

1 00 1 1 11 1 - 1 1 1 1 | 1 L1 1 1
400 800 1200 1600 2000

o

Elevation. m
Fig. 2.5 Effect of elevation and temperature on air densiti4]

The elevatiorandthe temperature of the air inpdace affect the
wind power.However, he wind speedstill the most effectiveand the

main factor which affect thevind power available in a placérom .

10



2.4t can be noted thaif the wind speeds doubled theithe wind power
available willincreased by &mes. Therefore arecise studyn the site
climate- all over the year which will be selected to host a wind fars
very important

It can be noticed thahé density of air decreases with therease
in site elevation antemperature adlustrated in fg. 2.5 For most of the
pradical caseshe ai density may be taken as 1.225 kg/fdue to this
relatively low densitylarge sized systems are often required for
substantial power productid4].

Although the power equatiomentionedaboveeq. 2.4 gives the
power in the wind, the &gal power that can be extracted from the wind
Is significantly less than thisalue The actual powewill depend on
several factordike the machine typethe blade desigand the friction
losses[6]. In order to account for thisthe powerequation?2.4 is
multiplied by C, (power performance coefficigngielding the following

equation
P=12r A V3Cp (2.6)

Based on eqg2.6, the only parameter that can be controlled
maximize the energyutput at a given wind speed ig @sit depends on
the specific design of the wind converter and its orientation to thd w
direction. For a horizontalxis wind turbine with given blades the power
coefficient G basically depends only on the tip speett rao & and tF
bl ade pi [lcThheanglpe speed ratio & is de
blade tip speedblade rotational speedimes rotor radius)to the wind
speed. he pitch angle is defined as the angle between the chord line of
the blade and thdame of rotation of the blades shown in fig. 2.67].

11
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For a given blade pitch angle and rotation spegdaCon linear

function of the wind speed and wikkaches itpeakvalueat a given tip

speed ratio and drop off again to zero at higher tip speed ratios. As an

example,fig. 2.7 shows the dependency of the power coefficienbC

the tip speed
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0 2 4 6 8
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Fig. 2.7 The power coefficient Ga s a
angle b for

[&]

speci fic

bl ade

When the wind turbine runs at a fixed speed, the tip speed ratio

cannot be actively controlled, as the rotor speed and thus ttle tia

speed is fixed. Nevertheless, the tip speed ratio varies with wind speed,

and thus reaches the optimum value at one wind speed only in case of

fixed speed designs. On the other hand, if the wind turbine runs at

12
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variable speed, the tip speed ration d&e varied. For maximum output
power, the tip speed ratio must be maintained at the value which
corresponds to the optimum power coefficient at all times. For a given

wind turbine, this is achieved by controlling the rotor speed according to
its trackingcharacteristic.

2.4Wind Turbine Main Components:

As dhown in fig. 28 the main components of a wind turbine ard8]:

Fig. 28 Typical wind turbine system

AnemometerMeasureandtransmits wind speed data to the controller.

Blades:Most turbnes have either two or three blades.

Brake: A disc brake, which can be applied electricaihygechanicallyor
hydraulically to stop the rotor in emergencies.

13



Controller: The controller starts upndshut downthe machineccording

to a predesignedvind speedange.

Gear_box: Gears connect the lespeed shaftvhich connected to the
blade to the highspeed shaftwhich connected to the generator
Generators which run witldirectdrive" technologydon't need gear
boxes.

Generator:Usuallybe aninductiongenerator

High-speed shaftDrives the generator.

Low-speed shaftDriven by the blade

Nacelle: The nacelle sits ahe bp of the tower and contains levand
high-speed shaftsgear box, brake generatorand controller. Some
nacelles are large enoufyr a helicopter to land on.

Pitch: Blades are turned, or pitched, outasfface tothe wind to control

the rotor speed.

Rotor: The blades and the hub together are called the rotor.

Tower: Towers are made from tubular steel (shown here), concrete, or
steel lattice.

Wind direction: This is an "upwind" turbine, scalled because it

operates facing into the wind. Other turbines are designed to run
"downwind," facing away from the wind.

Wind vane: Measures wind direction and communicates with the yaw
drive to orient the turbine properly with respect to the wind.

Yaw drive: The yaw drive is used to keep the rotor facing into the wind
as the wind direction changes.

Yaw motor:Powers the yaw drive

14



2.5Basic Operational Characteristics of Wind Turbine:

As mentioned beforehé mean wind speed in a specific site is a
significant factor affectinghe electrical power generating from the wind
turbines placed in that sitd<ig 29 shows he representation of a wind
turbineds el ect r itian ofpnocidest windospeednditis a s
known as t he wi nd.Inpartanbparaneetemclugedanee r

the cutin speed, the rated speaadthe cutout speed.

A
Turbine | |
Rated power
g No Maximum rotor Nominal power No
- generation efficiency Reduced rotor generation

2 efficiency

3

(3]

2

I3}

<

Wind speed, m/s
Cutin Rat(?d/ Nominal Cut out
Wind speed wind speed Wind speed

Fig. 2.9 A typicality power curve of a wind turbine[7]

In generalas seen in fig. 2.8 wind turbine starts operati@bove
a partcular wind speedcknown as the ctih speed whildelow the cuin
speeda very little energy availableo theoperation of the wind turbine
unavailable or impossibleWhile increasingthe wind speed theower
production increases rapidly tinreaching the rated speed as the same
time the turbine has reached its maximum electric power production
capabilityat that wind speedrhe turbine pwer production continues at
its maximum evel with further increases in wirgppeed until theeaching
of the cutout speedBeyond the cubut speed, the wind energy islEgh
that it can cause mechanical damage to major turbine comp¢rients

15
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Typicdly, a site for good wind energy productiomay havea
meanwind speedsbetween7m/s and 10 m/s. Therefore, the general
approach is to design wind turbines to capture the maximum amount of
wind energy available at wind speeds between 10amdd5 m/sandat
wind speedsbovel5 m/sit start to spilaway some of the power until
they shut down at relatively high speédhis high speed is typically
excess of 25 m/as the ery high wind speeds are sare and also pw

signficant stresses on the turbine componén}s

2.6 Power and SpeedControl Methods of Wind Turbines:

As mentionedbefore, thee is adirect relation between th&ind
turbine output poweandits speed whiclrelated tothe wind peed , h
order to control the output power of the wind turbih@bine speed is
controlled Howevertodaylarge wind turbines being installed teno be
of variable speed designin¢orporating pitch control and power
electronicy. On the other hand, small machinesust have simple
construction low-cost power and speed controlethods The speed
contrd methods fall into théollowing categoriesvhich issummarizéd in
fig. 2.10[9]:

2.6.1No SpeedControl

With this type the turbine mechanicalsystemand the electrical

generatoare designed to withstand the extreme speed

16



2.6.2Yaw/tilt Control

Yaw andtilt control always orient the rotor toward wind direction
in normal wind speed to capture more power or it orient the rotor out of
the wind direction in the case of high wind speed to protect the turbine
components The yaw technique change the elition of the rotor
horizontally while the tilt technique change it verticalljowever,

rotating blades with large moments of inertia often resulting in loud noise

[9].

2.6.3Pitch Control

In thistypet he turbineds electronic
output of the turbine several times per second. Wihenwind speed
exceeds turbine's rated valug sends an order to the blade pitch
mechanism, which pitches (turns) the rotor blades slightly out of the
wind. On the other handvhenthe wind drops a@nthe blades are turned
back into the windlLargescale power generation is moving towards
variablespeed turbinewith power electronics incorporatirvgth a pitch
control This control requires a smart design in ordantke sure that the
rotor bladeswere pitched exactlyto matchthe requirecoower variation
[9,[10]].

2.6.4Stall Control

Basically there are two types of stall control; passitadl control

and active stall control.
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2.6.4.1Passive Stall Control

Oneof the simplest form of poweroatrol is passive stall control
In this type, when the wind speed exceeascertain point the
aerodynamic design of the bladereases the angle of atta@ which
the relative wind strikes the bladesith the wind flowand reducing the
dragwhich as®ciated with lifing the bladeand therthe windflow help
in the rotor stalling This not only progécts the blades from mechanical
overstress, but also protects the electrical generator from overlaatling
overheatingThe Design and manufacturirgye ® sophisticatedor such
blades.However his control type avoid$he mechanical moving parts
and complexities associated with pitch contéh the other hand, besides
the blade's high complicated desigine sudden changes in wind speed
(such as a gusthpake asudden changes in generator outplrefore f
such units are usaslith weak gridsit may result in voltage flickeAlso

this typedoesn't behaveffectivelywith low wind speed§ , 7,9, 10].

2.6.4.2Active Stall Control

In this type the alvantages of botthe pitch and the passive stall
control options are utilized. In this method, the blades are pitched to
attain its best performanae lower wind speedgoften they use only a
few fixed steps depending on the wind speeHdwever, oncehe wind
exceeds the rated velocity, thiades are turned in the opposite direction
to increase the angle of attack and tlhmxing the blades into a stall
region. The active stattontrol allows more effective powesontrol and

the turbine can be run ndaat its rated capacity at high wings, 10Q.
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no control

pitch
36%

Fig. 2.10 Speal control methods used in small to mediunturbines [9]

Fig. 2.10showsthe distribution of the control methods used in
small and mediumwind turbine designs howeverarge machines

gererally use the power electronic speed control

2.6.5Safety Brake

In some emergency cases, the turbine should be fully stopped, such
as when the generator is suddenly disconnected from the load the turbine
will accelerate rapidly and this may damage thebihe and its
component. Usually there are two types of the brake systems are
commonly used; aerodynamic brake and mechanical brake. For safety
the wind turbines usually have the two brake systems, one is the primary
and the other one is the backupsualy, the aerodynamic brake is the

primary[4].

2.7Wind Turbine Systems:

Wind turbines can be classified to :
1. Fixed speed wind turbine

2. Variable speed wind turbine
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2.7.1Fixed Speed Wind Turbine:

In the fixed speed type the wind turbine is coupled with an
induction generator viapeed increasing torque decreasinggear box
which transmit the rotationaimovementof the turbine shaft to the
generator

As shown in fig. 2.11the stator of theanduction generatofin this
fig. Squirrel Cage induction Generat¢SCIG)) normally connected
directly to the grid Sometimes &oftstartenis usedto eliminate the high
starting current at the starting of the generaliorthis configuration, a
shunt capacitor bank is connected in paratelcompensate the reactive
power requiredfor the excitation of the induction generator instead of be

taken from the grid.

< — Grid

— Transformer

Gear-
box

M~

Capacitor Bank

Fig. 211 Fixed speed wind turbine

In this type any fluctuation in the wind speed resudt power
fluctuation as it is designetb achieve maximum efficiency at one
particular wind speeflL1]. In orderto increase power productiosgme
fixed-speed windurbinesare coupled witlgenerators withwo winding
sets: one is used at low wind sgs (typically 8 poles) and trether at
mediumand high wind speeds (typically @ poles)[11].

The fixed speed wind turbines have the advantages of benude
in constructionand consequently cheaper than the variable speed wind
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turbine, robusandthen reliablg4]. On the other hand, fixespeed wind
turbines have the disadvantages of consgmincontrollable reactive
power. Moreover in the case of sudden speed change its gear box is
subjected to mechanical stre$sxed speed wind turbinBave limited
power qualitycontrol and any fluctuaton in the wind speed ressilin

output power fluctuatiofl1].

2.7.2 Variable speed wind turbine:

Recenly, the size of wind tliines has become larger and the
technology haseenchangedfrom fixed-speed to variablepeed[12].
The ability to comply withthe serious grid connection requirements was
the driver tathese development also the reduction in the mechanical loads
which has beemachieved with the variable speed system

Variable speed wind turbineare designed to achieve maximum
aerodynamicefficiency over a wide range of wind speeds. With a
variable speed operation it becoseossible to continuously adapt
(accelerate or decelerate) the rotational speetie wind turbine to the
wind speed.In this way, the tip speed ratio is kepbnstant ata
predefined value that corresponds to the maximum power coefficient
[11]. On the contrary of the fixed speed systiu@ variable speed system
keeps the generator torque fairly constamd absorb the variation in the
wind speed by changes the speed efgbnerator.

As shown in fig. 2.12he variable speed wind turbine typically
coupled with induction or synchronous generaiod connected to the
grid via power converter, This power converter controls the output

frequencyand voltageso as to be synchram@d with the grid.
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Fig. 212 Variable speed wind turbine

Where the generator can be

PMSG- Permanent magnet synchronous generator
WRSG- Wound rotor synchronous generator

WRIG - Wound rotor induction generator

The advardges of variablespeed wind turbines grencreasing
energy captureamproving power quality and reducingechanical stress
on the wind turbineAlso when variable speed system is introduced it
made an increasing in the number of applicable generator &yokalso
introduces several degrees of freedom in the combinaticgenerator
types and power converter ty[i].

However variable speed wind turbineBave some disadvantages
like; the losses in power electronic switclas the frequency converter is
ratedthe same as the generdtats control becomenore complicated

andmore expensivéhan the fixed speed system.

2.7.3 Variable Speed Wind Turbine With (DFIG) .

NowadaysDFIG is an interesting option with thggrowing market
As shown in fig. 2.13he DFIG consists of &/RIG with stator windings

directly connected to theconstantfrequency gd and with the rotor
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windings connectedilso to the grid viaa bidirectional backo-back
voltage source converter.

This systemallows a variablespeed operatio over a large but
restrictedrange. The convertasompensates the difference between the
turbine speedand the electrical frequency by injecting rotor current
with a variablefrequency[11]. Both duringfaults and normal operation
the behavior of thgeneator is thus governed by the power converter

throughits controllers

Transformer
< Grid
Dclink
ac” || lbc
DC | | /AC

Rotor Stator

side side

converter converter

Power electronic converter

Fig. 2.13 Variable speed wind turbine

This power converteconsists of twoconverters, the rotoside
converter(RSC) and grid side converter(GSC) which are controlled
independentlyThe mainfunction ofthe RSC is to controthe active and
reactive power byontrolling the rotor current componertisl], while
themain function of theGSC is to maintaithe DCGlink voltageconstant
andto ensurea unity power factor operation of the generator (i.e. zero
reactive power).

The DFIG has several advantagéshas the abty to control

activeandreactive power separatelyhaspartial scale convert¢5-30
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% of the generator ratingjonsequentlyit will be more cheap, it can
control the reactive power in case of voltage dipsan be magneted
from the rotor circuit.tlis also capable of generating reactive power that
can be delivered to the stataa the GSC[11]. On the other hand he
major disadantage of the DFIG igs behavior dung grid faults Voltage

dips can cause high induced voltage in the rotor winding, resulting in
large rotor current in the DFIG. The high rotor current can destroy the
DFIG's converters if nothing is done to protectrth and can cause a

large increase in the DIihk voltage

2.8 Grid Code Requirements Of Wind Turbines:

As the share of wind energy generation to electrical grids
Il ncreases world wide, the disconnect
accepted anymorée.g. the European outage on November 4, 2006,
caused the disconnection of 28MW of wind-origin power in Spaip
[13], Therefore many Transmission System Operators (TS&)d
Distribution System Operators (DSO) in many countries introduce new
grid codes Thesegrid codes containa rules that regulate the righasd
responsibilities of the power plants which connected to that grid not only
in the steady state operation lal$o in the transient operatiohhe grid
code requirements vary in different partstbé world, but they have
common aims such ado permit the development maintenance and
operation of a coordinated, reliable and economical transmission and
distribution systenfi7]. Worldwide, the new grid connection requirements
have identified three arsao be considered in the operation of wind

farms:
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1. Voltage and reactive power contral

The grid codes requirements obligate the wind farms to
guarantee the continuity of the power injection (especially the
reactive power taontrolthe voltage stability)nto the grid during
the faults for a certain time according to the vaodthe duration
of the faults

2. Frequency range of operation

The design of generatg@lant and apparatus must enable
operationaccording to a certain frequency rargpeecified in he
grid code of each countgndhence thevind farms are required to
be capable of operating continuously betwtet rangd7].

3. Low Voltage Ride Through (LVRT) Capability :

The LVRT requirementsn a grid codeidentify the voltage
level andthe durationof the fault at which the wind turbine must
be still connected to the grid.

Fig. 2.14shows an example of a LVRT graph, in which the
voltage level at the point of connectiondemonstratedilso the
fault existence time. Concerning the no trip area in tvithe wind
generator should still connected to the grid within the specified
voltage limits and fault duration, some grid codes may permits to
the wind generator to make a Short Time Interruption (STI) in that
area but with a specified conditions. On thkes hand, as shown
in fig. 2.14 below V., or after exceeding,ix wind generator

tripping by systenprotection is accepted | 14 , 13.
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Fig. 2.14 Fault ride through requirement of wind farms

2.9 Conclusions

Wind energyis one of thenfinite andclean energy sources on the
earth Theapplicationsof the wind energyn electrical power generation
increasedn the lasttwo decadesandwill still increasing worldwide as
the statisticsand predictions indicates. i©the othe hand there is some
technicalandcivil challenges facing the wind energyowing

In atypical sitethere are some factors that enable it to be aseal
wind farm likg the meanwind speed all over the year , its elevation
andits temperatureHowever, the wind speed is the most important factor
neverthelesshere is another factors concerning the design ofwiinel
turbinewhich accounted for by using the power coefficient

Thewind turbines are designed to run at fixed speed or at variable
speed The fixed speedavind turbines areimple in construction, cheap,
robust and reliable comparingto the high cosiand more complicated
variable speed system®n the other handhé variable speedavind

turbineshave severahdvantagesuch asincreasing lie energy capture,
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improving thepower qualityandreducing thanechanical stresson the
wind turbine
DFIG is one of the most common used generators with the variable

speed system because t$ ahility to control activeandreactive power
separately its partial scale converteand hence its low costits low
weightandits high efficiency However one of its main disadvantagis

its sensitivity to thevoltage dips However, here arevarious echniques

to protectthe DFIGandenhance its performaaduring the faultso as to

meet thenew grid codesequirements
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Chapter 3

Doubly Fed Induction
Generator (DFIG)



3.1Introduction

Variable speed wind turbines are more popular than fixed speed
one, due to its ability to c&yre more energy from windmproved power
quality andreduced mechanical stress on the wind turb®me of the
most frequently used generators witriable speeavind turbines is the
DFIG which is an interesting alternative with a growing marketan
run at variablespeed but produce a voltage at the frequency of the grid. In
contrast to a convential simple induction generattre electrical power
generated by a DFIG is independent of the speed. Therefore it is possible
to realize a variable speedperation which require to adjust the
mechanical speed diie rotor to the wind speed so that the wind turbine
operates at the aerodynamically optimal point over a certain wind speed
range DFIG has various advantagkke its low converter rating The
converter rating of the DFIG i2530% from the machine rating )
consequently its relatively high efficiency, lighter in weight, its low cost
and itscapability of decoupling the control of both active and reactive
power. Therefore, the DFIG has itdistingushed place among many
variable speed wind turbine generatjafs

The theory behind the operation of the BFE presented in this
chapteralso its power flow , modes of operation , control topologies and

protectiontechniqus.

3.2DFIG Theory of operation

As shown in fig. 3.1, DFIG consists of a wound rotor induction
generator (WRIG) and bidirectional backo-back voltage source
convertersln this arrangement the stator is directly connected to the grid

through a transformer while the rotor winding enoected via slip rings
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to the stator or the grid through the two ba&alback converters. The
backto-back converter consists of two converters, i.e., rotor side
converter (RSC) andrid side converterGSC) (two AC/DC insulated
gate bipolar transistotGBT) basedvoltage Source Converters (VSEs)

A DC link capacitor is located between the two converters as energy
storage, in order to maintain the variations (or ripple) in D& link
voltage small. The main function of the RSC is to control the toogque
the speed of the DFIG and also the poveatdr at the stator terminals.
On the other hand the function of t&C is to keep th®C link voltage
constanilso in some cases it may inject reactive power into the grid. The
variablespeed operatioof thewind turbinegenerator or thelecoupling

of the network electrical frequency from the rotor mechanical frequency
Is obtainedby the power converterby injecting a controllablevoltage

into the rotorcircuit at slip frequency [L2].

Transformer

7
\

~__ Grid

Dc link

T

AC DC
DC AC

-

Rotor Stator
side side
! converter converter

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Power €electronic converter

Fig. 3.1 DAG Scheme
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3.3DFIG Modes of operation

The DFIG system cainject powerinto the grid throgh both the
stator and rotor, whilgéhe rotor can also absorb power. Thlispends
upon the generatorotational speedor in other words, its mode of
operation If the generator operates in swysnchronous mode, power
will be delivered from the rotor through the converters to the netviortk,
if the generatooperates in subynclronous mode then the rotor will
absorb power from the netwottkrough the convertefd?].

These two modes of opion are illustrated in fig3.2 where¥sis

thesynchr onou sisteepgaoespeed nd ¥

amr > Wg a(or < g

Super-synchronous Sub-synchronous
operation operation

Fig. 3.2 DFIG Modes of operation12]

Therefore, dpending on the sign of the slip, it is possible to
distinguish two different operatingnodes for the machine:

(¥ >¥s) (s<0) Suersynchronous operation

(¥, <7¥s) (s>0) Subsynchronous operation

Assuming,P,, is the mechanical peer delivered to the generator
Pagis the power at the generator air gBpis the powedelivered by the
rotor and Ris thepower delivered by # stator. Ris the total power

generated and deliveredttee grid.
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If the stator losses are neglected thei2]:

Pag= Ps (3.2)
and if we neglect the rotémsses then:

Pa=Pn1 P (3.2
From eq. (3.1) and eq. (3,2he stator power s expressed by
Ps=PnT P (3.3
Eq. (3.3 can be written in terms of the generator torque, T, as:
TYs=T¥ 1 P (3.9
where R= TanmdP, = T¥, . Rearranging terms in e(g.4),

P=1T (s¥ ¥)) (3.5
where s i s gtavnedmasyi n terms of ¥
s=( o 1) ¥ (3.6
The stator and rotor powers can then be related through the slip s as
P.=1s Ts¥ TSR (3.7

Combining eq. (3.3) and eqg. (3 The mechanical power,an be

expressed as,

Pn=P+P

=Pk sk (3.8
= (17 s)R, (3.9)
From eq. 3.1
Pn=(1T S)Pyq (3.10)
The total power delivered to the grid,iB then given by
P,=P.+P (3.17)

3.3.1Super-Synchronous Mode:

In this mode of operation, the slip, the air gap power, and the
mechanical power are negative. In addition, as can be deducecedrom

3.1Q the magnitude of the air gap powEyJ is less tha the magnitude
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of the mechanical powdP,|. Consequently the rotor powaave to be
positive. Therefore, the remaining surpluses powgy siB absorbed by
the grid after providing for the rotor cupper losseg.As seen irfig. 3.3
which representhie power flowdiagramfor this mode of operatiorthe

total generated power in this situation is equdlRo+ P, ) [7].

Pa
Pn _, N >
m > > l > PS
A\ 4 SPag
I:)r I:)scl

A
—

PrcI

Fig. 3.3 The power flow diagram of the DFIM in supersynchronous mode

3.3.2Sub-Synchronous Mode:

In this mode of operation, the air gap power, and the mechanical
power are negative and because the rotor speed is less than the
synchronous speethe slip will be (0<s<1). From e®.10, it can be
concluded thafP,¢ > |R;| . Consequentlythe rotor electricalpower SR,
should be negativéAs seen in fig. 3.4 which represehietpower flow
diagramfor this mode of operatiorhe resultant generated power is equal
to(Ps-P)[7].
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Fig. 3.4 The power flow diagram of the DFIM in sib-synchronous mode

3.4 Control of DFIG

The major task of the DFIG controller is to manage the
bidirectional power flow between the rotor and the stator circuit which is
achieved by means of controllinghe two converters, withan
intermediate DC link7, 10, 16].

The control of the DFIG wind turbine consists of three JaG§

1) Speed control by controlling the electrical power provided to the

converter as well as by the pitahgle,

2) The control of active and reactive power on the stator side

which is achieved by the RSénd

3) GSCcontrol that keeps theC link voltage constant and

provides theadditional opportunity to supply reactive power into
the grid.

However the DFIGconverters are usually controlled using vector
control techniquegaso known as field orientedontrol), which allow
decoupled control of both &ee and reactive power dyetween torque
and power factgrDirect control techniques is also used to control the
DFIG.
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DFIG with vector control is attractive for high perforntan
variable speed drives and generating applications. The most common
control method is to control the rotor currents with stéitot orientation
or with Stator voltage orientatiof7].

As mentioned above, the control of a DFIG is carried out through
controlling the RSC and th&SC. In vector controlhe RSC is used to
control the torque and the power factor through controlling the two
components of the rotor current, while, tB8C is used to control the DC
link voltage, and the net power factor. Cahstrategies for both th@SC

and the RSC are aigssed in the following section

3.4.1Vector Control

In general, ectorcontrol of a grid connected DFIM very simiar
to the widespread classicabctor control of a squirt&eage machine. As
shown infig. 3.5, this machine i€ontrolled in a synchronouslytating
dq reference frame, with the d axis oriented along the rotor flux space
vector position. The direct current is thus proportional to the rotorGux
while thequadrature current is propontial to the electromagnetic torque
Tem By controlling independently the twaomponents of the current, a
decoupled control between th@&rque and the rotor excitation current is
obtained.In a similar way, in vector control of a DFIM, the components
of the d and the q axi®f the rotor current areegulated. As will be
shown, if a reference frame orientatedh the stator flux is used, the
active and reactive power flows of the stator can dmmtrolled

independently by means of the quadrature and thet divexent[10].
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Fig. 3.5 Comparison between the Vector Control of the squirrel cage machine
and the DFIM [10]

3.4.1.1Vector Control of the RSC

The control strategy of the RSC is far more complicated than that of
the GSC. This is because, the RSG lta control the machine in both sub
synchronous and supsynchronous modes as well as tracking the
maximum power output characteristic of the wind turbine. It is also used to
control the power factor. Mainly, the control of a DFIG is obtained through
controlling the rotor current using the RSC. Thus the control strategy that
describes the DFIG control usually illustrates the control scheme of the
RSC. Several vector control schemes have been proposed to control the
DFIG consequently the RSC. TRSC is conventionally controlledising

either stator flux orientatioar stator voltage (griflux) orientation[7] .

3.4.1.2Vector Control of the GSC

The GSCis used to keep thHeC link voltage constant regardless of
the magnitude and the direction of the rofmwer. It may also be
responsible for controlling the reactive power to fulfill a desired power

factor at the wind turbine terminal.
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Usually the &C is controlled using a vector control approach,
with the reference frame oriented along the stator lj@istipply) voltage
position, enabling independent control of the active and reactive power

flowing between the ac system and G8C|[7].

3.4.2Direct Control of DFIG

Direct control techrjues arealternativecontrol solution for AC
drivesin general.lt present control principles amerformance features
differentfrom vector control techniquest have two main control types,
Direct Torque Control (DTC) and Drect Power @ntrol (DPQ. Both
methods share a commonbasic structure and philosophsiso tley
directly control the RSC switches, howeveach one isoriented to
directly control different magnitudes of the machwigch leadsto slight
differencesbetween thenDTC seeks to control the torque and rotor flux
amplitude of the machine, while DPC ntools the stior active and
reactive powerq10]

Direct control may have an advantage of being have a very high
dynamic response more than the vector control which esidltie deal
with the grid variations rapidly. On the other handgoof the most
important drawbacks of direct control techniqussthe nonconstant
switching freqency behavior. Consequentlyfor total harmonic
distortion THD sensitive application, vector conteglpears as the ntos
wise control option because i$ low harmonic genation However an
improved version of direaontrol techniques wemesignedo avoidthat
drawback in both DTC & DPC whicks known as, predictivadirect
control techniques(Predictive Direct Torque control (FDTC) and

Predictive Direct Power control (RDPC)). Based on the same principles
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as direct controltechniques, achieveperation at constant switching

frequencyon accout of the control complexity [1017].

3.5Protection Systems Of DFIG During Voltage Dips

3.5.1DFIG During Voltage Dips

The voltge dip is a sudden reduction (within 1G@%d 90 % ) of
the voltage at a point of connection with the grid, which consiriae
half cycle to 1 minutg18]. As mentioned before the DFIG is very
sensitive to voltage dips due to its converter rating wiscibout (25
30%) of its rating.

The voltage dip may results from symmetrical fault (3 phase to
ground fault) or asymmetrical fault (phase to ground fault , phase to
phase fault and 2 phase to ground fault). In the two cases (symmetrical
and asymmetrical fdis) there are different types of flux components
arisingin the stator which depends on the fault type. A large voltage will
be induced in the rotor windingand it will depends on the magnitude
and the speed of these stator flux components. This higageoimay
results in a RSC saturation which means that the RSC became
uncontrollable. Thauncontolled currentcan exceedhe semiconductor
device ratingand result in damage th&SC. In addition, this commonly
results inhigh transient stator currenandiransient torque spikeg 9.

Concerning the symmetrical fault, the flux in the stator at the fault
time can be divided into two components. First, the forced flux which
comes from the stator voltage and it rotates at the synchronous speed so
its speed \th respect to the rotor depends on the slip. Neviasseas the
grid voltage reduceshe magnitudef the forced flux also reduceso the

voltage induced in the rotor during
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high. The other component is the natudaixfwhich results from the
sudden reduction in the voltagenlike the forced flux, this natural flux
does not rotatso its speed with respect to the rotor is the rotor speed,
therefore the voltage induces in the rotor from the natural flux is high.
The amplitude of the natural fluxdecreases exponentially to zero
according to the time constant oftheston i t s continuity
to the dips intervalAlso during the symmetrical faulan important
reduction in the electromagnetic torqufethe DRG takes placd.20]

Concerning the asymmetrical fault, the forced flux will be divided
into two components positive sequence (ratateéhe synchronous speed)
and negative sequence (rotatat the synchronous spea@versely
besides the above mentionadtural flux. In this case the natural flux
does't only depend on theeduction in the voltage levélut also on the
instant at which the fault appedyscause the sum of the direction of the
positive and negative sequence flux components at an instamti¢le or
opposition ) affed the magnitude of the stator flux and then the
amplitude of the natural flucach flux induces a voltage in the rotor
according to its amplitude and its relative speed with respect to the rotor
windings Then théharmfulnes®f the negative sequence flux as its speed
Is around twice the synchronous speed (with respect to the rotor) is much
higher. Ako during the asymmetrical diprque rippledakeplace due to
the negative equence voltage, ich will reflects on the outpuactive
power [L3, 21].

Consequently there arenumeroustechniquesthat have been
designed to protect the rotor windings , the converters and the Dnlink.
the following part an overview on the most commonly used protection

techniqueof the DFIG willtakeplace.
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3.5.2DFIG Protection Techniques

3.5.2.1Braking Chopper Technigue

A braking chopper is a power electronics ciraghnected to the
DC link bus of the backo-back converters to prevent an uncorited
increag of their voltage (see fig. 3.6t is usually used inelectrical
streetcars, where tredectrical machine magctas a generator when the
drive is braking. Insuch casgethe machindeeds energy back to th2C
link bus. As very frequently the bus cannot evacuateghesgy to the
powe supply, this energy is accumulated in the DC link and may cause

overvoltages in the D@nk if it is not dissipated10].

LN
[

R

rotor grid
converter  cpoppey  converter

Fig.3.6 DC Chopper system10].

The brakingchopper isnade up of a resistor that can be connected
or disconnected by meang a switch. A freewheeling diode is also
necessary to prevent overvoltages in the swittien it is turned off.
Control of the switch is often made by an T@N-F controller When the
actual DC bus voltage exceeds a speciieel,e.g.1.2pu, the resistors
conneted and the surplus energy dissipated. The resistor is kept
connected until the voltage drops below a miningpacified levelge.g.

1.1 py then the resistor is disconnec{d® , 22, 23].
The installation of a braking chopper in modern comunaé turbines to
protectthe converters from overvoltages in the DC link is more and more

common But because of the disability of theakingchopper to solve the
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rotor overcurrent problem so it should be used with another technique

that can damp the mt current during faultgLO].

3.5.2.2Chanqging of Control Strateqy Technigue

The authors 0f24] introducea topologyfor limiting the DC link
voltage fluctuatiorby only usingmproved contrbstrategies for the GSC
in the steady state arahother one aring faults conditionHowever, that
presented technique keeps the DC link voltage nearly constant in steady
state conditions and a n@eriousvoltage dipbut on the othehand,that
methoddoesn't haveemarkable results concernitige stator voltage ah

power.

3.5.2.3Crowbar Technigue

The crowbartechniqueis a traditional protection method of the
DFIG duringgrid faults as shown in fig. 3.71ts theoryis based orshort
circuit the rotorwindingsby a 3 phase resistors to protect the RSC and
limit the rotor current during the dips and this can be done by two

topologiespasive crowbar and active crowb@5, 26].

Transformer

Gear- . WRIG \ ~ Grid
box ) \
N
‘ ‘ Dc link
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‘ » |
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DC| [ AC
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resistance Rotor Grid
side side
converter converter

Power electronic converter

Fig. 3.7 DFIG with crowbar protection
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Earlier versions of the crowbavhich named "Passive Crowbar"
used hyristors (SCR as switches. However, tlpgoblem with thyristors
was thattheir cutoff is not controlled. @ce the crowbar ifriggered, it
remains connected until the circuit breaker of the generator stops the
shortcircuit current. As a result, the wirnturbineis disconnected from
the grid andstops generating electric power even if the grid recovers its
normal operationSo the pssive crowbar is used with small wind farms
andwhenLVRT capability isn't requiredin order to provide the LVR
capabiliy, the crowbar activationhas to be eliminated before
disconnecting the turbine from the grid.

Today most manufacturetse the'Active Crowbar"in which the
activation and also the deactivatioan be actively controlled. Miern
versions of active crowbas shown in fig. 3.81t includes at least one
switch with cutoff capability, sucrasGTO or IGBT. This design allows
direct disconnection of the crowbar and instamitor converter
reactivation, enabling the continuation of normal operation iriuHzne
[10].

KK

rotor 2$

Fig. 3.8Active crowbar with a set of various resistor410]

For active crowbar, the control signals are triggexedording to
the RSC deviceswhich wsually have voltage and currenmits that
should not be excee@he DC link capacitor wltage is also a monitored
variable for crowbar actiteon [25]. When the crowbar is triggerdte

rotor windingsis short circuitedoy the crowbamesistors.Thereforethe
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RSC is disabled and the DFIG behaves as a conventional squirrel cage
induction geneator (SCIG) with a highewotor resistance.

While the crowbar is activatedhé independent controllability of
active and reactive power gets thus unfortunately Bigt.Snce theGSC
Is not directly coupled to the generator windings, there is no need to
disable this converter too. Th&SC can therefore be used as a
STATCOM to produce reactive powelimited however by its rating
during faults [26]. According to R7] a probable range for crowbar
resistance is 0.49.24pu

Its should be noted that, Tleeowbar technique may be effective
and may agree with the LVRT requirements in case of symmetrical faults
because of the transitory characteristic of the natural flux component. On
the other handin case of the asymmetrical faults the crowban'tbe
connected all the fault time because of the characteristic of the negative
sequence component which appears during all the asymmetrical faults

period so as to be agreed with the LVRT requirements.

3.5.2.4Dynamic Braking Resistor (DBR) Technigues

1) DBR Conneded to Rotor Windings

This technique was proposed fip et al In thisschemdhe RSC is
protected without disconnectinig from the rotor circuit A dynamic
breaking resistois connectedn serieswith the rotor in order to limit the
current in the rair circuit 25, 28, 29].

In this topology,the DBR is inserted in series between RS@l a
rotor windings (see fig. 3)9during voltage dip periods instead of
disconnecting the RSC and make the rotor winding short circuliesl

DBR resistor limits the rtor current and keeps the RSC connected to the
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rotor circuit which enables continuous controlling of active and reactive
power through the RSC during voltage dip peri@dncerning the DBR
value, the authors ¢28] investigate the value of DBR in termEsiator
voltage magnitude changes, slip and rotor speed.

Also the DBR can bevariable resistangeChangingits value
according to the level of voltage dip so as to maximize the reactive power

injected to the grid durindifferentlevels of voltage dipg25].

Transformer

Gear- . \ _ Grid
box / \
DBR ﬁ’i‘\ Dc link

[ e
ac | 1 |bc
DC| [ AC
Rotor Grid
side side E—

converter converter

Power electronic converter

Fig. 3.9 DFIG with DBR connected to rotor

Themainadvantage of this methayer the crowbar methad that
theRSC wasnodot disconnect e dDFIiGisatith t he
connectedo the gridand hencé cancontrolthe reactivgpowerinjection
during voltage dipOn the otherhand i f t he DBR value
carefully it may result in a high voltage in the rotor circuit during the

faults which may lead to RSC damage.

2) DBR Connected to Stator Windings

In this topology, aDBR is inserted in series with the stator

windings during voltage dip periodsee fig. 3.10)Concerning theffect
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of the magnitude and the switching timeBR, the authors df30] have
investigated these issues, BBR with 0.05pu resistance gives bette
performances for the DFIG rotor speed and reactive power dc8E.
However in cases ofhigh DBR resistanc€0.1pu and 0.15pu)a high
peak inthe responses of the actiand reactive power of the DFIG
appearswhile smallerDBR gives a better respongen the other hand,
the shorter insertion time from fauttitiation andduration of operation of
the DBR the better the stability of the DFIGhese investigations if80]
have been done upon the simulation results of three values of both
insertion time(after fault initiation) (20 , 50 , 80 ms) and duration of
operation time (80, 100, 120 ms) respectively.

Also theDBR can bevariable Changingts value according to the
level of voltage dip so as to maximize tperformance of the DFIG
during diferent levels of voltage dipg$-urthermore, it should be selected
carefully so as not to effect badly on the generator performance during

faults.

DBR Transformer

Gear- WRIG E /ﬂ Grid
box

Dc link

r’g
ac | | |bpc
DC T AC
Rotor Grid
side side
converter converter

Power electronic converter

Fig. 3.10 DFIG with DBR connected to stator

This topology have many advantages JikbBeseresistos increase
the stator resistance which will lead to stator time constant redwatidn

hence fast natural flux evolutig81]. The DBR not only control the rotor
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overvoltage which could cause the RSC to lose controlalsatlimits
high rotor current more sigmtiantly. In addition, the rotor current
limitation can alscavoid DC link overvoltage which could damage the
DFIG power converteas itreduce the charging current tthe DC link
capacitor, The DR can also balance the active movef the DFIG, and
thusimprove the DFIG wind generator stability during a faMlareover,
the DBR will increass the generator output and therefarentrol the
rotor speed eceleration during the grid faulthis effect would improve
the post fault recovery of the DFi§ystem B0, 32].

3.5.2.5Rotor Bypass Resistors Technique

Another DBR technique(Shown in fig. 3.1) was presented in
[33]. The key of thigrotection technique is to limit the high currents and
to provide a bypass for it in the rotor circuit via a set of reidiuat are
connected to the rotor windings. This should be done without
disconnectinghe converter from the rotor or from the grilectronic
switchescan be used to connect the resistors to the rotor circuit. Because
the generator and converter ysteonnected, the synchronism condition

remains established during and after the fault.

Transformer

Gbeoe;r- . @) \ _ Grid
T Dc link
Lﬁ |
B T
T

AC DC
DC AC

Bypass Rotor Stator
resistors side side
converter  converter

Power electronic converter

Fig. 3.11 DFIG with bypass resistors
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The impedance of the bypass resistoissortantbut not critical.
They should be high enough limit the current.On the ¢her handthey
should besufficiently low to avoid too large voltage on the converter
termimals. A range of values can be found that satisfies both conditions.
According to[33] , a value of 0.8u was applied. When the fault in the
grid is cleared, thewind turbine is still connected to the grid. The
resistors can be disconnected by inhibiting the gating signals and the
generator resumets normaloperation. The author ¢83] hasdeveloped
a contrd strategy that takes care tine transition to normadperation to

avoidlarge transients occuence

3.5.2.6Demagnetizing Current Injection Technique

As mentioned before during the voltage dips thare flux
components demeling on the nature and the depftthe voltage dips. In
some cases these compotsemay be high enough to produdegh
voltage problems in the rotor not only because of the flux amplitude but
also its speed with respect to the rotorwall-known technique mostly
applied to brushless electrical drivieshe injection of a current oppie
to the magatic flux to reduce the voltag&iang et al. proposeith [34] to
inject a current opposite tine undesired components in the staftux
linkagein order toweaken its effect on the rotor. Howetke rotor flux
results from the sum of t&rm derived from the stator flux and a second
term corresponding tthe rotor current.flthe rotor current opposes the
stator flux, the rotor flux decreases. Accordingly, this currealy be
referredas a demagnetizing curremdut according td34] the required
demagnetizing current will excee@ times of the rated current of the

converterif the voltage sags lower than 0.3ou, which is normally not
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acceptableDoubling the capacitgf the converter rating makes the DFIG
loosingone ofits most imporant advantagg81].

While LOPEZet al in [35] proposed a solutiocombining crowbar
anddemagnetizing current injection techniques wheclabls the DFIG
to ride though the symmetrical voltage dips withe same converter
capacity and also with reducedowbar activation timeSuch that, the
injection of the demagnetizing current in the rotor starts after 50 ms of
crowbar activation because during that first 50 ms the demagnetizing
solution isn'tapplicable since it would requiret@o high current fromhe
converterto oppose the effect of the natural flux at the beginning of the
fault. Subsequently, when the machine has been partially detnzeph
and the natural flux is decreasdlde crowbar isleactivded and thdRSC
Is activatedagain andhen startsto injecta demagnetizing current and
produces a reactivpower, Thus the turbine could stagenerating
reactive power in about 50 to &@sfrom the beginning of the faul85].
On the other hand, this technique needs more complicated control
strategieso watch the rotor current in order to control the activation and
deactivation of the crowbar and also to control the RSC which will direct

the injection of the demagnetizing current.

3.5.2.7Series Grid Side Converter (SGSC) Technique

This configurationwas firstly presented byetersson In contrast
to the traditionalconfiguration of wind turbines based on the DFHG,
SGSC and a three phase injectiomansformer are added in this
configuration. Also, a RL filter is connected between the SGSC and the
transformer to limit harmonic losses of the injectimansformer[36].
The SGSC, which shares tbemmon dc link voltage with the rotside
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converterand the parallel gul side converter (PGSC), t®nnected via a
three phase injection transformerseies with the main stator windings
of the DFIGsystem as shown in fig. 21

According to this topology the generat®stator terminal voltage
becomes now the sum of the grid voltage vector and SGSC voltage
vectorand hencdhe generatd@s statortermind voltage can be changed
by the SGSCSo the transition of the generator stator flux imposed by the
stator terminal voltage during the grid faults can be changed through the
output voltage of SGSQ.e. if the SGSC can generate a voltage to
counteract th@egative sequence and the transient DC (hatural flux)
components in # stator side, the rotor owrrrent caused by these two

components can be eliminated

Series Injection pCccC
Transformer

Grid

Gear
Box

N

SGSC

Step-up

Transformer
_| vy
<K 4@: -
DC Link
RSC PGSC

Fig. 3.12 DFIG with SGSC [36]

Thus the transition oDFIG system during grid fawdt can be
changed byontrollingthe output voltage of the SG386]. But whether
the DFIG system demonstrates a gadRT performance depends on
the control scheme @&GSC. On thether hand, this technique has
additional cost of the injection transfoer and series converter and

complicated control scheme.
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3.5.2.8Replacement Loads Technique

In this technique the DFIG is provideslith a standby load, as
Figure 3.13shows. The DFIG is disconnected from the grid and is
connected tothe standby loadin case of the fault. Afterthe fault
clearancethe standby load idisconnected and tH2FIG isreconnected

to the grid.

rotor converter replacement
loads

Fig. 3.13 Replacement loads teclfil 0]

In this solution, thestandbyloadis selectedsothatit can dissipate
all therated power othe turbine.The load is controlled in such away to
keep the generator voltage the same level prior tihe fault. The wind
turbine can therefoe continue to generate power, hence avoiding the
speedovershoot$10].

Another possibility is to use a rededt load designetb dissipate
only a part of thegenerated power. In this case, the goal is to maintain a
certain magnetization ithe DFIG. In any case, the replacement load
limits the stator and rotor currents during tiaellt. Besides, since the
generabr is maintained magnetized during the fault, it canckly be
reconnected to the grid when the fault is removed without performing a
time-consuming resynchronization process.

The main drawback of thisolution is that during the fault the

DFIG is discomected from the grid hence raztive orreactive power
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Injection into the gricexceptthe reactive power which mdopeinjected by
the GSC which limited by its power rate8 o t hi s sol uti on
provide LVRTrequirementsand thereforean'tbe usedvith the newgrid
codes It may be used with a standalone generator or smtiall grids

which doesn't have grid codes requikéRT capability[10].

3.6 Conclusion

DFIG is one of the most common used genesatioat are used
with the variable speed wind turbin€éhe DFIG has many advantages
like; the independent control of active and reactive power, its partial rated
power converters (2b 30 % of machine rated power) which lead to low
cost, more lighter weigh and high efficiency. On the other hand, the
DFIG is \ery sensitive to voltage dips due to its partial rated power of the
converters (RSC and GSC).

The control of the DFIG is mainly obtained through the control of
the RSC and GSC. Although vector controbgally used to control the
DFIG as itallows decoupng control of both ative and reactive power
and low THD, the direct control techniques have a high dynamics
response but with high THD.

During the voltage dips a very high voltage may be induced in the
rotor circuit which depends on the level of thaltage dip and also the
type of the fault (Symmetrical or Asymmetrical). This high voltage may
damage the RSC and also the DC link capacitor, therefore it should be
protected during the voltage dipt this chapter, many protection
techniques of the DFIGvere discussed and also its advantages and
disadvantages.

51



CCCCCCCCCCCCCCCCC

Chapter 4

Case Study



4.1 Introduction

In this chapter the performance of the DFIG is studied under
symmetrical and asymmetrical faults with different protection techniques
applied in order to compare their effects on the DFIG behavior.

In order to conduct this comparison the network shown in Fig. 4.1
Is considered. The network consisd &w wind farm (six 1.5 Mwwind
turbineg connected to a 25vkdistribution system exporgower to a 120
kv grid through &0 km, 25 kv feedefThe 9Mw wind farm is modeled
as a one lumped machinEhe system shown is Fig. 4.1 is modeled and
simulated using the SimPowegts$em toolbox under the Matlawhulink
(Appendix A). The DFIG model usenh this study is a modified version
of the DFIG detailed modein the MATLAB/Simulink. The detailed
model includes complete representation of power electronic converters.
This model has to be discretized at a relatively small time step in order to
achiewe an acceptable accuracy wittetoperating switching frequencies
(1620 HZ and 2700 HZ)n this model a vector control technique based
on the stator flux orientation technique is used to control the DFIG's
converters.The parameter of the 1w DFIG is shown intable 4.1
[37].

The protection techniques applied in this chames the DC
chopper, Crowbar (CB), rotor connected DBR and stator connected DBR.
These techniques were selected because of their remarkable results
besides their simplicity and cosffectiveness. In this chapter the DC
chopper was combined with all studied techniques because it is an
auxiliary technique (as mentioned in chapter 3, it protects the DC link
from overvoltage). Furthermore, all the protection techniques were

applied afte the fault happen by 10 ms so as to be applicable as possible.

53



Also each technique was applied 3 times with 3 different resistance
values in order to show the behavior of the DFIG with the change in the

resistance value.

120KV 25KV 25KV 0.575 KV
B4 B3 B2 Bl
System 120/25KV
impedance

25/0.575KV

30Km overhead line wind farm based DFIG
(OMW)

Fig. 4.1 The simulated system

Rating 1.5 Mw
Stator voltage (L-L. RMS) 575V
Number of pair pole 3
Stator resistance 0.00706 pu
Stator inductance 0.171 pu
Mutual inductance 2.9 pu
Rotor resistance 0.005 pu
Rotor inductance 0.156
Combined inertia constant of the generatoand
. 5.04s
the turbine

Table 4.1. The 1.5 Mw DFIG parameters

The study conducted in this chapter is obtained wit the following

sequence:

First, in case of asymmetrical fault (single phase to ground fault) is
considered. The fault is applietiaus (B1) (paitularly on phase B)

Second, in case of symmetrical fa(tliree line to ground fault)s
applied at bus (B4)

All the protection techniques were appli@shd removedin a
predefined time irrespective ofie DFIG readingsThe duration of the

applied falts in the two cases (symmetrical and asymmetrical faults) is
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140 ms as mentioned in the most of the new grid cdd8F The

following sectiors showthe simulation results ants discussions

4.2 The DFIG Behavior Without Protection Applied:

In this seabn the DFIG is studies under both fault types mentioned

above without any protection techniques.

4.2.1 Asymmetrical Fault With No Protection Applied :

(i) Vs(pu) OW- A "’VW‘"“ AR w
2°F L L L

(i) Is(pud

(i) P&

1300

(iv) Vde(wolt) 1200 A D A
B mannmi ' VAYAVAVATAVAVAUVAVAVATA VAV Ve
K. - -
(W) Ir(pu) 0
2ot
. 1
(w1) Temipu) 2
220 0.05 0.1 0.15 0.2
(wvi1) Wripu) 12} _ : : —
0 0.05 0.1 0.15 0.2
Time (sec)

Fig. 4.2 Asymmetrical fault with no protection applied

As shown in Fig4.2 , when théDFIG was subjected to the pre
mentioned asymmetrical fault (single line to ground fault of plase

bus (B1)) the stator voltagés reduced to 0.8 pu, the stator currést
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increased up to 2 pu and the rotor currdntgicreased up to 1.7 pu
asymmetrially. On the other hand the active poviereduced to 5 Mw

and the reactive pow€) reache®.8 Mvar. While the wind turbine speed
Wr peaks to 1.224 pu. As results show and as mentioned before in
chapter 3, due to this asymmetrical fault noticeable ripgfgseared in

the DC link voltage and in the electromagnetic torgjam

4.2.2Symmetrical Fault With No Protection Applied :

(1) Vs(pu
(11} Is(pu)
(i) P&Q
1400 ¢ : : =
(17-.?:' VdC(VOlt:l 1200 pma N ’A\.a--\_.
1000° ; : i
o 0.05 0.1 0.15 0.2
) T ey xw(hg
5 _ _ S>AY <
10 0.05 0.1 0.15 0.2
(i) Temn(pu) 3 f N A
2¢ L C C
0 0.05 0.1 0.15 0.2
y 1.25f F F - —
(vi) Wr(pu) 1o e — ]
0 0.05 0.1 0.15 0.2
Time (sec)

Fig. 4.3 Symmetrical fault with no protection applied

As shown in Fig.4.3 when the DFIG was subjected to an
asymnetrical fault at bus (B4) the stator voltage reduced to 0.24 pu,
the stator curren reduced to 0.79 pu and the rotor currgnihcreased
up to 1.05 pu. On the other hand the active pdwweduced to 0.35 Mw
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and the reactive powé) reach 1.65 Mvawhile the wind turbine speed
Wr peaks to 1.253 pu.

4.3 The DFIG Behavior with Only DC Chopper Technigue

As mentioned beforeThe DC chopper is a power electronics
circuitconnectedtoth®C | i nk bus of the DFI Go&s
the uncontrdled increase of the DC bus voltage. Its effect only appears
on the DC link voltage. Therefore this technique cannot protect the
DFI G6s <converters. Consequently the
alone.

4.3.1 Asymmetrical Fault With Only DC Chopper Technique:

2¢ : -

(1) Vs(pu)

(i) Is(pu)

(iil) P&

(1w Vde(volt)

29
(v) Ir(pu) 0 S
iO 0.05 of_l 015 -
() Tem(pu) z —— MWWV
1.257 0.05 0.1 0.15 0.2

(vil) Wripu) 19

0 0.05 0.1 0.15 0.2
Time (sec)

Fig. 4.4 Asymmetrical fault with only DC chopper technique

57



4.3.2Symmetrical Fault With Only DC Chopper Technique

2¢
(1) Vs(pu) 0g
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Fig. 4.5 Symmetrical fault with only DC chopper technique applied

As fig. 4.4 and 4.5 show, when the DC cpeptechnique is applied
there is no remarkable effect on the stator and rotor voltage and camcent
the active and reactive power. The effect of the DC chopper only appears in
the DC link voltage. Fig. 4.4 and 4.5 show that the DC link voltage is mite
to 1170 V compared to 1280 V. This will lead to the protection of the DC
|l ink capacitor and | imit the GSC cur
used alone as a protection method for the DFIG and it should be combined

with one of the other technigsie
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4.4 The DFIG Behavior

with the Crowbar

protection

Technique

In this techniquethe rotor windings areshored by a 3 phase

resistors to protect the RSC and limit the rotor current during the grid

faults. According toZ27], a probable range for crowbasistance is 0.49

1.24pu. Therefore, the selected resistances values are 0.0045 , 0.009 and
0.0108q which equals 0.5, 1, 1.2 pu.

4.4.1 Asymmetrical Fault With Crowbar Technique :

4411CB Resistance of (0.0045
2 . _
(D) Vslpu) (2’ Saebi TS XSO, _
0 0.05 0.1 0.15 0.2
2 J F
(1) Is(puy 0 FFIFIFAREIEEE
-2 r
0 0.05 0.1 0.15 0.2
10 -
(i) P&Q 5 NS ﬂ/
0 0.05 0.1 0.15 0.2
P(Mw) ===== Q(Mvar)
1200 : :
(i) Vde(yolt) 1150 mmemAR_— i
1100 : :
0 0.1 _
2 |
(v) Ir(pis) 0 X
-2
1
(vi) Tern(pu) 1 TS ATATAAAAANAAA A
2 r L I
1.3 0.05 0.1 0.15 0.2
(vil) Wripuy 12
1.1 : - _
0.05 0.1 0.15 0.2
Time (sec)
Fig. 4.6 Asymmeti c a | fault at CB

resi stance
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Fi g. 4 .

6 shows that when

a

CB

the fault,the stator voltage reduced to 0.7 pu, the stator current increased to 1.3

pu and the rotor current increased to 1.25 pu asymmeyriddhile the active

power reduced to 1.9 Mw and the reactive power vita§ Mvar. The rotor

speed peaks to 1.239

pu.

44.1.2Cr owb ar Resi stance

(1) Vs(pu)

(iD) Is(pu)

1 el vl 1
GQOo1IoUl N ON NONDN
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1200+
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1100°
0
2¢
() Ir(pu) 0r
2°F
. 1¢
(wiy Tern(pu) _(1J
2t
(i) Wrpw) o]
1.1° ; i -
0 0.05 0.1 0.15 0.2
Time (sec)
Fig. 4.7 Asymmetrical fault
Fig. 4.7 shows thatwhem CB of 0. 009q

0000

n O

(0.

at

0

CB

resi

during the faultthe stator voltage reduced to 0.7 pu, the stator current

increased up to 1.09 pu and the rotor current increased up to 1.08 pu

asymmetrically,while the active power reduced to 1.4 Mw and the

reactive power wasl Mvar. The rotor speed peaks to 1.242 pu.
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441.3CB Resistance of (0.0108 q)

2
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Fig. 4.8 Asymmetrical fault at CB res

Fi g. 4. 8 shows that when a CB of
during the faultthe sator voltage reduced to 0.73 pu, the stator current
increased to 1 pu and the rotor current increased to 1 pu asymmetrically.
While the active power reduced to 1.15 Mw and tbactive power was

-0.85 Mvar.The rotor speed peaks to 1.243 pu.
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4.4.2Symmetrical Fault With Crowbar Technigue :

4.4.2.1CB Resistance of (0.004§ ):
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Fig. 4.9 Symmetrical fault at CB resi

Fi g. 4.9 shows that when a CB of
during the faultthe stator voltage was reducing up to 0.04 pu and before the
fault clearing it reached 0.21 ptihe stator current was reducing up to 0.2
pu and reached 0.65pu before the fault clearing. The rotor current still
reduced up to 0.24 pWwhile the active power was between 0 and 0.25 Mw
and the reactive power increased from 0 and 1.2 MiAe. rotor speed
peaks to 1.259 pu.
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4.4.2.2CB Resistanceof 0. 009 q)
Fi g. 4. 10 shows that when a CB

during the faultthe stator voltage was reducing up to 0.05 pu and before

the fault clearing it reached 0.23 pu. The stator current was reducing up
to 0.1 pu ant it reached 033 before the fault clearing. The rotor current
still reducing up to 0.05 pu but before the fault clearing it reached 0.15

pu. While the active power increased from 0 to 0.3 Mw and the reactive

of

power increased from 0 and 1.45 Mvahe rotor speed peaksii  di dn ot

reach 1.26 pu.
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Fig. 4.10 Symmetrical fault at CB Resistance (0.0G9 )
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4423CB Resi

Fig. 4.
during the faultstator voltage was reducing up to 0.02 pu but before the

fault clearing it reached 0.23 pu. The stator current reduced up4@0.1

11

Chapter 4 _ _ _Case Study
stance of (0.0108
shows that when a

a)

CB

and reached 0.76 pu before the fault clearing. The rotor current still

reducing up to 0.05 pwhile the active power reduced to 0.31 Mw and

the reactive power increased from 0 and 1.48 MVé&e rotor speed

peaks to 1.26 pu.
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Fig. 411 Symmetrical fault at CB resistance (0.0108 )
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Referring to he simuation results in sections 44and 4.4.2which
are summarized in table 4.R can be noticed that~irst, concerning the
DFIG behavioduring the asymmetrical fayklis the CB resistance increased
the stator voltage slightly aneasedOn the other handhe stator and rotor
currentand theactive powerreduced. herefore therotor speed increased
while the DFIG reactive power consumption reducgdcond, concerning
DFIG behavior during the symmetrical faudss the CB resistarancreased
the stator voltage and curreamdthe active and reactive power increased

while the rotor current decreased. The rotor speadarly constant.

CB 0.0045 | 0.009 0.0108

Vs (pu) 0.7 0.7 0.73
Is (pu) 1.3 1.09 1
Ir (pu) 1.25 1.08 1
P (Mw) 1.9 1.4 1.15

Q (Mvar) -1.5 -1 -0.85

Wr (pu) | 1.239 | 1.242 | 1.243

Table 4.2 CB technique results summarization during asymmetrical fault

CB 0.0045 0.009 0.0108

Vs (pu) 0.21 0.23 0.23
Is (pu) 0.65 0.73 0.76
Ir (pu) 0.24 0.15 0.05

PMw) | 0.25 0.3 0.31
Q (Mvar)| 1.2 1.45 1.48
Wr (pu) | 1.259 1.26 1.26

Table 4.3 CB technique results summarization during symmetrical fault
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4.5The DFIG Behavior with Rotor Connected DBR Techniqgue

In this techniquea dynamic breaking resistor is connected in series
with the rotor in order to limit the current in the rotor circlibe resistances
values is selected according[&8] so that, 0.0025, 0.005 and025q .

4.5.1 Asymmetrical Fault With Rotor Connected DBR Technigue:
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Fig.412Asymmetri cal fault at rotor connect
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Fig. 412s hows

t hat

when

a

0.

0025q

series with the rotor windings during the fatitie stator voltage reduced

to 0.8 pu, the stator current increased to 1uSapd the rotor current

increased to 1.45 pu asymmetricaM/hile the active power reduced to

3.15 Mw and the reactive power peaks to around 0.7 MMae. rotor

speed peaks to 1.233 pu.
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Fig. 413Asymmetricalfaul t at r ot or
Fig. 413s hows t hat when a 0.

series with the rotor windings during the fault, the stator voltage reduced

to 0.8 pu, the stator current increased up to 1.4 pu and the rotor current

005q
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increased up to 1.3 pu asymmetrically. While the active power reduced
to 2.4 Mw and the reactive power peaks to around 0.4 Mvar. The rotor
speed increased up to 1.237 pu.

4513DBR 0 (0.0125 q)
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Fig. 414 Asymmetrical fault at rotorconnect ed DBR (0. 0125 q)

Fig.414shows that when a 0.0125q res
series with the rotor windings during the fault, the stator voltage reduced
to 0.8 pu, the stator current increased up to 1 pu and the rotor current
increased up to 1.08u asymmetrically. While the active power reduced
to 1.5 Mw and the reactive power peaks to around 0.05 Mvar. The rotor

speed peaks to 1.242 pu.
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4.5.2Symmetrical fault with rotor connected DBR Technique:

4521DBR _of (0.0025 q)
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Fig.455Sy mmetrical fault at rotor connect e

Fig.45shows that when a 0.0025q res
series with the rotor windings during the fatitte stator voltage reduced
up to 0.13 pu, the stator current reduced up to 0.4 guhenrotor current
increased up to 1 p¥Vhile the active power reduced to 0.1 Mw and the

reactive power peaks to around 0.5 MvHrne rotor speed peaks to 1.25

pu.
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4522DBR_of (:0.005 q)
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Fig. 4.16 Symmetrical fault at rotor connecte BR ( 0. 005 q)

Fig46shows that when a 0.005q resi
series with the rotor windings during the fadite stator voltage reduced
up to 0.14 pu, the stator current reduced up to 0.45 pu and also the rotor
current reduced up to 0. 1pNhile the active power reduced to 0.13 Mw
and the reactive power peaks to around 0.6 M/ae. rotor speed peaks
to 1.253 pu.
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Chapter 4 _ _ _Case Study
4523DBR _of (0.0125 q)
2¢ . : _
(1) Vs(pu) g _ T _ 2 I
0 0.05 0.1 0.15 0.2
2¢ : : _
(ii) Ts(pu) Ow‘x" LR "x""-‘x\’gb‘?%
%0 0.05 0.1 0.15 0.2
e — 1
(111) P&Q o J \ _ —— el
0 0.05 0.1 0.15 0.2
P(Mw) =====- Q(Mvar)
1500 ¢ _
. et
(1v) Vde(volt) 1288_ — f
. 2
2;
Y
(v) Ir(pu) 0 &
2F
10 ( 2
(wi) Temipu) _2____‘ I Augin \ A
ok v I I I \V ¥
0 0.05 0.1 0.15 0.2
(vil) Wr(pu) 1-122 — ~
0 0.05 0.1 0.15 0.2
Fig. 4.17 Symmetrical fault at rotor
Fig. 417showshat when a 0.0125q resi

series with the rotor windings during the fadlte stator voltage reduced

up to 0.18 pu, the stator current reduced up to 0.58 pu and also the rotor

current reduced up to 0.36 pwhile the active power redad to 0.18

Mw and the reactive power peaks to around 0.85 Mitae. rotor speed

peaks to 1.258 pu.

Referring to he simuation results in sections 415and 4.5.2which

are summarized in table 3#it can be noticed thatFirst, concerning the

DFIG behaviorduring the asymmetrical faylas therotor connected DBR

increased thestator voltage isearly constant while the stator and rotor

current and the active and reactive powereareduced The rotor speed
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increased Second, concerning DFIG behavior durthg symmetrical fault

as the rotor connected DBRcreased the stator voltage drop reduced,
consequently the active and reactive power increased. On the other hand, it
should be noticed thathe rotor current increasing during the fault is
inversely proprtional to the DBR value. Therefqras mentioned in chapter

3, the value of the DBR should be selected carefully to avoid rotor
overvoltage or over current. Moreoveuith the increasingf theDBR value

the rotor speed increased.

coorol | 0.0025 | 0.005 0.0125
Vs (pu) 0.8 0.8 0.8
Is (pu) 15 1.4 1
Ir (pu) 1.45 1.3 1.05
P (Mw) 3.15 2.4 1.5

Q (Mvar) 0.7 0.4 0.05
Wr (pu) | 1.233 1.237 1.242

Table 4.4 Rotor connected DBR technique results summarization during

asymmetrical fault

COF;‘_“SE;R 0.0025 0.005 0.0125
Vs (pu) 0.13 0.14 0.18
Is (pu) 0.4 0.45 0.58
Ir (pu) 1 0.7 0.36
P (Mw) 0.1 0.13 0.18

Q (Mvar) 0.5 0.6 0.85
Wr (pu) 1.25 1.253 1.258

Table 4.5 Rotor connected DBR technique results summarization during

symmetrical fault
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4.6 The DFIG Behavior with Stator Connected DBR Technique

In this techniquea dynamic breaking resistor is connected in series
with the staor in order to limit the currerdnd also to enhance the output
voltage. The resistances values is selected accamlthg results appears in
[30] so that, 0.01, 0.02 and03.q .

4.6.1Asymmetrical Fault With Stator Connected DBR Technique:

4611DBR _of (0.01 q)

2¢ :
M Vsguy O X
2F L
) 2
Gi) Isguy  OR W
25 L
2
10+ i
(i) P&Q g -
5t
1200+
(iv) Vde(wolt) 1150
1100°¢
20
() Ir(pu) 0
2t
) T 0 A \
(vi) Tem(pu) g | .Avn\,nvn‘,n‘,nvnuﬂuﬂ.ﬂ., Wi~
1250 0.05 0.1 0.15 0,2
(vit) Wripu) 12} — _ _ _
0 0.05 0.1 0.15 0.2
Time (sec)
Fig.488Asymmetrical fault at stator conne

Fig.48shows that when a 0.01q resist

with the statowindings during the fault, the stator voltage reduced to 0.9
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