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ABSTRACT

Modern technology in the wind turbines has increased the penetration of wind power
generation up to considerable level in the power system grid. This leads to more complex,
sophisticated and reliable interconnection requirements for reliable power system operation.
According to the requirements, the wind farm operation shall not affect the grid dynamic
behavior and operation e.g. starting up, cut off, wind speed variations etc, but in actual
scenario when grid is attributed to fault and voltage dips, the disconnection of the wind farm
creates shedding of loads results in unreliable power supply. This occurs mostly in the case of
3 phase faults in transmission network. For this reason depending on the voltage level of the
connection point, network operators require wind farms to have Fault Ride Through (FRT)
capabilities and so to withstand specified voltage dips. There are more areas of problems and
constraint such as grid capacity constraints, power quality issues, protection issues and
ancillary services issues. In order to mitigate above mentioned problems, the study and
analysis of wind turbines in power system are required. For performing these studies there is
need of steady state and dynamic models of various configurations of wind turbine. Due to
various advantages variable speed wind turbines are preferred to fixed speed wind turbines.
Among variable speed wind turbines doubly fed induction generator (DFIG) based wind
turbines are more popular because of their inherent capabilities. In the present study a
dynamic model of DFIG based WECS has been developed and various studies have been
performed in PSCAD/EMTDC.
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1.1 OVERVIEW

Chapter-1

INTRODUCTION

Due to environmental concerns caused by excessymoiation of conventione

resources, now the focus is diverted to-renewable resources especially solar & wint

these are environmentally clean eecofriendly. In the beginning, wind power generat

was negligible as compared to conventional plants o lack of sophisticated wind turbi

(WT) technology but now with the development of neehnologies; there has been

exponential growth in theiind power

The total installation of wind peer capacit reaches around 282.4 Gavound the world an
it is increased by 44.7 GWithin year 2012 i.e. (18.8¢.
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Global wind industry growth has been driven maibly China (75,564 MW), the US
(60,007MW), Germany (31,307MW), Spain (22,796 Mdndia (18,421MW) [1]. India

has grown its installation up to 18,421 MW at tmal ef year 2012 (16.1 % increment in
2012). The total wind farms are grown to 443 inidnd

India wind power Capacity in MW MW
20,000 - 18,451
15,000 -
10,000 -
5,000 - 3,000

9a0 992 1,035 1267 1507 1,702 2110

Fig. 1.3 (Growth of Wind power installation in @i

The major companies leading in global market aret&&Wind Systems, GE wind energy,
Gamesa, Enercon, suzlon, Siemens, Acciona, Gold,wiordex and SinovelThe wind
power installation includes some of project in lydihich is undertaken by above mentioned
companies.

1.3 LITERATURE SURVEY

With increasing penetration of wind-derivedmao in interconnected power systems, it
has become necessary to model the complete windyesgstems in order to study their
impact and also to study wind plant control [2].nd¥ienergy generation equipment is most
often installed in remote, rural areas. These reractas usually have weak grids, often with
voltage unbalances and under/overvoltage condit{@~4]. The traditional wind turbine
generator systems employ squirrel-cage inductionegdors (SCIGs) to generate wind
power. The fixed speed system is more simple almbte [5]. The major problems observed
with Fixed Speed Wind Turbine (FSWT) based SClGvattage fluctuation (flicker) & Low
voltage ride through (LVRT), when connected to kvpawer grids where the wind power
penetration levels are high [6]. It has one mosadvantage of requiring capacitors at the
stator terminals to provide for the reactive podemand of the machine [7].



Grid connected FSWT based SCIG WTs often produdeveagower with significant
fluctuations due to wind speed variations, the wgnaldient and the tower shadow effect [8].
When connected to a weak power grid and duringdafgult, the over-speeding of the WTs
can cause voltage instability [9]. As a result,litigs typically disconnect the WTs
immediately from the grid when such a contingencgupss. With the rapid increase in
penetration of wind power in power grids, trippimigmany WTs in a large wind farm during

grid faults may begin to influence the overall powgstem stability [6].

The FSWTs have no speed control capability and atapnovide voltage or frequency
support when connected to the power grid [6]. Fandwenergy applications, various
induction generator schemes have beeoposed. The variable speed, constant voltage-
constant frequency self-excited induction generfdpautonomous systems has largely been
discussed [[¢ For variable-speed wind generation using the dotéd induction generator
(DFIG), the rated speed settings, gearbox ratiod, machine and converter ratings were
described [10].

Compared to the fixed-speed SCIG WTs, the DFIG Wdis provide decoupled active and
reactive power control of the generator, more &ffit energy production, improved power
guality and improved dynamic performance [11, BTIG severely limits the energy output
of a WT. In case of variable speed systems, comgarshows that using a wound rotor
induction machine (WRIM) of similar rating can sifjtantly enhance energy capture [5]. It
is possible to transfer maximum power to the netvimra wide range of wind speeds without
exceeding the ratings of the induction generatdr The wind energy conversion system
(WECS) using a grid-connected fully-controlled dledbutput induction generator is

considered and the conditions of transferring maxmpower to the grid are investigated [7].

The concept of a variable speed wind turbine (VSWifiving a DFIG has received
increasing attention because of its noticeable rtdges over other Wind Turbine Generating
systems [5, 9, 12, 13, 14, 15]. DFIG-based WT amenpopular on account of their
favourable cost/performance attribute resultingnarily from the need for a much smaller
converter rating compared to the machine rating. [The cost of power converter can be
reduced greatly by employing doubly fed configuwatsuch as a wound rotor machine as

compared to full capacity configuration [12, 16].



DFIGs are widelyused in modern WTs due to their power contagpability; variable speed
operation, low converter cost, areluced power loss as compared to other solutiocis &s
fixed speed induction generators or fully rated convesystems [15]. The converter design
and control technigue using an ac/dc/ac convemtée rotor circuit of Doubly Fed Induction
Machine (Schrebius drive) is explained. It was andard drive option for high power
applications involving a limited speed range. Thever converters only need to handle the

rotor side power [17].

A vector control (VC) strategy can be used for dgded control of active and reactive
power drawn from the supply was proposed [18]. VRetechnique used for the independent
control of torque and excitation current are expd [19]. A model of the induction
generator written in appropriate drgference frame to facilitate investigation of coht
strategies. Also reference frame models have beselaped for doubly fed induction
machines [20-21]. The power circuits, control systeequired for a rectifier are fully
explained, along with the strategy employed to exhiclosed loop regulation of d.c. link
voltage, a sinusoidal current waveform, full fowragrant power flow to the supply and the
desired power factor [18]. A detailed design of DIEIG using back-to-back PWM voltage
source converters in the rotor circuit, they alsalidated the system experimentally
considering a grid connected system [22]. DFIGs anfibur-quadrant ac-to-ac converter
connected to the rotor windings increases the igahstability margin of the electrical grids,
when compared with the case where the fixed speed systems with cage generators are
used [13].

In speed control mode operation, the aero-turbare lze operated at a constant speed by
blade-pitch control of the WT even under varyingievispeeds. This is possible since rotor
circuit is capable of bidirectional power flow [ZThe doubly fed induction machine can be
operated in generating mode in both sub-synchrommas super-synchronous modes [23].
The SCIG controlled over a range of sub-synchroremus super-synchronous speeds, using
the novel secondary EMF signal generator, showssiderable advantage over sub-
synchronous systems based on the Kramer technptjeahd does not have the stability
problems normally associated with doubly fed mae&ifil0]. The steady-state analysis of a
wound-rotor induction generator operated at varghagft speeds in the sub-synchronous and
super-synchronous regions, by control of both tlzgmitude and direction of slip power is
studied [25].



Energy extraction from a DFIG WT depends not omtloe induction generator but also on
the control strategies developed using differergrtation frames. Various types of control
designs have been proposed for studying the behatiDFIG based wind-turbine system
during normal and fault AC grid conditions [12, 2%, 26, 27, 28]. Different orientation
frames and controller structures for the grid sidaverter (GSC) are analyzed. In [29], the
generation of active power during unbalanced camtlitis investigated. The same approach

could be used in order to guarantee reactive ppvaetuction during outages [30].

The control of the reactive power flow in DFIG driallows production of reactive power
independently of the active power and with bothemers. The active power output is
normally determined by wind conditions. For theedetination of reactive power capability
for a given active power output, a number of sysbemndaries have to be considered. Also,
the reactive power capability is subject to sevdiraltations resulting from the voltage,
current, and speed, which change with the operaiimgt [11].

An optimum control strategy, which maximizes th&akelectrical power output of the DFIG
is determined, the limitations of naturally commathconvertor circuits and their effects on
the output power characteristic of the system @ discussed [25]. In [31] a state feedback
regulator for active and reactive power in DFIGvds was proposed and compared to a
proportional—integral controller by simulation.In addition to an exhaustive literature
research, active and reactive power integral cateowith nested voltage and phase angle
control loops, as well as sensitivity and stabibityalysis for a single distributed generation
unit, are provided in [32]. Decoupled control o€ telectromagnetic torque and the reactive
power using a sensor less scheme for the DFIG wgmped in [33]. Case studies on active
and reactive power flow in wind farms were carr@d in [34] using induction generators
and in [35] using the DFIG. The recorded resultsi@al out the superior dynamics of the
latter topology.

The DFIG is controlled using VC [12, 19, 36], whidacouples the rotor currents into active
power (or torque) and reactive power (or flux) cam@nts anddjusts them separately in a
reference frame fixed to either th&ator flux or voltage. Current controllers arerthailized

to regulate the rotor currents [13DFIGs are controlled using VC based on rotor curren
decoupling, which are either stator flux orient&fFQ) [19, 22] or stator voltage oriented /
voltage oriented control (VOC) [12].



Most existing models widely use VC based on SFOwéi@r, the existing control designs
assume the stator voltage is ideal, i.e., the #rgy and amplitude of the stator or grid
voltage are constant and the dynamic charactens$tibe stator magnetizing current is not
considered [22, 27, 28] Such a system can provate glynamic response during normal
operation condition but the performance may be atbgp during AC voltage disturbance.
Pena gave a detailed design of the DFIG using baxtdack PWM voltage source converters
in the rotor circuit and they also validated thestsyn experimentally considering a grid
connected system [22]. Thilg VC, stator-voltage-oriented can be called “grickfluriented”
control [46]. In this scheme, thd-axis is aligned with the stator-voltage space mect
(instantaneously) The DFIG usually operates in V@denbased on the PI controllers in a
synchronous reference frame either to the SFOatorsvoltage oriented ( or VOC) frames.
The DFIG with PI controllers and its performancedennormal operation conditions has
been discussed in a number of publications [37,386,15, 39] It is well known that the
DFIG performance with PI controllers is excellent mormal grid conditions, allowing

independent control of the grid active and reagbieeer [30, 40].

In [2, 32], the SFO frame is used to develop thé@®wind power extraction mechanisms.
Another approach, for example, direct power cordtrtegies for DFIG WTs using the SFO
frame [41], has also been proposed recently whidC\frame is normally not used for DFIG
design System based on VOC has also been used to corfil@ Bystem [12, 42]. In [12],
VOC was proposed for controlling DFIG system undermal operation, but no detailed
design of decoupling circuit was given and a camsgtator voltage was assumed. In [42],
VOC control was used to investigate the fault auref DFIG. However, as no decoupling
circuits were used, so that control response wadeiquate during transient condition.

The method only utilizes the estimated stator Boxas to remove the difficulties associated
with rotor flux estimationThe method selects appropriate voltage vectorsdbasehe stator
flux position and active and reactive power errdisus, the difficulties associated with the
rotor flux estimation are removed [43]. There ie@pl approach to improve DFIG stability
under unbalanced conditions using the VOC frame 484. In [44] an analysis and control
design of a DFIG based wind generation system tipgraunder unbalanced network
conditions is studied , a DFIG system model in fusitive and negative synchronous
reference frames is presented to enhance theistadfithe DFIG under unbalanced voltage

supply.In [45], it is shown that a DFIG control strateggncenhance the standard speed and



reactive power control with controllers that caimgensate for the problems caused by an
unbalanced grid by balancing the stator currents eiminating torque and reactive power
pulsations. Doubly fed machines, naturally, haymia of poorly damped poles near the grid
frequency. Fast inner current loops have a fagiorese time, but also tend to push the poorly
damped system poles toward the right half pland. [#hen the stator phase voltages
supplied by the grid are unbalanced, the torquelymed by the induction generator is not
constant. Instead, the torque has periodic pulssitad twice the grid frequency, which can
result in acoustic noise at low levels and at Haylels can damage the rotor shaft, gearbox,
or blade assembly [47].

DFIG-based WTs can be well understood [12, 48,482, DFIG systems are conventionally
controlled using stator VOC [12], [48] or SFO [2R]9] controls based on d-q decoupling. In
[50], a rotor position phase locked loop (PLL) s2d which acquires the rotor position and
rotor speed simultaneously for the implementatibthe decoupled P-Q control in the DFIG.
The rotor position PLL is designed to operate withthe knowledge of any parameter of the

DFIG except the magnetization reactance.

In [51], comparison between SFO and VOC referermeds is done and it is shown that the
performance of DFIG wind power extraction is simila using both VOC and SFO frames.
But, it is found that a conventional wind powerraktion approach using the SFO frame
could deteriorate the power quality of the DFIGtegs while it is more stable to estimate the
position of the stator-flux space vector by simplyding -90 degree to the stator-voltage
space vector. This paper investigates and companespower extraction from a DFIG WT
using stator voltage and stator oriented frameds Haper analysis how wind power
extraction control of DFIG WT is converted to speedtrol and then how speed and reactive
power control of WT is converted to generator coirreontrol using the two different

orientation frames

For protection survey, it is possible for WTs usiDigIG to stay connected to the grid during
grid faults by crowbar protection. The key of tketnique is to limit the higburrents and to
provide a bypass for it in the rotor circuit viset of resistors that are connected to the rotor

windings withoutdisconnecting the converter from the rotor or fribve grid [14].

For the survey for other control schemes, the tit@@ower scheme decouples DFIG rotor
current into two parts representing active and treagoower separately. The control of

machine active and reactive power is achieved pystidg these two rotor currents using Pl

7



controllers. One main drawback for Direct Power arscheme is that system performance
highly depends on accurate machine parameters asclistator, rotor resistances and
inductance. Thus performance degrades when actactine parameters depart from values

used in the control system due to saturation, teatpee variation etc [41].

The main drawbackor SFO-VC is itslinear nature which does not consider the discrete
operation ofpower electronics converter [15]. Thus, in ordemi@intain systerstability over
the whole operation range and adequate dynaesigonse under both normal and abnormal
conditions, the currerontroller and its control parameters must be cdlgefuned [36]. This
effectively reduces the VC’s control bandwidihd robustness during changing operation

conditions.

1.40BJECTIVES OF THE PRESENT WORK

The objective of the dissertation is to study thaainic behaviour/response of DFIG
configuration with the implementation of controhsenes on back-to-back converters. This
study aims to tune the control techniques (i.e. 3@ VOC) successfully along with the
use of Industrial controllers. (i.e. Pl controllefidhe objective is to achieve stable response
of DFIG when subjected to grid integration, faatd wind speed variation respectively. The
overall theme is to achieve robustness of DFIG igondtion. Also for that hardware

protection (crowbar) is studied and incorporatethodel.

1.50RGANISATION OF DISSERTATION

This dissertation has been organized in six chapterchapter ,1 basic introduction of wind
energy generation, its modern scenario, literatedew and glimpse of dissetation is
incorporated. In chapter 2, basic theory of winargg system is explained. It includes
classification, characteristics and control systealong with grid integration

issues/requirements. In chapter 3 basic overvieWDBliG configuration, operating modes
along with dynamic modeling is explained. Further dhapter 4 the model of DFIG
connected to grid is developed. The implementatibrrontrol scheme, protection etc. in
model is explained. In chapter 5 the simulationultssand explanation/verifications are

incorporated. At last in chapter 6 conclusion ofkvand future scope are discussed.



CHAPTER 2
WIND: A SOURCE OF ELECTRICAL ENERGY

2.1 CONSTRUCTIONAL ASPECTS

The wind energy systems consist of several parésihieve kinetic energy to electric ene
conversion. The wind kinetic energy is convertednechanical energy by the blac
mounted on the rotor hub. The rotor hutkinstalled on the main shaft also known as
speed shaft. The mechanical energy is transmittenigh the drive train (shafts, bearin
and gearbox) to the generator which converts mechla@nergy into electrical energy. Tl
conversion is usually aissed by a power convertor system which deliveesgbwer from the
generator to the grid. Most of the wind turbine paments are enclosed in a nacelle on
top of the tower. (Fig. 2.1)

Blade

Piwch drive

Rotor / -
Generator convencr
+ v

(""""""‘ High-speed

Yaw drive

/ &
a Yaw gear “~ Nacelle frame
and bearing

Fig. 2.1 Components of wind enerconversion system

The other parts that are not directly involved he power conversion, but are importan
ensure the proper, efficient and reliable operatibthe system include the pitch syst¢
yaw system, mecharal brake, wind speed and direction sensors, paligtribution cables
heat dissipation / exchange, lightening protectigstem, and structural components suc
the tower, foundation, and nacelle enclosure. LaWT is also equipped with &
uninterruptable power supply dackup energy system that ensures uninterrugtedaton

of essential part such as the control system, pitile, and brake
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In direct drive (gearless) turbines the absendh@fgear box and high speed shaft leads to a
more compact drive train and, hence a shorterliea¢éowever, the wider diameter of low
speed generators requires a taller nacelle steicitinis phenomenon is more evident in

wound rotor synchronous generators than permanaghet synchronous generators [52].
2.2 WIND DYNAMICS

The power-speed relations of WT are expresseceietjuations:

1. Power in air flow [53]: B;= 0.5AV? (2.1)

where Bi; is power in air flow,
p is air density, Kg/
v is velocity of wind. (m/s)

A is area swept by blade. fn
2. Power Coefficient: €= Pyind rbine / Phair (2.2)

P wind wrbinelS power of wind turbine. Then we get,

P wind turbine = O-EPAV3 Ce (.3

3. Tip speed ratio x = orlv (2.4)
wherewn = rotational speed of rotor. (rad/sec.)
r = blade length (m)

v = upwind speed (m/s)

4. Beta limit: the turbine can never extract more tbarB% of power of air (). Also G

ranges from 25 to 40 %. Here the value pig30.28 in model.

Cp & 4 are dimensionless and so can be used to deshelgetformance of any size of WT
rotor. Fig. 2.2 shows that the maximum power caoddfit is only achieved at a single wind
speed. Hence one argument for operating a WT &hlarrotation speed is that it is possible

to operate at maximumg@ver a range of wind speeds.
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Fig 22 Graph for power coefficient versus tip speetb

Wind turbine extracts energy from the wind by tfansng the thrust force of the air pass
through the turbine rotor into the blades. The nkimetic energy a WT pulls out of the wir
the more the wind will be slowed down as it leatles turbine. | all the energy from th
wind is extracted, the air would move away with #peed zero, i.e. the air could not le
the turbine. This power extraction is limited tHfere up to 59 % of wind power. This
called as beta limit.

2.3 POWER CHARACTERISTICS OF WIND TURBINE

The power output of a WT at various wind speedsoisventionally described by its pow
curve. The power curve gives the steady stateralacpower output as a function of t

wind speed at the hub height and generally measisied 1Cmin. average dal

Pyt Generator _ Stall or pitch

Rated I control control i

power| E_"—Tﬁé};}éiié}h"; Practical
| power curve power curve
H . \\\\\\\\\\

Parking | Operating Parking
mode ! \ region mode
Min.| i . \\\\
power | ; —
Cut-in Rated Cut-out ¥y (m/s)

Fig. 2.3 Wind power-speed characteristics

The power has three key points on the velocityes
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a. Cut-in wind speed - the minimum wind speed at whighmachine will deliver useful
power.

b. Rated wind speed - the wind speed at which rateeepds obtained (rated power is
generally the maximum power output of the electrimerator).

c. Cut-out wind speed - the maximum wind speed at whie turbine is allowed to

deliver power (usually limited by engineering loauatsl safety constraints).

Below the cut-in speed, the WT remains shut dowthasspeed of the wind is too low for
useful energy production. Then, once in operattbe, power output following a broadly
cubic relation with wind speed (although modifieg the variation in @) until rated wind
speed is reached. Above rated wind speed aerodgnestor is arranged to limit the
mechanical power extracted from the wind and sacedhe mechanical loads on the drive
train. Then at very wind speeds the turbine is slowin. The choice of cut-in, rated and cut-
out wind speed is made by the WT designer who typical wind conditions, will try to
balance obtaining maximum energy extraction withtagling the mechanical loads (and

hence the capital cost) of the machine.

A typical WT will have an output power that increasas wind speeidcreases from the cut-
in wind speed to the rated wind speed. At the ratedl speed, the generator has reached
rated power, and the electrical power must be befdtant or reduced for further increases in
wind speed [54]. Power curves for existing machinas normally be obtained from the
turbine manufacturer. They are found by field measents, where an anemometer is placed
on a most reasonable close to the WT, not on tHent itself or too close to it, since the

turbine may create turbulence and make wind spesasurements unreliable [55].

2.4 FIXED AND VARIABLE SPEED TURBINES

WTs can be classified into fixed-speed and varizpkeed turbines [56]. As the name
suggests, Fixed-Speed Wind Turbine (FSWT) rotatesimost a constant speed, which is
determined by the gear ratio, the grid frequencyl the number of poles of the generator.
The maximum conversion efficiency can be achievely at a given wind speed, and the
system efficiency degrades at other wind speeds. tlitbine is protected by aerodynamic

control of the blades from possible damage causetiigh wind gusts. The fixed-speed
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turbine generates highly fluctuating output powerthe grid, causing disturbances to the
power system. This type of turbine also requiresuady mechanical design to absorb high

mechanical stresses [57].

Also, VSWT (Variable-Speed Wind Turbine) can ackiemaximum energy conversion
efficiency over a wide range of wind speeds. Thebihe can continuously adjust its
rotational speed according to the wind speed. inglso, the tip speed ratio, which is the
ratio of the blade tip speed to the wind speed,bmakept at an optimal value to achieve the
maximum power conversion efficiency at differenindispeeds [58]. To make the turbine
speed adjustable, the WT generator is normally ectaa to the utility grid through a power
converter system [56]. The converter system enahksontrol of the speed of the generator
that is mechanically coupled to the rotor (bladg#ghe WT. As shown in Table 2.1, the main
advantages of the variable-speed turbine includee&sed wind energy output, improved

power quality, and reduced mechanical stress [57].

Table 2.1 Advantages and drawbacks of fixed- amdbke-speed wind turbines

Speed _
Advantages Disadvantages
mode
Fixed Simple, robust, reliable, Relatively Low cost and maintenance, efficiency,
speed low energy-conversion High mechanical stress, High power
fluctuations to the grid
High-energy conversion efficiency,More complex control system, Additiongl
Variable Improved power quality, Reduced cost and losses due to use of converters
speed mechanical stress

The main drawbacks are the increased manufactaasgand power losses due to the use of
power converters. Nevertheless, the additional @aodtpower losses are compensated for by
the higher energy production. Furthermore, the shwyo operation provided by the
controlled generator reduces mechanical stresshenturbine, the drive train and the
supporting structure. This has enabled manufaduedevelop larger WTs that are more
cost-effective. Due to the above reasons, varigpéed turbines dominate the present market
[52].

13



2.5 AERODYNAMIC POWER CONTROL

Turbine blades are aerodynamically optimized tadwa&pthe maximum power from the wind

in normal operation with a wind speed in the ranf@bout 3 to 15 m/s. In order to avoid

damage to the turbine at a high wind speed of aqupadely 15 to 25 m/s, aerodynamic

power control of the turbine is required [59].

The blade rotates in the wind because the air figveilong the surface that is not facing the
wind moves faster than that on the surface ag#estvind. This creates a lift force to pull

the blade to rotate. The angle of attack of the@dlplays a critical role in determining the
amount of force and torque generated by the turbiherefore, it is an effective means to
control the amount of captured power. There areetl@erodynamic methods to control the

capture of power for large WTs: passive stall va&cstall, and pitch control.

2.5.1 Passive-Stall Control

In passive-stall-controlled WTs, the blade is fixento the rotor hub at an optimal (rated)
angle of attack. When the wind speed is below dhatrated value, the turbine blades with
the rated angle of attack can capture the maximassiple power from the wind. With the
wind speed exceeding the rated value, the strond wan cause turbulence on the surface of
the blade not facing the wind. As a result, thénif force will be reduced and eventually
disappear with the increase of the wind speed, istpwlown the turbine rotational speed.
This phenomenon is called stall. The stall phenameis undesirable for airplanes, but it

provides an effective means to limit the power gepto prevent turbine damage [58].

2.5.2Active-Stall Control

In active-stall turbines, the stall phenomenon lsamnduced not only by higher wind speeds,
but also by increasing the angle of attack of tlaeldr Thus, active-stall WTs have adjustable
blades with a pitch control mechanism. When thedwspeed exceeds the rated value, the
blades are controlled to turn more into the wirgding to the reduction of captured power.
The capturegower can, therefore, be maintained at the ratdwkeviay adjusting the blade

angle of attack [58]. When the blade is turned detefy into the wind, the blade loses all

interaction with the wind and causes the rotorttp sThis operating condition can be used

above the cut-out wind speed to stop the turbimkpaiatect it from damage. With active-stall
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control, it is possible to maintain the rated powbove the rated wind speed. Active-stall

controlled large megawatt WTs are commercially lade.

2.5.3 Pitch Control

Similar to the active-stall control, pitch-contedl WTs have adjustable blades on the rotor
hub. When the wind speed exceeds the rated vdlaeitch controller will reduce the angle
of attack, turning the blades (pitching) gradualiyt of the wind. The pressure difference in
front and on the back of the blade is reduced,imgpid a reduction in the lifting force on the
blade. When the wind is below or at the rated sp#etlblade angle of attack is kept at its
rated (optimal) value. With higher than the rateididy the angle of attack of the blade is
reduced, causing a reduction in lift force. Whea titade is fully pitched, the blade angle of
attack is aligned with the wind and no lift forcellvbe produced. The turbine will stop
rotating and then be locked by the mechanical bfakprotection. The mechanical power of
the turbine operating at above the rated wind spaede tightly controlled.

Both pitch and active-stall controls are basedaiating actions on the blade, but the pitch
control turns the blade out of the wind, leadin@ tieduction in lift force, whereas the active-
stall control turns the blades into the wind, caggsurbulences that reduce the lift force.

The passive-stall technology was mainly used inéady FSWTs. This technology was
further developed into the active-stall technolo@ie pitch control reacts faster than the
active-stall control and provides better contraligb It is widely adopted in today's large

wind energy systems.

2.6 MAXIMUM POWER POINT TRACKING (MPPT) CONTROL

The control of a VSWT below the rated wind speeddkieved by controlling the generator.
The main goal is to maximize the wind power captatraifferent wind speeds, which can
achieved by adjusting the turbine speed in suclay twat the optimal tip speed ratigy is
maintained. Fig. 2.4 shows the typical charactessvf a WT operating at different wind
speeds, whereyPand my are the mechanical power and mechanical speebeofurbine,
respectively. The ¥ versusmy curves are obtained with the blade angle of at&mtko its
optimal value. For the convenience of analysis @grdussion, the mechanical power, turbine

speed, and the wind speed are all expressed iareierms.
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For a given wind speed, each power curve has amrmamipower point (MPP) at whiche
optimal tip speed ratis achieved. To obtain the maximum available pofnen the wind a
different wind speeds, the turbine speed must lpestedl t« ensure its operation at all t

MPPs. The trajectory of MPPs represents a powasecwhich can be described

Pu o (om)® (2.5)
The mechanical power captured by the turbine cem lag¢ expressed in terms of the torc
Pv = T om (2.6)
where Ty is the turbine mednical torque. Substituting (2.6) into () yields

Tw o (om)° (2.7)
The relations between the mechanical power, spaed,torque of {NT can be used t
determine the optimal speed or torgeference to control the generator and achieve A

operation. Several control schemes have been gmelm perform the MPPT, and a bi

description of three MPPT methods is given in teetrsubsection:

Parking Mode | Generator Control | Pitch Control
1

-
Py (puk
|

1.2

1.0

08

0.6

i} 02 04 06 08 1.0 1.2 Wy, (pu)

Fig 2.4 Wind turbine power speed characteristics and maxirmpawer point operatic

According to the powecurve illustrated in Fig. 2, the operation of the W&an be divide«

into three modes: parking mode, gener-control mode, and pitchentrol mode
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» Parking mode: When the wind speed is below cugeed, the turbine system generates
less power than its internal consumption and, thege the turbine i&ept in parking mode.

The blades are completely pitched out of the wamd] the mechanical brake is on.

» Generator-control mode: When the wind speed t&/éen the cut-in and rated speed, the
blades are pitched into the wind with its optimag/e of attack. The turbine operates with
variable rotational speeds in order to track thePVd& different wind speeds. This is

achieved by the proper control of the generator.

* Pitch-control mod: For higher than rated wind esgre but below the cut-out limit, the
captured power is kept constant by the pitch meshato protect the turbine from damage
while the system generates and delivers the radeeipto the grid When the wind speed
reaches or exceeds the cut-out speed, the blaglgsteined completely out of the wind. No
power is captured, and turbine speed is reduceérnm The turbine will be locked into the

parking mode to prevent damage from the strong \\B&¢{l

2.7 ISSUES RELATED TO WIND POWER INTERCONNECTION TO GRI D

According to grid codes wind farms tend to be coeed as power generation plants, which
should perform in a similar manner to conventigmaler generation plants. The main issues
related to grid interconnection and operation;udel fault-ride through requirements, active-

reactive power control, frequency /voltage regolatipower quality and system protection.
2.7.1 Fault-ride through requirements

The increased penetration of wind power into wtilgrid brings challenges to power
converter design in WECSs. Among all, low-voltageesthrough has been enforced in the
field, which is a major challenge for WECS [60]he fault ride-through capability of a
WECS is of particular concern because the discdioreof a large wind generator caused by

network disturbances may lead to system instakilitg cascaded failures [61].

Grid disturbance such as voltage dips are causeshbyt circuit fault can lead to power
generating unit disconnected from the grid, whichyroause instability in the grid. To avoid
this grid code requires power generating unitetoain connected and continuously operated

even if the voltage dips reaches very low valuee @iepth and duration of voltage dips are
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usually defined by a voltage time diagram. Fig. &%ws LVRT requirements during g!
faults, whereVy is the nominal voltage of the grid. ove the limit line a power generati
system must remain connected during the faults etesn the grid voltage falls to zero w
duration of less than 150ms. The system is alloteedisconnect from the grid only wh

voltage dips are in the area belche limit line [52].

"(}%N [ Start of fault
11
100 —y
N W G AIIII I
60: % ikt line May disconnect
401
20 :
G 1 -

0 I:J'O T(I}O ISI(J[] 3000 Time (ms)

Fig.2.5Grid requirement for low voltage ri-through

2.7.2 Frequency and Voltage Operating Rang

The electrical behaviour of the network, in ternfsfrequency and voltage, due to

dynamic nature is continuously changirGenerally, these changes occur in very s

quantities.
Line Voliage (kV)
F 3
447 283 127
t > 30 min
490 245 123 . T B
~ ~ 1
S © g v ¥ 1 continously t>30min
8 & = 21 3 1 ’
3132 !
=] > 1
362 210 100 - S NUURI (R U I ——
1 t>2h
350 193 95 d
L L 1 B
| 1 T 1 L
475 48 485 49 435 30 505 51 515 Frequenn' (HZ)

Fig.2.6Grid code related to frequer
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It is a requirement that users of the transmissiggtem are able to continue operating in a
normal manner over a specified range of frequemz/ \sltage conditions. With respect to
frequency and for a 50Hz system, this would benanrange of 49 to 51Hz. With respect to

voltage, this range could B40% of the nominal voltage.

Table 2.2 Frequency and voltage tolerance range

Normal continuous Required Very short term
operations
Frequency 49-51 Hz 47.5-49Hz and 51-52 Hz 47-4Z5H
Voltage 5% tolerance 10% tolerance

Flicker is induced by voltage fluctuations, whiale @aused by load flow changes in the grid.
Grid connected WTs may have considerable fluctnatia output power, which depends on

the wind power generation technology applied [62]

2.7.3 Reactive Power and Voltage Control Capability

Power Factor Control

To minimize losses and thus maintain high levelefGtiency, it is preferable that networks
operate with voltage and current in phase thahespower factor is unity. However, users of
electrical systems often tend to have inductivel$oar generation facilities that operate such
that voltage and current are out-of-phase. In aditpower system components including
lines and transformers consume large levels oftirea@ower. As the behaviour of the
network is continuously changing, users are requi@ have the ability to adjust their
reactive power production or consumption, in ortleat reactive power production and
consumption are balanced over the entire netwaerknost cases, it is the generators who
provide this control ability. The range, for examptould be from 0.95 leading to 0.95
lagging. The studied model is operated on powenfamntrol mode in the control schemes

incorporated.
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Fig.2.7Reactive power control as a function of grid voé

Voltage Support

A generating statiomdjusts its reactive power production in orde control voltage on th
local network.If the network voltage decreases to a level b a predefined range,
installationmay be required to supply reactive powe the network to raise the volta
Conversely, if the network voltage increases tewll above a predefined upper limit, t
the installation would be required to consume igagqiower to bring the voltage back witt
acceptable limitsThe reactive cmpensation for FSWT based SCIG wind parks are bas
capacitor banks locally connected in each ma«[63]. The majorproblem is that, becau:
of the magnetizing current suppl from the grid to the stator winding, the full loadwel

factor is relatively low [62].

2.7.4 Power control

With respect to wind power, for decreasing windespeonditions there ¢ limitations in the
capabilities of WE. If the wind speed is falling, WT may not be able to maintain its out
or fully contol the rate of decrease output. However, wind speed profiles can be predi
and so if a controlled ramgiown or clearly defined power reduction rate isuieefd, aWTs

output carbe reduced early, thus reducing the maximum rathaifge of output jwer [64].
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CHAPTER 3

DOUBLY FED INDUCTION GENERATOR

3.1 INTRODUCTION

The DFIG is popular due to inherent characteristitsch extend boundary conditions for

extracting power from the wind.

Some advantages [12] of DFIG as compared to fipegd generating are as follows:

1. Reduced inverter cost, because inverter ratingpeally 25% of total system power,
while the speed range of the Variable speed Geameisat33% around the synchronous
speed.

2. Reduced cost of the inverter filters, becauser§ilt@re rated for 0.25 p.u. total system
power, and inverter harmonics represent a smabetibn of total system harmonics.

3. Improved system efficiency

4. Power-factor control can be implemented at lowest,cloecause the DFIG system (four-
guadrant converter and induction machine) basiagbgrates similar to a synchronous

generator. The converter has to provide only etoiieenergy.

3.2 COMPONENTS AND OPERATING MODES OF DFIG-BASED WECS

The main components of DFIG based WECS are wouridr rmmduction generator,
aerodynamic system with gear box, rotor side cdmevergrid side converter, coupling
transformer, filter & protection system. The rostraft is connected to drive train system of
WT and stator terminal is connected to grid.

In the Fig. 3.1 firing control circuit is not showvhich generates firing pulse sequence for
converters. The converters are operated so a®wdprstable operation with the variation of
wind speed and fault conditions. Coupling trans#rmprovides electrical isolation between
DFIG & grid via mutual coupling. Protection systgrovides safe operation to converters
from heavy transients. The converter system igdxational so DFIG can be operated in sub-
synchronous and super-synchronous mode. The egtoirtals are connected to back-to-back
dc link connected converter system [65]. Power edevs for variable-speed drives are
classified into direct and indirect converter taqmpés [66-67]. Further, indirect topologies

can be grouped into two main categories: curredtvaftage source converters [68].
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Fig. 31 Components of DFIG-based WECS [12]

Control of the varying outputoltage and frequency of these induction generdiat been
made possible by the developments of static p convertorg69]. Theinsulated gate polar
transistor (IGBT) is now the me component for power electronics and also for \-turbine
applications [37],but for higher capacity (10 MW), SCR can be usedthWhe use o
converters, the active & reactive power flow througtor is controlled in both direction
However there are also some problems arising floenuse of power converters in wi
turbines. Some of the problef¥] are:

1. The converter system can have faults, which mezsiploductio.

2. The efficiency of theonverter drops at low power lev

3. The power converters cause harmonic voltages ogritielue to the PWI-modulation.

P,, (pu)
Subsynchronous mode Supersynchronous mode
1O
~0.75}t-------- ......... ......... .......
: Wind turbine
: power-speed-~ :
curves d
COS o ee
_0.25 ....................................................
(with MPPT) R di Lo
. : ated slip.
—0.074 : : : : *  rotor speed
0 : : : : : W :
0.5 04 0.3 0.2 0.1 0 -0.1 -0.2 -0.3 S (slip)
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Fig.3.2 Powerspeed characteristics in a DFIG wind energy sy with MPPT corrol
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Fig. 3.2 shows an example of mechanical poRgiversus slip characteristics of a DFIG
WECS. The negative value of mechanical power irtid&¢hat the DFIG is in the generating
mode. Since the rotor speed of the DFIG is adjlstaine of the MPPT schemes can be

implemented to harvest the maximum available pdveen the WT.

When operating at the MPP on the turbine powerdépreves, ideally, the wind-driven
induction generator output should follow the windbe-law power curve [71].The generator's
mechanical power from the shd, is proportional to the cube of the rotor spesd The
rotor speed of the generator in Fig. 3-2 is inrdmege of 0.bs to I.2wswhich corresponds to
about 58% of the full speed range (zero tadsP This speed range is normally sufficient for
a wind energy system since the power generate®%tcf the rated speed is 0.074 p.u. (only
7.4% of the rated power) The rated slip at whicghrlted power (1 pu) is generated (in this
example is- 0.2), which represents the rated steady stateatipgrpoint of the system.
Dynamically, the DFIG may operate up to a slip-6f3 p.u. (i.e. 30% above the synchronous
speedws). As a consequence, the power converters in tloe circuit should be designed to
handle about 30% of the rated stator power. Depgnon the rotor speed, there are two
modes of operation in a DFIG based WECS:

1. Super-synchronous mode, in which the genergterabes above the synchronous speed

2. Sub-synchronous mode, in which the generatorabge below the synchronous speed, as

shown in Fig. 3.2.

The slip is negative in the super-synchronous madd becomes positive in the sub-

synchronous mode.

Fig. 3.3 shows the power flow in a DFIG-WECS; tlarhonic filter in the rotor circuit and
the grid-side transformer are omitted for simpicDepending on whether the slip is positive

or negative, the rotor circuit can receive or daligower from or to the grid.

In the super-synchronous operation mode, the nmécdlapower P, from the shaft is
delivered to the grid through both stator and refocuits. The rotor poweP|| is transferred
to the grid by power converters in the rotor citcuihereas the stator pow®||is delivered

to the grid directly.

For the sub-synchronous operation in Fig. 3.3,rtter receives the power from the grid.
Both mechanical poweP{}| and rotor poweiP}| are delivered to the grid through the stator.

Although the stator poweP{| is the sum off},| and |P;|, it will not exceed its power rating
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since in the sub-synchronousode the mechanical poweP,| from the generator shaft
lower than that in the supsgnchronous mode. As in t previous case, neglecting the los:
the total power delivered to the g|Pg| is the input mechanical powe,.

Air Gap
T 1Pl = 1Pl —IP. 1 IPl=IP,}
e

P, 1Pyl @
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(a) Supersynchronous mode
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N Pt J<} — Jt:} IIP,I

(b) Subsynchronous mode

Fig8.3 Power flow in a DFIG wind energy conversiontsyr [52]

Since the DFIG generates less power when ong in the sulsynchronous modethe
power rating for the converter is determined be rated or maximum slip in thsuper-
synchronous mode, in which the converters he the highest rotor power. Finstance, the
maximum slip for a DFIG during trannts caused by gusts of wind 4§ |.3|, and the pow
to be processed by the convrs is approximately 0.3 of the maximum stator po
[52].With the variation of rotor spee transfer of slip power via the frequency conve can

be reversed.

1. In the subsynchronous operating mode (partial load range)stator of the DFIG feec
all generated electrical power to the grid, and adudfitiy makes slip power availakt
which is fed from the frequency converter to theoraia the generator’s slip rin

2. However, in the supaynchronous operating mode (nominal load rangel tpower
corsists of the components fed by the stator of théGDplus slip power, which is fe

from the rotor to therid via the frequency conver [72].

3.3 DYNAMIC MODELLING OF DFIG

To develop decoupled control of active and reacpesver, a DFIG dynamic modes

needed. The construction of a DFIG is similar WRIM and comprises a thr-phase stator
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winding and a threghase rotor winding. The latter is fed via slipgsi[76]. The dg-axis
model of the induction generator can be obtaineddmpomposing thspace vector:nto their

corresponding d- and a&xis components, that

A _
iy R, ﬁ\d’ L L, (99 o igr
o—r— AN + = Y Yy -+
+ N ) + o/ +
lqm
Vgs P }‘qS Ly, P }"qr Vgr
o— 1_ _l Sy

(b) g-axis circuil

Fig. 3.4 hduction generatcdqg axis model in arbitrary reference frame

Vs= Vust] Vs Is= last] L gs s As= Ads+ | Ags (3.1)

V= Vdr"‘j Vqr = Idr"‘j |qr s Ar= Adr+ J /lqr (32)

The dynamics of the DFIG irepresented by a fourttrder state space model using

synchronously rotating reference frardg-frame) as given in (3.3)-(3.6) [16]:

Vas = s lgs + @e s + didt (g (3.3)
Vs = I's las — e Ags + d/dt (Aqy) (3.4)
Vor = 1 lgr + (we — o) Agr + d/dt (Agr) (3.5)
Var= Iy lar + (we — o) Agr + dldt () (3.6)
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WhereVys, Vus, Var, Var are the g and d-axis stator and rotor voltagespeetively.lgs, las, lqr, lar
are the q and d-axis stator and rotor currentpeEs/elyiqs , Adgs , Agr » Aar are the q and d-
axis stator and rotor fluxes, respectivedy is the angular velocity of the synchronously
rotating reference framew, is rotor angular velocity,srand ¢ are the stator and rotor

resistances, respectively. The flux linkage equatare given as:

dgs = Lslgs + Lim lIgr (3.7)
Ads = Ls las + Lim lar (3.8)
Agr = Limlgs + Ly lgr (3.9)
Adr = Lim las + Ly lar (3.10)

wherelLs ,L; ,Ly and are the stator, rotor, and mutual inductanesgectively, with_s = Ljs
+LnandL; = Ly + Ly Lis being the self inductance of stator dndbeing the self inductance

of rotor. Solving (3.7) - (3.10) in terms of curt&guations:

1 Lm

los = —as — ———ar (3.11)
las = ——Jas — —Jar (3.12)
lor = Ao = oo g (3.13)
las = —Jdor = —o=Jgs (3.14)

Ls Lr—(Lm.Lm)

Where, leakage coefficient o =
Ls Lr

The dynamic modelling in state space form is neargs$o carry out simulation using
different simulation tools such as MATLAB or PSCADhe basic state space form helps to
analyze the system in the transient condition.

According to the basic definition, the space whose@rdinate axes are the' state variables

with time as the implicit variable is called thetst space. The variables of the state space
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(state variables) are involved to determine théestd the dynamic system. Basically these
are the energy storing elements contained in tis¢esy like inductor and capacitor. The

fundamental equation of the state space is asifsilo

X(t) =AX(t) + BU(t)

Y(t) =CX(t) + DU(t) (3.15)
Equation (3.15) is for linear time invariant systewhereA, B, C,andD are state, input,
output and feed forward matrices, respectivedyis the state vector and is the output

vector. Equation (3.16) is for linear time variaystem, wheré, B, C,and D are time

dependent matrices.

X(t) =A)X(t) + B(t)U(t)

Y(t) =C(O)X(t) + DOU(t) .18)

In the DFIG system, the state variables are nogmalkrents or fluxes. In the following
section, the state space equations for the DFIGyihcthronously rotating frame has been

derived with flux linkages as the state variabf&sbstituting (3.11) - (3.14) into (3.3) - (3.6)

gives the DFIG dynamics in the state space form as:

= s = = ds— e At - g + Vs (3.17)
% Ads = — % Adst e Agst % Adr + Vds (3.18)
= = = = (e — 0 Viar+ T s+ Vg (3.19)
L ar = = D+ (e — 0 Vg + T dgs + Ve (3.20)
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3.3.1 Active Power, Reactive Power and Torque Caltation

All the equations above are induction motor equeti?®’Vhen the induction motor operates as
a generator, current direction will be oppositesdtsing negligible power losses in stator

and rotor resistances, the active and reactive poatputs from stator and rotor side are

given as:

Ps=—3/2 [Vgs lgs + Vs lad (3.21)
Qs = =3/2 [Vgs las — Vas lod (3.22)

Py = —3/2 [V lgr + Var lar] (323
Qr =—=3/2 [Vr lar — Var I (3.24)

The total active and reactive power generated by=D§:
Potat = Pr + Ps (3.25)

Qtotal = Qr + Qs (3.26)

If Piotal @and/ orQuotar is positive, DFIG is supplying power to the powed, else it is drawing

power from the grid.

In the induction machine, the electromagnetic tergudeveloped by the interaction of air-
gap flux and the rotor magneto-motive force (mmf).synchronous speed, the rotor cannot
see the moving magnetic field; as a result, themoi question of induced emf as well as the
rotor current, so the torque becomes zero. Bubyaspeed other than synchronous speed, the
machine will experience torque. That is true ineca$ motor, where as in case of WT
generator; electromechanical torque is providedn®ans of prime mover which is WT in
DFIG-based WECS.

The rotor speed dynamics of the DFIG is given as:
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L= L (Tm=Te= G (3.27)

dt 2J
whereP is the number of poles of the machine, is frictimefficient,J is inertia of the rotor

Tmis the mechanical torque generatecWT, andT is the electromagnetic torque genere

by the machine which can be written in terms of flnkages and currents as follov
Te=3/2 [ Ags lds — Ads |qs] (3.28)

where positive (negative) valuesTe means DFIG works as a generator (mpff63].

3.4 POWER CONVERTERS

The power converter is made up of a t-to-back converter connecting the rotor circuit
the grid as shown in Fig. 3.4'he converters are typically made up of voltageree
inverters equipped with IGBTs provided with freewlieg diodes, which enable a-
directional power flow. A Rlfilter is provided on the GSC output to minimizeitshing

harmonics supplied to the grid.
3.4.1 Rotor Side Converter

The power rating of theotor side converterRSC)is determined by two factors, namu
maximum slip power and reactive power control bility. The RSCcan be seen as a curr
controlled voltage source converter. The contrgective of RSC is tcregulatethe stator

side active power (or rotor speed) and the stader reactive power independer.

Rotor Side DC-link Gnd Side
...Convetter  Capacitor ~ ~ Converter

i

\|
/1

—Y

o i e g

Fig. 3.5 The ac/dc/ac bidirectional power converter in D
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3.4.2 Grid Side Converter

The power rating of the GSC is mainly determinedriaximum slip power since it usually
operates at a unity power factor to minimize thesé&s in the converter [74]. The GSC is
normally dedicated to controlling the DC-link vaj&only. The converter can also be utilized
to support grid reactive power during a fault [7Bhe grid-side converter can also be used to
enhance grid power quality [76]. The amount ofrgpestored in the dc-link capacitor can be

written as:
Ec= [P dt =% C (\bc)? (3.28)
whereP is the net power flow into the capacit@rjs the DC-link capacitor value anc is

the capacitor voltagd® is equal toP; — Py, whereP; is the rotor power inflow anBly is the

grid power outflow
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CHAPTER 4

MODELLING AND CONVERTER CONTROL SCHEMES

4.1SINGLE LINE DIAGRAM & WIND TURBINE MODELLING

The model of DFIG-WECS is developed with back-tafaonverters, wind turbine, power
system components such as coupling transformensrission line, grid, measurement
instruments etc. The model has been develop&MRDC. The single line diagram in the
model is as follows:

CTRL

GRID
Converter
& Controls

GENERATOR
Converter
& Controls

— —

SAB

P=04297
Q=-0.0003415
V=1007

@1

1 [MvA]
0.69 [kv] / 20 [kV]

25 [ohm] Istator

53
ey

Fig. 4.1Single line diagram of grid interconnection

The base MVA is 1 p.u. and the generated voltagetido 20 KV, which is fed to grid via
step up transformer. The wind turbine, convertat acluction generator modeled are based
on p.u. values. Various measurement and graphicahitoring of parameters are
incorporated as per need in model. The inductioregaor is operated in speed control mode
and torque control mode by using the switch touermode (S2T MODE) signal. Initially it
is operated on speed control & then switchoveotque control mode. The speed range of
rotor is limited by slider connected W terminal of induction generator. At the secondary
side of transformer, 3 phase symmetrical fault isleled.

The wind turbine model is based on per unit systéhe dynamic equations of power and
wind relation are modeled. (Fig. 4.2) Actual ratangd measurements are input to the overall

power equation.
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Fig. 4.2Model of Wind Turbine

Fault Description: The fault is applied to the $tnline diagram, on the secondary side of the

step-up transformer. The fault is applied as:

a
P
T Timed
M. Breaker
ﬁ— Laogic
Cpen@to
= Timed
= H1 O == Breaker
o I.l« Loagi
= = j*— ogic
E { Drop 40% 1 Open@to
E%
2
g Timed
= H1 + H2 Ob === Breaker
9y Ml $5 1. Logic
Bl R~ Drop 60% - Openg@tﬂ
E
=
g { Timed
= H1+H2+H3 ON == Breaker
Y = S '
¢ 2 L Drop 80% 3 Oplgﬂ%?,:,
=
3
g . EITimfcd
= H1+H2+H3+H4 ON=== rearer
o Il _?— Logi
= = Drop100% 4 N
E Cpen@to
=
o0
=)

Fig. 4.3 Model of Fault circuit
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Table 4.1 Fault status

Time (in sec.) Status of switch Status of fault @dance
0<t<3 status of H - open fault impedance armnected
3<t<3.2 status of H - close fault impedancesti@t circuited
3.2<t status of H - open fault impedance are eoted

Fault remains for 3 to 3.2 sec.; the design oftfamtuit is stepped type. With the switching

of each switch i.e. H1, H2, H3, H4, respectivelhg intensity of severity increases.

Each switch can be open/close independently as sutihis model H1, H2 are close att =3
sec. and opened at t = 3.2 sec. (Fig. 4.3) The $awkrity increases with the short circuiting
of impedances from the interconnection. In the maatenormal conditions impedance offer
is 14.09 ohm. When H1 & H2 are close or first twgpedances Z1 & Z2 are short so as they
offer impedance of 2.36 ohm. The drop in the vdtdglls near about 60 % in the fault
duration.

4.2 MODELLING OF CONTROL SCHEMES

SFO is studied & developed at the generator sitieWwOC is employed for the grid side
for model [61, 13,12, 77]. The DFIG usually opesaite vector control mode based on the PI
controllers in a synchronous reference frame td I8%O and VOC frames. Also the DFIG
performance with Pl controllers is excellent inmai grid conditions, allowing independent

control of the grid active and reactive power [51].

4.3CURRENT REFERENCE-PWM CONTROL

DFIG wind turbine depends not only on the inductgenerator but also on the control
strategies developed using different orientatioamis [37]. The induction machine is
controlled in a synchronously rotatirdy axis frame, with thed-axis oriented along the
stator-flux vector position [22]. The componéatproduces a flux in the air gap which is
aligned with the rotating flux vector linking théator; whereas the componéagtproduces
flux at right angles to this vector.(Fig. 4.4)
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- e sy / T

Fig. 4.4Phasc Diagram of current reference PWM Control [78]

The torque in the machine is the vector cross mbdithese two vectors, and hence only
componentq contributes to the machine torque and hencthe power. The componeiqg
controls the reactive powentering the machine. iy andigcan be controlled precisely, th

so can the statside real and reactive powers [

In thisway, a decoupled control between the electricajuerand the rotor excitation curre
is obtained. The rotoside PWMconverter provides the actuation, and the con&quires
the measurement of the stator and rotor curretagrsvoltage and the rotor position. Th
is no need to know the rotarduced EMF, as is the case for the implementatidth

naturally commut@d converters. Since the stator is connectedetgtiu, and the influenc
of the stator resistance is small, the stator mi#jng curren I,scan be considered conste
Under SFQthe relationship between the torque anddq axis voltages, currer and fluxes

(all scaled to be numerically equal to the AC-phase values) may be written: [22]

Var = Relgr + oL, dlg/dt — ogjipoLsl e (4.1)
Vg = Relgr + oLy dlg/dt + oglip(Lm I ms+ oLlar) (4.2)
Te=—-3p Lnlmdgr/2 (4.3)
WOslip = We — Wy (4.4)
where

o = leakage factor
Lm , Ly = machine inductances per phi
P = pole pair

wsiip ,We ,r = SUpply, rotor, slip angular frequer
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Fig. 4.5Block diagram of rotor side converter control schk [22]

There is an approximation considered in the modelaaspared to block diagram, (Fig. 4
the wsipoLilq cOmponent is neglected from expressiorVy. By this approximationrotor
excitation currenty; is controlled usinVg,. The d-axis reference Reactive power referen:
Qg* in model instead ofy*. Assuming that all reactive power to the mae is sipplied by
the stator, Reactive power referencg* or lg* may set to zero.The approximate

expression for d- axis is:
Viar =V = Relgr + ol dlgd/dt (4.5)

Similarly thewsiip(LmIms+ oLrlar) is neglected from expression\&f.. By this approximatior
the torque is proportional tg, anc lq can be regulated using,. The referencq-axis rotor
current canbe obtained either fro outer speed-control loop drom a reference torqt
imposed on the machine. Thes@® options may be termess speedzontrol mode c torque-
control mode for the generatan this model, first speed control mode is appfi@dO to 0.5
sec. and then torque control mode is enabled. g-axis referencéls is considered i
model instead off,. The approximated expression d- axis is:
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Vg = Vg = Rlge + oL, dlg/dt (4.6)

In model, as current reference PWM is appliextor current is split into two orthogonal
componentsg andg. The voltageV 4 (or V'gr ) and\/*qr or (V'qr) are replaced & modeled as
Ird andqu.

In the d-axis modeQg* is set to O p.u. and th@, is the reactive power which is supplied to
the grid. The reactive power control the voltagegnide and power factor at grid within
limits, the reactive power is considered to be trjpucomparator. They both are compared
and after Pl controller defines the accurate irtata@ous value ol it controls reactive

powerQy,

Ird - Determines
Reactive Power Reference the reactive power

D . crl = 1 somifope 1@ S_TMODE

oo
g 0.0
Cg ctnl

slpang

_

p alfa alfa Ira_ref ‘rzg

Rator 1~
2t03 g
éo Stator Transform Irb_ref “Irpp
beta

1=

S_THMODE

beta
SN A g —A - |
wpu DV c Ire_ref reo
wl  ConR
Speed Reference Irq - Determines
5_TMODE the real power

Fig. 4.6 Model of generation of reference currémRSC

The g component of the current is used to regulate thguea The purpose of the torque
controller is to modify the electromagnetic torcpfethe generator according to wind speed
variations and drive the systamthe required active power operating point rafees For a

measured rotor speed, the reference torque isaeally the wind turbine characteristic (for
maximum power extraction). Now reference torquenenipulated to generate a reference

value for the rotor currery, in theq axis [55].

As the current reference PWM is applied here, rotitage referencéfqr is replaced by
rotor current referenchky. (Fig. 4.6) In g- axis model, speed reference dpag is set to
1.05 p.u. ana, is rotor speed and operating mode is super-synolsorBoth speeds of rotor
are input to the comparator because the model ésatgd in torque control mode and to

maintain constant torque and variable active povegor speed is only variable quantity. The
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difference in the rotospeedw, from the reference valueyes , forms the error signal that is

processed by the PI compensator to produce theaotoentl g

The procedure to obtain correct values,@andlq flowing in the rotor circuit is achieved by
generation of corresponding phase reference csrmentref, Irb_ref andirc_ref followed by

a suitable voltage sourced converter based cusemtce to force these currents into the
rotor. The latter action is straightforward and ¢@nachieved using current-reference pulse
width modulation (CR-PWM). The crucial step is totain the instantaneous position of the
rotating flux vector in space in order to obtaire ttotating reference frame. This can be
achieved by realizing that on account of Lenz’'s laiwelectromagnetism, the stator voltage
(after subtracting rotor resistive drop) is simgilg derivative of the stator flux linkageg as

in egn. 4.7 which is written for phase a.

dA
—i -8 4.7
Vo ~iaRy = (4.7)

Present location of rotating stator flux
D
a -
oot
154 0.00257 afal osT X M [
Valfa Vsmag phsmag

b ]
B 3to2 1)
2 Transform . osT X |+~
P . beta| Vbeta 1+sT P phis
Hoonesr [ Z -
phisy Present location of

c rotating stator flux
oo}

phis

‘;U

%

Fig. 4.7Model of determination of stator flux angle

The control structure can thus be used to deterthiedocation(¢) or phis of the rotating
flux vector. The three phase stator voltages (aféenoval of resistive voltage drop) are
converted into the Clarkea(and ) components/, and vs which are orthogonal in the

balanced steady state. This transformation is gbyen

Va

Vo, T "U2 112 4.8)
= V, .
Vg 0 V3/2 -/3/2 Vb

c

Integratingv, andvg, we obtaind, andAg, the Clarke components of stator flux. Converting

to polar form
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— 2 2 - -
[AF A"+ 5%, @ =tan Qg /1A, ) (49)

The anglephis (@) give the instantaneous location of the statastating magnetic field. In
practical control circuits, some filtering is reggd in order to rid the quantitiels, and Ag of
any residual dc component introduced in the intimmgorocess. In the modef is measured
by the induction generator itself, which is a impat component of single line diagram. The
parameters measured by it afg Te . and @.. Now the rotor itself is rotating and is
instantaneously located at angie(labeled “theta” in the Fig. 4.8). Thus, with derence

frame attached to the rotor, the stator's magrfetld vector is at locatiogz - @, which we

refer to the “slip anglefzp,.

phis

C

G—\,71~\ Angle zlpang .,-
Thata DA/ Resolver ;

Fig. 4.8 Model of determination of slip angle

The instantaneous values for the desired rotorephagentdra_ref, Irb_ref andirc_ref can

be readily calculated using the invedsgtransformation, with respect to slip angle. ()
Once the reference currents are determined, theubuwbtor phase currents are forced to
synthesize similar waveforms as that of referengeeats. It is synthesized by using a
voltage sourced converter (RSC) operated with otrreference pulse width modulation.
(Fig. 4.9) [79].

Fig. 4.9 Model of Rotor Side Converter PWM
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In the model (Fig. 4.9), the converter firing segee of RSC is generated. Tt; andt, are
fired in consecutive order to control the trackimiglra_ref. Switcht; makes the positiv
ramp function; is generated. (Fig. 4.10) Whl; reaches upper band value, t4 is triggered
andt; is turned off. Now thé&; drops linearly until it reaces the lower threshold value. In tl
way the desired referente_refis synthesized within current limits. Similaill, andl. are
also synthesized. It is to contily andlq component and further control reactive power

rotor speed to achieve staldysten

Untitled
- Iref —1 —— Iref+thy ~— Tref-hy
_: )
2 S SN e . 4
+().4 ','__‘_ . 3 _-
“U."t | . s - -‘._I ! E“} &
5’.4?8 0.4824 (.4868 0.4912 0.4956 0.5

Fig. 4.10 Rtor phase current tracking reference rotor phasei.

4.4VOLTAGE ORIENTED CONTROL

The objective of the supplside converter is to ke the DClink voltage constant regardle
of the magnitudeand direction of the rotor poweHere vector-control approach is
incorporated with a reference frame oriented al the stator (or supply) voltage vec
position, enablingndependent control of the active and reactive g flowing beween the
supply and the supplside converte The PWM converteiin block diagrar is current
regulated, withthe direct axis current used to regulate the-link voltage and the -axis

current componenised to regulate the reactive po.

This scheme (Fig. 4.11% based on transformation between abc stationary referenc
frame anddqg synchronous fran. The control algorithm is implemented in the +voltage
synchronous reference frame, where all the varsahte of DC components in steady st
This facilitates the design and control of the mer. To realize the VO(Cthe grid voltage i
measured and its anglg is detected for the voltage orientation. This ariglesed for th
transformation of variables from tlabc stationary frame to theéq synchronous framor vice

versa. Various methodseaavailable to detect the grid voltage arég.

40



DC link l

n-—-l]..m.
v,;| ‘"ul bl
elfe ve |23 :l-’ j:&r
8a| woltoge
angle
calculation 1 L
| W . W W
| 29| -ige 0B 1 |3, (<2
+
wel
'd
: 18 = 32 (==<p
q
3-phase
supply

‘ Fig. 4.11 Block diagram of Grid Side Converter cohscheme [22]

Assuming that the grid voltageé, ,\\,, ,\, are three-phase balanced sinusoidal wavefafgns,

can be obtained by

0g=tan™ ( Vbeta/ Vaipha) (4.10)
whereVapha andVpetaCan be obtained by tlabde bf transformation (Fig. 4.11)

Vaipha = 2/3 [Va - ¥2*Vp - Y2\ ] (4.11)
Voeta = 2/3 [V3 2%V}, — V3 2%V] (4.12)

fOrVa +Vb+ V(;: O.

a
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Fig. 4.12 Determination of stator phase angle iltGS
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The above equation indicates that there is no heeteasure the phaseagrid voltageV.. In
practice, the grid voltage may contain harmoniod laa distorted, so digital filters or PLLs
may be used for the detection of the grid voltagygied, (phi).

There are three feedback control loops in the syst&o inner current loops for the accurate
control of thedgraxis currentd;q andiig, and one outer DC voltage feedback loop for the
control of DC voltageE.qp, With the VOC scheme, the three-phase line cusrentheabc
stationary framei,, i1n, andisc are transformed to the two-phase curreéftandiyg in thedq
synchronous frame (Fig. 4.13), which are the acéind reactive components of the three-
phase line currents, respectively. The independemnitrol of these two components provides

an effective means for the independent controysfesn active and reactive power.

i1alfa
Djfli
i b ] M X -
alfa sT Ifa D € J‘"—
. 3t02 Gy et A v M Y| M Stator iTd 1+8T
| & ] B to Rotor
g Transform o sT o X X beta Q G
. beta 1+5T B P ¥ g 1+sT g
a 001326
4

Fig. 4.13 Determination afq stator current

To achieve the VOC scheme, thaxis of the synchronous frame is aligned with gniel
voltage vector, thereford-axis grid voltage is equal to grid voltage magié¥qg = V¢ and
the resultan-axis voltageVyg is then equal to zerd/gg = V( Vg * - Vgg ) = 0, from which

the active and reactive power of the system caralmilated by

Py = 3/2 [Vag * 11d— Vgg * i1q]; Pg = 3/2 [Vag * i1d] (4.13)
Qg = 3/2 [Vyg * i1d— Vg * 11q]; Qg = 3/2 [~ Vg * i1d] forVgg= 0 (4.14)
Theg-axis current referendges* can then be obtained from

igref = Qg* / (-1.5* Vug) 4.15)

whereQg* is the reference for the reactive power, whickasto negative value for leading
power factor operation, or a positive value forgiag power factor operation. Thikaxis
current referenceyer, Which represents the active power of the sysieenerated by the PI

controller for DC voltage control. On the other Hamhen the inverter operates in steady
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state, the DC voltagé&c,, of the inverter is kept constant at a value settbyreference
voltageEcapret Neglecting the losses in the inverter, the acfiveeactive power expression

on the AC side of the inverter is equal to the Dd&$ower as
Qy=3/2[-Vug*i1qd (4.17)

As mentioned earlier, the power flow of the invedgstem is bidirectional. When the active
power is delivered from the grid to the DC circtilite converter operates in a rectifying mode
(Pg > 0), whereas when the power is transferred from thecP€lit to the grid(Py < 0), the
converter is in an inverting mode. In the moded gower flow will be in inverter mode of
Voltage Source Converter. The magnitude of powaw fis controlled byE:., The average
DC voltageEc,p of the inverter is set by its referenEgyrer and is kept constant by the Pl
controller, the direction of the power flow is $8t the difference betweef o, and Ecaprer

according to the following conditions.

[ active.

Igref_grid_side

Fig. 4.14Model of generation of referendg voltages

Table 4.2 Modes of grid side converter for the aton of DC link voltage

Ecap < Ecapret .0 Pg>0 Power from grid to load (rectifying mode)
Ecap> Ecapret [14<0 Pg<O Power from load to grid (inverting mode)
Ecap = Ecapret [1¢=0 Pg=0 No power flow between the DC circuit and the grid
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The selection oidref for the grid side converter is through the contiotuit, which attempts
to keep the capacitor voltage at its rated valueadjysting the amount of real power. The
reactive power order is dialed in, but could hagerbgenerated by a similar controller whose

objective would be to keep the ac voltage at scsh@aint.

To determine an appropriate DC voltage refereggef, system transients and possible
grid voltage variations are taken in account. Whaes inverter operates under the rated

conditions, the modulation index,nis 0.85. The DC reference voltage can then bbyset
Ecapref = V6 * Vair/ My (4.18)

Here Ecapre is approximated to 0.8 p.u. This gives around &o 2Afltage margin for

adjustment during the transients and grid voltaaygations.

In the selected circuit, the grid transformer vpétaating is 0.69 kV (supply side), 1 MVA
with 10% leakage, giving an impedaneke = 1.6Q. Similarly a line-line voltage of 0.69 kV
gives a line to neutral voltage of 0.68/KV, and as in thelq conversion, peak magnitude
Vdref1 = (O.69N3)\/2 KV = 0.56 kV. The detection of the ac grid vokageference angle and
the generation o andqg components of current are done in a straightfaivaanner using a

d-q transformation.

A dc capacitor is used in order to remove ripplel &eep the dc bus voltage relatively
smooth. This grid PWM Converter is operated smdseep the dc voltage on the capacitor at
a constant value. It is possible to control drexis current by controlling thé-component of
the SPWM output waveform and theaxis current by component. However, this leads to a
poor control system response, because attemptinthaogeiy also causes; to change
transiently. Hence, modifications have to be madiné basic Pl controller structure so that a

decoupled response is possible and a request tgehachangesy and notiy and vice-versa.
Decoupling in VOC

To further investigate the VOC scheme, the statgagon for the grid-side circuit of the

inverter in theabc stationary reference frame can be expressed as

diza/ dt = (Va— V) / Ly (4.19)
dizp/ dt = (Vb — Vi) / Ly (4.20)
dize/ dt = (Ve — Vei) / Lg 24)
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The above equations can be transformed intalgteynchronous reference frame

Herewy is the speed of the synchronous reference frarighws also the angular frequency
of the grid, anddyglqi1q andwglyiig are the induced speed voltages due to the tranafmn
of the three-phase inductantg from the stationary reference frame to the synobus

frame.

The derivative of the-axis line currentyq is related to botlkl- andg-axis variables, as is the
g-axis curreniiq This indicates that the system control is craagpted, which may lead to
difficulties in controller design and unsatisfagtodynamic performance. To solve the

problem, a decoupled controller is implementedy.(Bi15)

Decoupled Controller

Fig. 4.15 Block diagram of decoupling controller
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Fig. 4.16 Model of decoupling controller

Assuming that the controllers for thieraxis currents in Fig. 4.16 are of the PI type, the

output of the decoupled controller can be expreased
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Varer1 = — (Ki+Ko/S)( brer— hd)/ Lg + 0g Lgi1g+ Vg (4.24)
Virer1 = — (Ki+Ko/S)( gret— ho)/ Lg — wg Lgi1a+ Vq (4.25)
where(k;tk2/S)is the transfer function of the PI controller.

Substituting eg-3 in eg-2, we get

dizg/ dt = (kitko/S) (big* — lag)/ Lg (4.26)
dizg/ dt = (kitk2/S) (kg* — iq9) Lg (4.27)

The above equation indicates that the control efdfaxis grid currentqy is decoupled,
involving only d-axis components, as is theaxis currentiyg. The decoupled control makes
the design of the PI controllers more convenient the system is more easily stabilized
[52].

If these reference voltag&&l.n andVgen are applied at the secondary of the transformer,
the desired currentdref andigref will flow in the circuit (Fig. 4.17). The remairgrparts of
the controls are standard PWM controls. The coritlmtks convert the above references to
phase and magnitude, taking care to limit the ntageito the maximum rating of the grid
side voltage source converter. The reference foh ed the three phase voltages is then

generated by an inverslg transformation.

=

X M) | M X 1 i A Var
o o aha alfa
Vdrefd YMQM | ¥ %M vdref Rator 103
B
o= 1 X X élﬂ Stator Transform | Voref
Vagrefd P P ¥ wgref beta beta
c Veref

Fig. 4.17Generation of voltage reference

At Last, a standard sinusoidal PWM controller isxgidered (Fig. 4.18) for firing pulse
generation, in which each of the phase voltage®ispared with a high frequency triangle

wave to determine the firing pulse patterns fodGide converter.
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Fig. 4.18 Model of generation of firing pulses By/M

4.5 CROWBAR PROTECTION

Wind power generation using an induction machine imafact very fragile characteristic
against voltage drop. To address this problem ameétnthe Fault ride through (FRT)
requirements, there should be certain utility taonpensate low voltage or certain control
technology that can protect the devices while naditig the rotor’s the excitation of wind
power generator. So, since this is too burdensoro@amically, FRT can be for efficient
used utilizing crowbar [80].

In wind turbines, the crowbar is installed at tla¢or terminals. This prevents overvoltage
induced in the case of voltages dips from damatfiegrotor converter. It is activated when
an anomalous situation is detected (overcurrenihenrotor, overvoltage in the DC link, or

low stator voltage).

grid
dc imk ||
| | Jﬁ e J;}
: $ rotor grid
converler converter

crowbar L\/\jlz
Rmm‘DC‘

Fig. 4.19 Crowbar interconnection to the grid
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The rotor current is then diverted to the crowbad the rotor converter is switched off. (Fig.
4.19) The crowbar use thyristors (or SCRs) as swgcHowever, the problem with thyristors
was that their cut-off is not controlled: once ttrewbar is triggered, it remains connected
until the circuit breaker of the generator stops short-circuit current. As a result, the wind
turbine is disconnected from the grid and stopserging electric power even if the grid

recovers its normal operation.

In order to provide the LVRT capability, the crowhbshort-circuit has to be eliminated
without disconnecting the turbine from the grid.eTtactive crowbar” used in model, in
which the activation and also the deactivation lsarmactively controlled. Modern versions of
active crowbars are usually based on the schemgh(gn in Fig. 4.20) and include at least
one switch with cut-off capability, such as a GTOIGBTs. This design allows direct
disconnection of the crowbar and instant rotor eoter reactivation, enabling the resumption

of normal operation in the turbine [64].
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Fig. 4.20 Model for crowbar circuit

In the model, RSC protection is based on the ntadeiof rotor currents fed to grid. The
rotor currents are transformed to dq components farttier overall the magnitude Ir is
calculated. (Fig. 4.21)
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Fig. 4.21 Model for calculation of rotor currentdrowbar circuit.

Then the magnitude df is compared to the threshold value, and if theerirvalue exceeds
then the signals is originated by comparator tddw$1 on the protection circuit. The rotor

currents are bypassed to a resistive circuit asshio circuit. (Fig. 4.22)

L
block

Fig. 4.22 Model for switching operation of crowlmrcuit.
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CHAPTER 5

RESULTS AND DISCUSSIONS

5.1 GENERAL WAVEFORMS OF WECS PERFORMANCE

The Induction machine is made to operate on speettat mode from 0 <t < 0.5 sec. and
then mode is changed to torque control mode. Wmsltime (t = 0.5 sec.), the machine will
rotate at the selected rotor speed as specified..054 p.u. So the Waveforms obtained from
0.5 sec. to 3 sec. gives the response to torquigotanode of induction machine. In other

words it is grid interconnection response.

At t = 3 sec. fault occurs, for the duration of®skec. The dynamic variation of active power,
reactive power, mechanical torque and rotor speethalyzed for stability aspects. Also the
induction machine is subjected to the step chamgéhé wind speed at t = 8 sec. The
waveform showing the variation in parameters haanb&bserved. This would cause speed

controller to react and maintain the tip speedrii maximum power tracking.

The induction machine is made to operate in sugeclsonous mode(= 1.05). The rotor
side converter is based Current Reference PWM $elected in this model to control the
dynamic variations in rotor speedand reactive power dEupplied to grid. Also the control
scheme selected for GSC is based on VOC. Thisalsrdctive and reactive powery(® Qg)

supplied to grid.

Now the model is run for grid connectivity, fault éhange in wind speed consecutively at
different time instants and the variations in syppbltage, wind speed, electromagnetic
torque mechanical torque, active & reactive poweramalyzed. The waveforms and relevant

explanations are given below
5.1.1Voltage waveforms

The waveform of Vis shown (Fig. 5.1), at the time of grid conneityivsmall spikes are
observed. These exist for 0.2 sec. When fault acaut = 3 sec., voltage magnitude dips 0.38

p.u. from 0.7 p.u.
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Fig. 5.1 Voltage magnitude (in p.u.)

Similarly during the fault, the rms voltage expeardes the same dip that is from1.06 p.u. to
0.42 p.u. (Fig. 5.2)
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Fig. 5.2 RMS Voltage (in p.u.)

It is observed that with the occurrence of faulthie transmission line, the grid side voltage
dips and with the effect of control schemes thetag# magnitude is recovered in short

duration. (i.e. 0.15 sec.)
5.1.2Rotor speed waveforms

The dynamic response of rotor speed at the gretdénnnection can be observed fromt = 0.5
sec. When torque control mode is enabled at 0.5 @ecrotor speed dips up to 1.05 p.u. and
further retains its reference valueW.e. 1.055 p.u. at 2.8 sec. It stabilizes at 28. s.e.
within 1.3 sec. In case of fault, rotor speed riged oscillates. The peak of spike reaches to
1.088 p.u. It gets stabilize at 5.8 sec. i.e. withi8 sec. (Fig. 5.3)
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Fig. 5.3 Rotor speed (in p.u.)

The wind speed changes to 10.5 m/sec. from 11.8ané& t = 8 sec. For the response to the
step change in wind speed, the rotor speelcreases as Wdecrease. The Wreduces to
0.97 p.u. and in response decreases and reaches negative peak up to 0.9the.uwotor
speed stabilize itself and reaches reference spe#P p.u. at 12.5 sec. (i.e. 4.5 sec. to
achieve W) (Fig. 5.4 & 5.5)
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Fig. 5.4 Wind speed (m/sec.)
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Fig. 5.5 Rotor speed (in p.u.)
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Thus it can be seen that rotor speed kept its madmiwithin tolerable limits, and stabilizes
itself by achieving reference speed in short tifibe generating system sustains the
abnormal conditions.

5.1.3 Torque Waveforms

As the model is run at torque control mode, themtade of torque must remain constant for
normal conditions and must be in limits for promstability. From the waveforms, the
electrical torque has nominal value-00.6 p.u. & when disturbance occurs at the time of
fault. i.e. at t = 3 sec. TheeTeduces & oscillates and gets stabilize to its mtage again,
within 0.6 sec. As the wind speed decreases, aptiveer decreases and hence decreasing
torque begins to decelerate rotor speed, the detielg torque being the difference between
the turbine mechanical torque and the torque glwerthe optimum curve. Eventually the
machine will reach where the decelerating torqueers i.e. electromagnetic torque equals to

mechanical torque, the value of fleduces te0.5 p.u gradually. (Fig. 5.6)

TE — TM =J d\/\{)u/dt :(5

Main : Graphs

= TE
0.50 4—=

0.00
-0.50
-1.00 4

-1.30 4

0.0 20 4.0 G0 g.0 100 120 14.0

Fig. 5.6 Electromagnetic torque (in p.u.)

The mechanical torque oscillates in speed contmiilenrand when the mode is shifted to
torque control, the  magnitude becomes constant. According to waveftiemmagnitude

becomes- 0.62 p.u. In the case of fault, oscillations i dre observed for the duration of
0.5 sec. The oscillations reaches peak at O pa.—ah.5p.u. Further when wind speed

decreases at 8 sec., magnitude @fiSes from- 0.62 to- 0.52 p.u. (Fig. 5.7)
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Fig. 5.7 Mechanical torque (in p.u.)

Hence it can be observed from the model, that ®npagnitude approximately remains
same. There is considerable variation of magnitdden subjected to wind speed variation or

fault conditions and these variations are stable.
5.1.4Voltage, Current, Active Power & Reactive Power Waeforms

The stator side voltage and current at the timprefault & fault & postfault are shown in

Fig. 5.8. Up to 3 sec. the voltage magnitude i§ @.51. and for current is 0.1 p.u. At the time
of fault, the peak magnitude of voltage decreasas f0.56 up to 0.23 p.u. And the stator
current increases from 0.1 p.u. upto 0.56 p.u.ames region of waveform. The postfault

response is similar to that of the prefault coodisi. (Fig. 5.8)

w5 = =|rititled=
200 e

1.50 4
1.00 4
0.50
0.00 4

-0.50

“as and las

-1.00
-1.50

-2.00
2860 | 3000 3040 9080 3420 3480 3200 3240

Fig. 5.8 Stator voltage & Stator current

At prefault condition, the voltage and current wiaven maintains 18Dapproximately phase
angle between them. So the active power suppliedn®st constant. But in fault duration,
voltage dips and current spikes, hence the phagle ahifts from 188 Therefore the active

power dips in fault region and the reactive powailtations are produced.
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Fig. 5.9 Active power supplied to grid (in p.y0)<t <16 sec.)

The above waveform corresponds to active powetdegtid. The variation in power is due
to grid interconnection, fault and step change indwspeed sequentially. In speed control
mode, the spike of negative magnitude is abdu p.u. When torque control mode enables,
power achieves constant value of 0.62 p.u. Furdheéhe time of fault, (t = 3 sec.) active
power dips to the value of 0.22 p.u. The powerefanm stabilizes within 1 sec. from the
starting of fault and retains its value of 0.62.pAt last the power gets decrease due to drop

in wind speed, and the magnitude shifts to 0.42\ithin 2 sec. (Fig. 5.9)
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Fig. 5.10 Reactive power supplied to grid (in p.(0 <t< 16 sec.)

Similarly the reactive power is supplied at thedtiof fault or grid interconnection in order to
maintain the voltage magnitude in limits. The reacpower supply is observed as a spike
(0.06 p.u.) in speed control mode (0 to 0.5 sebi)engrid interconnection.(Fig. 5.10) At the
time of fault (3 to 4 sec.) the reactive power agaigh magnitude oscillations of about 0.8
p.u. These oscillations persist for 1 sec. appraféhy. This controls rotor speed variation.
The reactive power is almost zero for the step gbasf wind speed at t = 8 sec. For normal

conditions the reactive power is set to zero.
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At last, the inference from the waveforms can beerthat active & reactive power supply is
regulated better at occurrences of abnormal camditiAlso stator side voltage and current
waveforms support above statement.

5.2 ROTOR SIDE CONVERTER WAVEFORMS

DGF_Cortrols : Graphs
m T3 = TE
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0,000 0.020 0,040 0,060 0,00 0100

Fig. 5.11 Firing sequence &% & Tg, PWM
5.2.1Firing Pulse & Current Synthesis Waveform

The firing sequence & current waveforms refer ® ghid interconnection duratioft.shows
more oscillations at instant of grid integratiomit bater it reduces. As with the explanation,
the switchesT; and T are fired in consecutive in order to control thacking of | res
Switch T3 makes the positiveplvalue for which the ramp functiogp, Is generated. When, |
reaches upper band value fheis triggered and; is turned off. Now they drops linearly
until it reaches the lower threshold value. In thiy the desiredy efis tracked. i.e. theyl
oscillates aroundd ref . Similarly ky and | are also synthesized. It is to conttgland |l

component and further control reactive power andrrspeed to achieve stable system.
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Fig. 5.12 Reference phase current waveform syrgledgphase B0 <t < 1 sec.)
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Fig. 5.13 Reference phase current waveform syrdledghase @0 <t <1 sec.)

It is observed that the obtained rotor current \i@wes are synthesized in better way & track

reference currents. Certainly as oscillations dishies, the waveforms makes system stable.

5.2.2 dq - axis Current Waveforms

In g axis control, the variation in reference cutri, is directly related to variation in rotor
speedo. At fault, |4 increases also increases (Fig. 5.14 & 5.3) and similar ctiaastics
can be seen when wind speed decreases. i.e. bablea falls and takes 3 sec. approx to
stabilize their magnitude (Fig. 5.14 & 5.5)
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Fig. 5.14 Reference g- axis rotor current

The reactive power is controlled by thg of the CR-PWM, the variations inqldirectly
proportional to Q The Q in waveform is supplied reactive power, thereftite negative
spikes in ly means positive spike ingQthe |4 have small magnitude of about 0.071 p.u.,
(Fig. 5.15) this indicates that not much reactieever is supplied from the RSC in normal
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conditions. Therefore Qoscillates around O p.u. because of unity powetofamode

operation. (Fig. 5.10)
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Fig. 5.15 Reference g- axis rotor current

It is observed that the d-axis & g-axis current efavms attain same characteristics as that of
active & reactive power supply respectively. Thegaveforms refer to an intermediate

process of control scheme implementation to copvert

5.2.3Reference and Actual Current Waveforms

These waveforms refer to overall process of syighafsrotor currents. As from the control
scheme continuationgland |4 are transformed from by inversg transformation to 3 phase
reference currents i.emldes libref @nd the Fig. 5.16 ofid rer iS sShown below. The current
reference waveform changes its phase abruptlyrairaial conditions such as fault and wind
speed reduction. Therefore the waveform seems tiisberted sinusoidal.

In later case, magnitude of current also decregB&gs.5.16)
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Fig. 5.16Reference current waveform of phase a

Similarly lpref & lcref phase currents have same characteristics. In thageforms, both

actual and reference currents are incorporated
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5.18Reference current and actual current waveform asplc

Hence the inference from the waveforms can be rtatethe actual rotor currents tracks the
reference currents in a better way, it is obsetiad tracking is not smooth at fault & wind

variation.

5.2.4 Slip angle Waveform

The magnitude of slip angle is used for the dgdi@mation; the slip anglesipang is
difference between location of stator rotating fphis and rotor angl¢heta The variation of
phis andthetain waveform refers to fault duration condition wkas slip angle waveform

refers to whole model duration.
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Fig. 5.19 Instantaneous location of the statortatiog magnetic fieldghis(g))
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Fig. 5.20 Instantaneous location of the rotor afgietag))

The difference of these variables (Fig. 5.19 & ».@@ates phase change in slip angle. (First
phase distortion refers to fault and next phaseuisn refers to wind speed variation in Fig.
5.21).
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Fig. 5.21Slip angleg;, (3 <t < 3.3 sec.)

From the above mentioned waveforms, it is been rgbdethat variation of slip angle is

uniform in normal conditions.
5.3 GRID SIDECONVERTER WAVEFORMS

As the model is run at super synchronous mode itikeettn of active power will be RSC to
GSC. But the dc link provides independent contwddath converters.

5.3.1DC link Voltage and d-q axis Current Waveforms

The active and reactive power supplied by RSC setaon stability criterion. While the
control scheme of GSC is based on grid code remeaines. The expression of power from
GSC control is

Py = 3/2 [Vug * i1dl = Ecap* i1d (5.2)

The magnitudes of capacitor voltage & stator d-aotsrent can be obtained from the

waveforms given below. (Fig. 5.22 & Fig. 5.23)
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Fig. 5.22 DC link capacitor voltage (in p.u.)
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Fig. 5.23 d-axis stator current

Then the magnitude ofyfh normal conditions is

Py = 0.8*0.772 = 0.62p.u(Fig. 5.9) (5.3)
Similarly for reactive power

Qg =3/2F Vg * i (5.4)

As i1q oscillates at zero in waveform (Fig. 5.24), scctiva power is just oscillating as that of
i1q.(Fig. 5.10)
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Fig. 5.24 g-axis stator current (0 <t < 16 sec.)



From the above matter, it is inferred that magrétoflactive and reactive power are verified

with the support of theory equation/relation.
5.3.2d-q axis reference Voltages

The waveforms refer to the generation of referemaages by which active & reactive
power characteristics can be inferred. For theegsion of reference voltage (Very), d-axis

reference current{l) is compared to stator currentyfi (Fig. 5.25, 5.23, 5.26)
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Fig. 5.25 d-axis reference current
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Fig. 5.26 d- axis reference voltage (0 <t < 1&)se

Further for the generation of reference voltagg &), g-axis reference currenty(ky is
compared to stator currentdfi (Fig. 5.27, 5.24, 5.28)

m =Lrtitled=

1.50
1.00
0.50 +
0.00

-0.50
-1.00 H
-1.50
-2.00 -

lg ref GSC

00 20 40 B0 80 100 120 140 160

Fig. 5.27 g-axis reference current
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Fig. 5.28¢- axis reference voltage

It is observed that the reference voltage charatitess are similar as that of active & reactive

power supply waveforms.
5.3.3 DC link voltage waveform

This waveform refers to characteristics of dc Maktage of converter system. The magnitude
of voltage must remain same in normal as well asbimormal conditions, but this can be in
ideal case. From the theory, reference of magnitidie link voltage (i.e. Bprer) depends on

phase voltage magnitude and modulating index. &-R29)

m Frap = Fcapref
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Fig. 5.29 (Reference & actual dc link capacitortagé)
Ecapref = V6 * Vai1/ my= 2.45%0.28/0.85 = 0.80 p.u. (5.5)

Also (Va1 = 0.6942 *3 = 0.28), Where ¥; fundamental component of phase voltage. The
EcapOscillates at the time of grid connectivity andlfain normal conditions, the value of
Ecap= Ecapref.
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It is inferred that the waveform gives better cletgastics as required for the simulation; the
dc voltage magnitude remains constant at normal eowltrolled spike in abnormal

conditions.
5.4 CONDITIONAL WAVEFORMS

5.4.1 Fault waveforms
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Fig. 5.30 Voltage waveform at fal to 3.2 sec.)

In the fault duration, the voltage dips (Fig. 5.8@)ich is controlled by the supply of reactive
power to the grid. The reactive power spikes attime of fault, as from the Fig. 5.31. It
reaches to 0.255 p.u. due to this the voltage stored within 0.2 sec. i.e. at 3.2 sec. the

voltage was restored.
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Fig. 5.31 Reactive power waveform at fa@tto 3.2 sec.)
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The reactive power is control by proper firing sexgee of the GSC. The firing sequence of
GSC at fault conditions is given if Fig. 5.32.
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Fig.5.32 Firing sequence of GSC in fault condition

In fault condition, stator voltage decreases aatbstturrent increases. The voltage &current

of phasea is shown in waveforms. (Fig. 5.33 &5.34)
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Fig. 5.33 Stator voltage of phase a
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Fig. 5.34 Stator current of phase a

It is observed that all waveforms link one anotfm@rthe aim to reduce the effect of fault

(such as voltage dip), i.e. with proper firing seqce achieved, reactive power supply is

controlled so as to compensate for the voltage dip.
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5.4.2 Grid connection waveforms

During grid interconnection, the high magnitudestdtor current spikes is observed (about
1.4 p.u.) and later it reduces and achieves ststady condition. (Fig. 5.35) The power factor

is poor at starting and later achieves almost wstgan be seen from Fig. 5.36.
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Fig. 5.35 Stator current of phase a in fault coadit
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Fig. 5.36 Stator voltage & stator current of phage fault condition

It is observed from the waveforms that grid intéigra is not an instant lock up for the
generating system; it takes sufficient time to gné#e the new system. The waveforms
produce oscillations at starting; here these areomtrolled magnitude. Further oscillations

are reduced and stable operation is achieved.
5.4.3 Change in wind speed Waveforms

The variation of stator rotating flux and rotor Engluring the wind speed variation are
shown in Fig. 5.37 & 5.38.
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For the determination of slip angle both of them @mpared. The difference of stator

rotating flux and rotor angle can be seen in Fig95
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Fig. 5.39 Slip anglegi,

It is observed that the phase of the slip anglengbsa as the variation in wind occurs. This
means that slip angle modifies its characteristiceaccordance to new dynamics of rotor
speed/ generating system. It is to provide prajogtransformation for smooth performance

of generating system at variation of wind.

67



5.5 CROWBAR PROTECTION WAVEFORM

The rotor current Ir has constant magnitude of @.22 in normal conditions, at the condition
of fault, it spikes to 0.7 p.u. which is below ttieeshold value. So the switch S1 is at off
state i.e. at 0. i.e. during fault conditions, cemers are not disconnected from the circuit.
(Fig. 5.40)
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Fig. 5.40 Magnitude of rotor current & status adwbar switch

It is observed that the crowbar protection do neitches ON for account of rotor fault
current (r) spike. It means that the rotor fault currentds 8o much that protection system

enables.
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CHAPTER 6

CONCLUSION AND FUTURE SCOPE

The dynamic behaviour/response of DFIG based WEG@®eacted to grid is investigated.
Wind turbine is controlled by successfully implertezh control techniques. The dynamic
variation of output parameters of model, such déise@é& reactive power supply, electrical &
mechanical torque, rotor speed, stator voltage et etc are kept in limits and the desired
magnitudes are achieved in short time by propeinturof industrial controllers (Pl
Controllers), though technically it is difficult ttune SFO. These desired responses are

achieved even when model is subjected to grid ratem, fault and wind speed variation.
In future scope,

1. For the model, the wind turbine may be extendedita park.

2. The stability of the SFO scheme can be increasece g using other tuning
techniques.

3. The model can be modelled for unsymmetrical faaiks.
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APPENDIX A

Data set for the model

components

Table 1: Wind turbine data set

Wind turbine nominal power 2MW
Nominal wind speed 11.5 m/sec
Wind speedoperating ranc 10.5- 12 m/se
Rotor radiu 40 r

Air density 1.22¢

Table 2: Wound rotor induction generator data set

Nominal power (in p.u.) 0.9

Operating voltage 0.69 KV

Nominal rotor speed (in p.u.) 1.054

Rotor speed range 0.9625-1.1

Rotor resistance & inductance (p.u}) 0.0067 & 0.11

Stator resistance & inductance (p. | 0.0054 & O..
Table 3: Grid Code data set

Operating voltac 20 KV

Operating Frequency 60 Hz

Table 4: Coupling Transformer data set

Rating (star-star)

1 MVA

Voltage ratio

20 /0.68 KV
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