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Enhancement of fault ride-through (FRT) capabilismd subsequent
improvement of rotor speed stability of wind farewgiipped with doubly
fed induction generator (DFIG) is the objectivettut paper. The objective
is achieved by employing a novel FRT scheme wittabder control
strategy. The proposed FRT scheme, which is comhdsttween the rotor
circuit and dc link capacitor in parallel with RatoSide Converter,
consists of an uncontrolled rectifier, two setsI@GBT switches, a diode
and an inductor. In this scheme, the input mectaréaergy of the wind
turbine during grid fault is stored and utilized #te moment of fault
clearance, instead of being dissipated in the tesssof the crowbar
circuit as in the existing FRT schemes. Consequemirque balance
between the electrical and mechanical quantitiesctsieved and hence the
rotor speed deviation and electromagnetic torquettiations are reduced.
This results in reduced reactive power requiremesmd rapid
reestablishment of terminal voltage on fault cleara Furthermore, the
stored electromagnetic energy in the inductor ésferred into the dc link
capacitor on fault clearance and hence the gricesidnverter is relieved
from charging the dc link capacitor, which is venycial at this moment.
The converter in this case can be utilized to s ¢apacity for rapid
restoration of terminal voltage and normal operatiof DFIG. Extensive
simulation study carried out employing MATLAB/SIMNK software
demonstrates the potential capabilities of the psmad scheme in
enhancing the performance of wind farms DFIG tdtfade-through.

KEYWORDS: DFIG, Fault ride-through (FRT), Low voltage ride-
through (LVRT), Zero voltage ride-through (ZVRT)tdR speed stability,
power control of induction machines, Pl controller.

1. INTRODUCTION

The use of renewable energy sources for electriwepogeneration is gaining
importance in order to reduce global warming amndrenmental pollution, in addition
to meeting the escalating power demand of the coes1 Among various renewable
energy technologies, grid integration of wind egesgdectric conversion system is
being installed in huge numbers due to their cl@ash economical energy conversion
[1]. Recent advancements in wind turbine technolkagy power electronic systems are
also more instrumental for the brisk option of giitegration of wind energy
conversion system [2]. Doubly fed induction genergDFIG) wind based turbines
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offer more advantages such as operation over \aiclger of rotor speeds, four-quadrant
active and reactive power control capabilities wittproved efficiency compared to
other wind turbine technologies [3]. With back tck pulse width modulated (PWM)
converters connected in the rotor circuit of indaretmachine known as rotor side
converter (RSC) and grid side converter (GSC), pedelent control of real power/
speed and reactive power can be achieved by empglosgctor control method [4].
The main advantage of DFIG is that the convertarsyoonly a fraction (25-30%) of
the total power; hence the losses in the powetrelgic converters and their cost are
considerably less [4].

LIST OF SYMBOLS

B friction damping coefficient, R, stator winding resistance)
N.m./rad./sec
lrgc rectified Rotor current, A ts fault duration, sec
ig.i5  d°-axis and g°-axis stator T, electromagnetic torque, N.m
currents
5,13  d°-axis and g°-axis stator T, mechanical torque in the shaff,
currents N.m
ig,lq d°-axis and g°-axis rotor V,  wind speed, m./sec
currents
i, d°®-axis and g°-axis rotor VsV, d°-axis and g°-axis rotor
currents voltages
ingrimg  d°-axis and q°-axis Vg Ve d°-axis and q° -axis stator
magnetizing currents voltages
N/ machine moment of inertia, Vg Ve d *_-axis and ° -axis stator
Kg.m? voltages
L storage inductance , H Symbols:
L., magnetizing inductance, H @, electrical rotor angular speed jn
rad./sec
L stator leakage inductance, H ge electrical stator flux angle,
degree
L, rotor leakage inductance, H 6, electrical rotor angular
position, degree
L, rotor self inductance, H gslip electrical slip flux angle,
degree
L stator self inductance, H c the leakage factor
p d/dt, the differential operator  Subscripts:
P number of pole pairs d-q direct and quadrature axis
P, turbine power, W S,r stator and rotor, respectively
P, Q. stator active and reactive power * denote the esfes value
Rew crowbar resistance€ A denote the estimated value
R rotor winding resistance) +, - denote the positive and

negative components
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In the past, the protection requirements of winthines were focused on safe-
guarding the turbines themselves. When the netwoflers any transient disturbance
such as voltage sag or short circuit fault, thedwiarbine generators are usually
disconnected from the grid as soon as the occuereheoltage dip in the range of 70—
80% [5]. However, with large integration of wind rggators in the power system
network, loss of considerable part of wind genegatollowing a transient disturbance
is not preferable. Tripping of numerous wind get@saduring transient disturbance
can further risk the stability of power system #i®r contributing to amplification of
the effect of the disturbance that has originatddcording to recent grid code
requirement [5], wind generators should remain ected and actively support the
grid during network fault or any other transiengétdrbance. Therefore, it has become
inevitable for existing and new upcoming wind gexers to be equipped with “fault
ride-through (FRT) or low voltage ride-through (LVRor zero voltage ride through
(ZVRT) schemes” to avoid their disconnection froine power system network during
grid faults. Moreover, FRT is extremely important fmaintaining system reliability
and voltage stability, especially in areas whemceatration of wind power generation
facilities are high.

As a result of grid fault, the DFIG terminal voleadrops to a very low value,
which is accompanied with increased stator curr€he stator disturbance is further
transmitted to the rotor because of magnetic cogplietween the stator and rotor,
thereby resulting in high transient rotor currekg.the stator—rotor turns ratio of DFIG
is chosen according to the desired variable spaggky; it may not be possible to obtain
the required rotor voltage from RSC to control hrghor current during grid faults.
Current control techniques are usually adoptedinat Ithe rotor current, which
however leads to high voltage at the converteriteal®s that may harm the RSC.

The traditional method to protect the RSC of DF$Gd short circuit the rotor
windings using a “thyristor crowbar” circuit [6]Thyristor crowbar is usually made of
anti-parallel thyristors or a diode bridge with igrdrallel thyristors and additional
resistors if needed. The external resistors ard@mg to reduce the rotor current on
fault occurrence and the reactive power requireroétite induction machine on fault
clearance [7]. The thyristor crowbar is enabled amghals to RSC are blocked
whenever the rotor current exceeds its limit. Treevbar and RSC recover to the pre-
fault condition after the terminal voltage is restbabove certain value following fault
clearance. Hansen and Michalke have utilized pdaetory DIgSILENT, a power
system simulation toolbox, to study the FRT cajigbiof wind turbines [8]. A
supplementary damping controller to damp the toicoscillations in the wind
turbine shaft that may affect the converter operatduring grid faults was
investigated. In addition, criteria for selectiohsize of crowbar resistance based on
the parameters namely rotor current, electromagnetgue and reactive power were
demonstrated. The results of the analysis showetisatall value of crowbar resistance
causes high rotor current and torque transientpatkhe fault moment. A high value
of crowbar resistance can however imply a riskxafessive transients in rotor current,
electromagnetic torque and reactive power at thimn of removal of crowbar circuit.
In [9], a soft transition from transient conditidd normal operation with thyristor
crowbar circuit is attempted by setting the refeeemalues for the controllers equal to
the values of currents at the moment of fault eleee. These values are then slowly
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ramped up to the required reference values. Ine spitthe above, with thyristor
crowbar scheme, transients could not be avoidedhat resumption of normal
operation.

Seman et al. have proposed an active crowbar tiremploying fully
controllable bidirectional switches to protect thenverters of DFIG [10]. The
operation of active crow bar is controlled by daklivoltage. However, the dc link
voltage alone is not a suitable candidate for tharol of active crowbar circuit as it
does not reflect the increase in rotor current urale situations.Using crowbar
protection scheme, the input mechanical energy fiteerwind turbine is dissipated as
heat in the crowbar circuit during the fault periddence, this method needs to
confront the troublesome evacuation of heat geeérat the resistors of the crowbar
circuit during severe faults [11].

An additional anti-parallel thyristor switch in thstator circuit to limit the
stator current subsequent to the instant of faeliring was proposed in [12]. This
method requires an additional switch with the atif stator circuit and also it
disconnects the stator winding during fault and plately interrupts stator active
power generation. The impediment situation in A# t@bove solution methods is
troublesome evacuation of heat generated in thstoes of the crowbar circuit for a
long-duration voltage sag or interruption. Moregwbe speed deviation that is resulted
by a grid disturbance could not be averted in lbymistor and active crowbar FRT
schemes. Hence with the above schemes, the repawer requirement of DFIG at
the instant of fault clearance is higher than treefpult value. Therefore, an attempt is
made in this paper employing a simple additionaduiiry instead of resistor crowbar
circuit to temporarily store the input mechanicaéegy of the wind turbine during the
fault period and subsequently utilize the samectuarging of DC link capacitor on
fault clearance.

In this paper, a novel FRT scheme is proposedhis scheme, the input
mechanical energy of the wind turbine during gadlf is stored and utilized at the
moment of fault clearance, instead of being didgeiban the resistors of the crowbar
circuit as in the existing FRT schemes. The propddeT scheme, which is connected
between the rotor circuit and dc link capacitorparallel with RSC, consists of an
uncontrolled rectifier, two sets of IGBT switchesdiode and an inductor. As these
components are rated for rotor circuit power ratjnthe proposed scheme is cost
effective.

The objective of the proposed scheme which empitpsmal additional
hardware components and simple control techniqusuocessful fault ride-through of
DFIG are:

» Satisfactory performance and compliance with gadecrequirements.

* Protection of both generator converters against-ougent and dc link
capacitor against excessive over-voltage.

* Enhancing the stability of DFIG by damping speedaténs and
electromagnetic torque fluctuations.

* Reduction of reactive power requirement of DFIGwapid reestablishment

of terminal voltage at fault clearance.

The rest of the paper is organized into followirgct®ns. Basic control
structure and operation of DFIG is briefly presednite the next section. In Section 4,
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the proposed FRT scheme with a suitable controhnigue for performance
enhancement of DFIG is presented. An extensiveysisahnd performance evaluation
of proposed FRT scheme under single line to grdantt condition at the generator
terminals is carried out by simulation using MATLABMULINK software, which is
presented in Section 5. The imperative resultsiodtawith the proposed FRT scheme
are included in the concluding remark.

2. MODEL OF THE DFIG SYSTEM UNDER UNBAL
ANCED NETWORK

The unbalanced three-phase quantities such asgeoplurrent, and flux may be
decomposed into positive and negative sequence aoEnps, assuming no zero
sequence components. In the stationaff)(reference frame, the voltage, current, and
flux can be decomposed into positive and negaggeisnce components as [13], [14].

Fop (1) = P (0) + Fop (1) =|Fp [ €740 4| | @700 1)
Where ¢" and ¢ are the respective phase shift for positive arghtiee sequence
components.

Figure 1 shows that, for the positiyd —q) " reference frame, thd* axis is
fixed to the positive stator flux rotating at thgesd of w, . While for the negative

(d —q) reference frames, as can be seen from figure 1¢litsaxis rotates at an
angular speed of- w, with the phase angle to thizaxis being—H_\T :

Figure.1. Relationships between thef) reference frame and ti{el —qg)* and
(d —q)" reference frames.

From figure.1, the transformation from-g) reference frame t¢d —q)* and
(d —q)~ reference frames are given by,
Faq = Fp el = Fp e 2
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- — —jot — + 42w
Fo = Fp 8 =Fj € (3)

Similar to grid connected converters [14], duriregwork unbalance, the state
space form of the rotor model can be expresseldrpositive and negative sequence

components, rotating at angular frequencywfand — w; , respectively a:

] _ R —a e ]
pl&}: oL, (@, ~a@) IJr}LLm(a)S—a)r)F;s }ri VJ} %)
ol |=(w-w) —% o oL |-Al O [V

_ R wark ]
pld’r}: a e IJr}er(—ws—w,){A;s }ri Vd?} -
[ IFROR: B [} e B m

According to figure.land equations (1), (2), and {8e stator and rotor current
and voltage vectors can be expressed using thsjrective positive and negative
sequence components as:

qus = Vd;s + Vd:qs'e_j 2t (6)
qur = Vd;r +Vd:qr 'e_j 2ot (7)

Although unbalanced, the stator voltage can stilidgarded as being constant.
Therefore,
PAs = 00, pAg, =00 (8)
Under unbalanced network conditions, the amplitaidié rotating speed of the

stator flux are no longer constant. Neglecting $tetor resistance and taking into
account equations (6), (7) and (8), the statoragaltand current can be expressed in

the positive(d — q) * reference frame as:

—

qus = jws (A;qs _/Eqs'e_jzwst) (9)

- 1, .. o L. .. C iow

qus :L_(/‘dqs +Adqs'e 2 St) _L_(I dar + qur'e 2 St) (10)
S s

Similar to balanced condition, the stator outpuivacand reactive powers can
be calculated as:

. 3.5 =
Ps + JQS = _Evdqs X qus (11)

Where x is the cross product of two vect\§75§S and rdqs.
Substituting (9) and (10) into (11) and separatitegactive and reactive power
into different oscillating components yield,

P, = Py + Pyip-Sin(2at) + Py, .COS(2a 1)
Qs = QsO + QsSirQ Sln(za)st) + QSCOQ COS(ZC()St) (12)
Where
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Po = 2R A 4 Aol 4 Al = Al )

Q, = 2‘: I YR W ]+3L “’ S DA DA B wl ol

P, :%[A;SAMAMQSHI At A+ 3Lmj’$[ R VAR L A I o B
P :ﬁ[—A Ao+ N+ AL, —Adsaqs]+3Lm“’s Aol = Aol = Al s + A5
Queee = 3;{“’3 Vil = Aalg Al = Al 3]

Que = g2 2l =l Al 15 (13)

According to figure.2, the electromagnetic poweuag to the sum of the
power outputs from the equivalent voltage soujee A, and j(w, —w )A, .Thus, it
is given by,

—® &

i®sAs J(@s- @A

Figure 2. Equivalent circuit of a DFIG in the synahous reference frame rotating at s
speed ofu..

dgs dgs dgr dqr]

P, = —gRe[ja))l XI5 +j(w, —w)A;

dqs (Adqs m dqr)] Re[] (C() C() )( m Adqs r dqr) X Idqr]

S

ERe[ja)/l
2

Lm s+
- _|__a)r Re[JAdQS dqr] = Peo + PeSlrQ PeCosz (14)

]

]
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Js ]
Po | [-4 A A A
PeSirQ = A;s A;s _Ags _Ags Iq_r 561
Pecog —Aq _/];s _/];s /]gs a

|-
L ar |
The electromagnetic torque of the DFIG is calculats:

Te = F%) = (PeO + I:)eSirQ + PeCosz)/a)r (16)

3. SYSTEM DESCRIPTION

Figure 3 shows a basic layout of a DFIG driven lwired turbine system, the machine
may be simulated as an induction machine havinge®@ supply in the stator and
three phase supply in the rotor. The rotor circutonnected through slip rings to the
back to back converters arrangement controlled uigepwidth modulation (PWM)
strategies [15] and [16]. The rating of these cor@rs is restricted for speed range of
operation to a fraction of the machine rated power.

The voltage magnitude and power direction betwéenrotor and the supply
may be varied by controlling the switch impulseatttirive the IGBTs inverter. Back
to back converters consist of two voltage sourceveders (ac-dc-ac) having a dc link
capacitor connecting them. The generator side cterveakes the variable frequency
voltage and converts it into a dc voltage. The giitk (line side) converter has the
voltage conversion from the dc link as input andvaltage at grid as output. Rotor-
side converter acts as a voltage source convedaie the grid-side convertor is
expected to keep the capacitor voltage constaneruwihd speed variations and at
different operating conditions of the grid [17] afitB]. The current and voltage
controllers of Figure 3 are included for obtainihg rotor side and line side voltage
references (Mperand V).

4. CONTROL STRATEGY OF PROPOSED FRT SCHEME

Figure 4 shows the proposed block diagram of théGDéiriven by a wind turbine
control system and FRT methodology. The contralesysconsists of a reactive power
controller, a torque controller, three current colrs, two co-ordinate
transformations (C.T), two sinusoidal pulse-widtbealation (SPWM) for transistor
bridge converters/inverters, a stator flux and weragstimators and reactive power
calculator. The FRT scheme components are as shawancontrolled rectifier, two
sets of IGBT switches S1, S2, diode D and storagedtor L. The reference value of
reactive power, Qs*, can be directly implementedhe converter, considering the
appropriate power.

Individual control of the rotor side converter (RS®f the line/grid side
converter (GSC) and related feedback between tle d@nverters are shown. A

sinusoidal pulse width modulator (SPWM) provideddioriented currents;, and igr
to the rotor circuit, controlling stator reactivewer and electromagnetic torque,
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respectively. The co-ordinate transformation (C.Tin Figure 4 is used for
transforming these components to the three phasevoltage references by using the

field angle.

A
Grid B
C
Stator Line c
Wind T - l l
speed m . Al
} \, Rotor DC Link P Q.
Rotor side | & - c Line side
Converter >ﬂ1r_r Converter
- ] A
4& V' abcr \f abc L

Pitch angle(B)

Voltage and current Controllers

SRR

\/*dc Vdc

r labei Iabcs Vabcs
Figure 3: Doubly-fed induction Generator drivengbwind turbine System

The control inputs to the (SPWM) are the line vgétaor rotor voltage
commands and predefined triangular carrier waves. JPWM modulator calculates
the pulse pattern and supplies firing signals wittverter. In the PWM scheme, the
inverter output voltage is defined by the intergaw of the voltage commands and
carrier waves [20], which are synchronized such the carrier frequency is multiple
of the frequency of voltage commands. This manfisynchronization eliminates sub
harmonic generation [19]. The reference Torqueviergby the turbine optimal torque-
speed profile. Another (SPWM) is used to interfacth the power network, possibly

through a transformer. In the sant®- g° reference frame as determined by the stator
flux, its currents {; and ig) are also field oriented, controlling. Pand Q,

respectively. As discussed earlier, iB controlled through'gI to stabilize the dc bus

voltage and Qis controlled throughg to meet the overall reactive power command.

The RSC controls the reactive power (Q) injectiod ¢he developed electric
power (Ried given by the DFIG. The electric power referencg, (P is determined
based on the optimum rotor speed depending on i@ speed as a parameter [21].
The calculated reactive power of the DFIG )@ compared to the estimated one. The
reference direct axis current() is then calculated from the resulting (Q) error,
through a PI controller. {l;,) is then compared to the actual direct axis rotarent
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(ig ), and the error is then sent to another PI cdetrtd determine the reference value

of the direct axis rotor voltage {\/,).

The quadrature axis component of the rotor cur(é’ﬁ;) is calculated in a
similar manner as in the direct axis component,ianged to regulates the developed
electric power (B9 to an optimal reference &E’*) The direct-quadrature components
of the reference rotor voltages (¥ and V*'q) are then transformed back into the
three-phase voltages (¥.), required at the RSC output, through a dg0-abc
transformation. The converters IGBT's are consideie be ideal and commutation
losses are therefore neglected.

The GSC controls the voltage level at the directant link (DC link) between
the two converters. The DC link reference voltageel {/ 4*) is set to 1200 V, this
voltage is compared to the actual voltage and floenresulting error the direct axis
component of the reference line currentyfl is being calculated through a PI
controller. (Fy) is then compared to the actual value of the tia&is line current )
and then sent to another Pl controller, in ordaeraigulate the direct axis reference line
voltage (V'qL).

There is no need for a GSC reactive power regulagmce the RSC already
controls the power factor of the DFIG. Therefore tjuadrature axis component of the
reference current is set to zerﬁ*q(l— 0). F*q| is then compared to the quadrature axis
component of the actual line curreng)(land the error is sent to a PI controller to
determine the quadrature axis component of theenefe line voltage (VqL) The two
components of the reference line voltag& {Vand V' qu) are then transformed into the
three-phase voltages () needed at the output of the GSC.

The method uses the stator reference frame mod#ieoinduction machine
and the same reference frame is used in the implatien thereby avoiding the
trigonometric operations encountered in the C.Btber reference frames. This is one
of the advantages of the control scheme.

During normal operation, the IGBT switches S1 aBd&nain open and diode
D is reverse biased, therefore the proposed FRé&nsetdoes not interfere the normal
operation of DFIG.

During grid faults, DFIG terminal voltage dropsdovery low value and the
stator current rises rapidly. The stator disturlearscfurther transmitted to the rotor
because of magnetic coupling between them. Thisregllt in high transient current
in the rotor circuit that may damage the powerteteic devices in the rotor converter.
In order to protect the converter, gating signal®EC are blocked whenever the rotor
current exceeds the semiconductor device ratinigs. ificrease was avoided by using
a de-saturation detection technique [22], provitthesstate of electrical over stress of
IGBT under current fault condition when gate vodtag high. Reducing gate voltage in
a controlled manner to just above gate thresholthge is preferred. This will reduce
fault current and after some finite time gate wgdtdas brought down to zero safely,
turning off the IGBT without stress. Though the ideg are now protected, the
transient current in the rotor circuit now raiske tc link voltage through the anti-
parallel diodes of RSC. Therefore, a suitable @richnique is proposed in this
paper so as to protect the rotor converter agaiest-current and the dc link capacitor
against excessive over-voltage.
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Figure. 4. Proposed fault ride-through schemecamdirol for a wind driven DFIG
system.

4.1. Sequence and mode of operation of proposed FRT scheme

The mode and sequence of operation of the progeR@&dscheme is shown in Table 1.
In the proposed FRT scheme, when the rotor cuiseanbre than the permissible limit,
gating signals to RSC are blocked. Simultaneoukly switches S1 and S2 are closed
if either the terminal voltage dip is more than tieeshold value or the dc link
capacitor voltage goes beyond the permissible .li§iice the generator and converter
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stay connected, the synchronism of operation resnegtablished during and after the
fault. Normal operation can be restored immediaaélgr the fault is cleared. As soon
as the rotor current decreases below the perneshiblt, gating signals to RSC are

restored unlike the crowbar protection scheme, w/ltee gating signals to RSC are
established only after the terminal voltage restakove a certain limit [23]. Thus,

generator magnetization is done over the rotouiimith the help of RSC. Now the

input mechanical energy of the wind turbine is stioas electromagnetic energy in the
inductor L. Since a torque balance is establishestwéen the developed

electromagnetic torque of induction machine anditipeit mechanical torque of the

wind turbine, the rotor speed deviation is redudéuls the reactive power requirement
of DFIG on fault clearance is also reduced in ataoce with the reduction in the rotor
speed deviation [23] with the help of proposed FReiieme.

On fault clearing, when the voltage dip is redubetbw the threshold value,
the switches S1 and S2 are opened. Now the diodet® forward biased and the
stored energy in the inductor L is transferred ith® dc link capacitor &
Consequently, the GSC current needed for chardiagdt link capacitor is reduced
and the converters can be used to its full capatitgstoring the normal operation of
DFIG.

Table 1. Sequence and mode of operation of proposed FRT scheme.

On fault occurrence (Mode-1) On fault clearance (M ode-2)

If the rotor current exceeds the
permissible limit, block gating signals t
the RSC.

Measure the terminal voltage and
compute the voltage dip\V).

If either the voltage dipAV) is more
than the threshold value or dc link
voltage level exceeds its limit, connect
the proposed FRT scheme by closing the
switches S1 and S2.

After initial rotor current transients die
out, restore gating signals to RSC whe
the rotor current reduces below the
permissible limit.

Measure the terminal voltage and
compute the voltage dip\V).

If the voltage dipAV) is less than
the threshold value, disconnect the
FRT scheme by opening the
switches S1 and S2.

The stored electromagnetic energy
the inductor is transferred into the
link capacitor.

O

Current

Input mechanical energy of the wind turbi

scheme through uncontrolled rectifier an
switches S1 and S2.

L

7YY Y Oy

Irdc
Z
<

+
k.

/

IGBT Switches S1 and S2 are closed

! hal M€ Injection
is stored in inductor L of the proposed FRT, om GSC

— Cie

IGBT Switches S1 and S2 are opened

n
ic
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4.2. Choice of size of storage inductor

The selection of the size of inductor L in the pepd FRT scheme is similar to that of
the crowbar resistance scheme. Small value of ciowdsistance (|g) does not limit
the rotor current and cause torque transient paailisg the fault moment. Higher,R
has an efficient damping effect on the rotor curgerd electromagnetic torque. It also
reduces the reactive power requirement at thenhsfefault clearing. However, a very
high value of R, can imply a risk of excessive transients in ratorent, torque and
reactive power while removing the crowbar [24]. Bamhy, if the inductor size is too
small, the entire mechanical energy of the windihe during the transient period
cannot be stored. Large inductor size will make #soheme bulky and costly.
Considering the correct choice of,Robtained for an existing DFIG machine, a
procedure is presented in this section to acquirenaial guess for the choice of
storage inductor L.

In the proposed FRT scheme, in order to achieverfommance equivalent to
that of the active crowbar scheme, the energy cbwiiethe storage inductor should be
at least equal to the energy dissipation capadith® crowbar resistor  in active
crowbar scheme. With this hypothesis, the sizetofage inductor is computed as
follows.

Neglecting switching losses in the power electrodevices, the energy
dissipated in the resistor,Rof an active crowbar FRT scheme during the faudingis
given by

E, = |2 R_t, (17)

cw rdc cw

Where )4 is the Rectified Rotor current (A);.RR the Crowbar resistanc) andt; is
the Fault duration (s).

During same fault duration, assuming thaj. is constant during fault period,
the energy required to be stored in inductor L, legipg the proposed FRT scheme is

given by
E, = % 1 2L {18

Where L is the storage inductance in (H).

Based on the hypothesis, that the capacity of gneogtent of the inductor
should be greater than or at least equal to thegp@ison capacity of the resistors,Rn
the crowbar FRT scheme, i.e.

E 2E, (19)
Thus, from equations (17) and (19),
%IrzchZIrzdc Wtf (20)

From (20), the choice of inductor size is compued
L= 2R, t, (21)

Equation (21) is a good starting point for seletta$ the inductor size in the
proposed FRT scheme.
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The crowbar resistanc'R((_\,_,) is chosen as 1.488 (R, =20R) , WhereRI_
is the rotor resistance as recommended in [24]utifided in [25]. As wind generators
are expected to be disconnected from the gridafolt fluration longer that, = 0.5s
[7, 8], the size of the inductor utilized in theoposed scheme is computed as follows:
(R, =20R); t; =05s ; Using (21), L2 2Rt ; L= 038H
Therefore, an inductor of L =0.5 H is chosen far $imulation study.

5. SIMULATION RESULTS AND DISCUSSIONS

Digital simulation is carried out in order to valig the effectiveness of the proposed
scheme of Figure 4. The Matlab/Simulink softwareka@e has been used for this
purpose. The DFIG under study is a 9 MW, 6-poles7 9pm and its nominal
parameters and specifications are listed in tadjleTwo types of faults, symmetrical
(three phase to ground fault) and unsymmetricalg(ei line to ground fault) were
applied across the grid terminals and the resudtsis follows:

Table[2]. Nominal Parametersof DFIG and Wind turbine.

DFIG and Wind turbine parameters

P,(nominal) 9x16 W
Vn(rms) 580V
Fn 50 Hz
Rs 0.104Q
R 0.0743Q
Lis 2.54 (H)
Ly 2.31 (H)
L 4.35 (H)
V a(nominal) 1200 V
I 0.0887 Kg.m
B 0.00478 N.m./rad./s.
DC bus capacitor 6x10000uF
Nominal mechanical output power] 9x1F W
of turbine, at \ =12 m/s.

p = 1.25 Kg./m.
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Figure 5: Performance of the proposed DFIG drivea kvind turbine system with
wind speed step change with and without the agmicaf FRT scheme during single
line to ground fault.

The sequence of operation of the proposed FRT selediscussed in Section
4. In response to grid fault, terminal voltage @eses and currents in the stator and
rotor circuit increases rapidly, this can be shamfigures 5.h, 5.i and 5.j. As the rotor
current exceeds the permissible limit, the gatiggals to RSC are blocked. Since the
dip in terminal voltage has already surpassedhheshold value, switches S1 and S2
are turned ON and the proposed FRT circuit getsiected to the rotor circuit. Since
the FRT circuit is connected, the rotor currentsétds below the permissible limit and
the gating signals to RSC are restored and gememagnetization is done over the
rotor circuit. Now the input mechanical energy be twind turbine gets stored as
electromagnetic energy in the inductor L, instefideing dissipated in the resistog,R
as in the case of an active crowbar. Since theuéolzplance is achieved between the
developed electromagnetic torque of induction maehand the input mechanical
torque of the wind turbine as illustrated in figsifeg and 5.d, so rotor speed are nearly
maintained at the pre-fault value as shown in figolb.

Consequently the reactive power requirement of DIl fault clearance
shown in figure 5.e is also greatly reduced dudatge reduction in rotor speed
deviation from its pre-fault value. Hence rapidaeery of terminal voltage of DFIG to
nominal voltage, which can be inferred from volsgeaveforms, is accomplished
with the help of proposed FRT scheme. Also it isaclthat the fluctuations in
electromagnetic torque and powers of DFIG at trstaimt of fault clearing are also
greatly reduced.

On fault clearing, when the dip in terminal voltagestill below the threshold
value, the switches S1 and S2 are turned OFF. Mewdiode D gets forward biased
and the stored energy in the inductor L is trameteinto the dc link capacitorq&



524 A. M. EI-Sawy and Mahmoud A. Mossa

charging it to 1.03 p.u momentarily for a shortation, however it reduces back to its
reference value at 4.75 s, this is viewed througiré 5.f. Consequently, the current in
GSC needed for charging the dc link capacitor $® aéduced and thus the proposed
FRT scheme assists GSC and RSC in restoring tmeahoperation of DFIG as shown
in figures 5.i and 5.j, which show the reductiodiie and rotor currents after using the
proposed scheme. In this scheme, it is observedthieaperformance of DFIG has
improved to a greater extent and comply with thd gode requirements and comply
with the grid code requirements.
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Figure 6: Performance of the proposed DFIG drivea kvind turbine system with
wind speed step change with and without the apphicaf FRT scheme during a 3-
phase to ground fault.

A Three phase to ground fault was applied acrasgtid terminals at t=4.25 s
for 500 ms duration. The performance of the windegation system under the fault
can be observed through figure 6, which illustrakes the generator tends to absorb a
large amount of reactive power during fault this de viewed in figure 6.e, which
induces instability in the grid, makes high fludiaa in the active power and line
currents which consequently affects the rotor curbehavior and the electromagnetic
torque of the generator. This can be observedyurdi 6.c that shows a severe drop in
active power, and figure 5.i which illustrate timeriease in rotor currents during fault.
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The effect of three phase fault on DFIG’s perforognan be also investigated through
the increase in dc link voltage and severe rednciio both mechanical and
electromagnetic torques; this can be shown in figures 6.f, 6.d and 6.g respectively.

After applying the proposed FRT scheme the norrpafation of DFIG was
restored and the measured values of generateck aatidt reactive power eventually
returned to their normal range, this can be shawfigures 6.c and 6.e. Figure 6.f
shows the positive effect of proposed scheme ornvéthee of dc link voltage during
fault period. The reduction in rotor currents teitmormal values can also be viewed
in figure 6.i. Both mechanical and electromagnadiques were obviously affected by
applying the scheme, this can be shown throughasration of their normal values
as viewed in figures 6.d and 6.9 respectively.

Based on the results of the parameters of DFIG éhgnelectromagnetic
torque, reactive power and speed) obtained withptbposed FRT scheme, it can be
confirmed that the size of inductor chosen in thesent study is appropriate and thus
the proposed method of computation of initial guesshe size of storage inductor is
also validated.

6. CONCLUSION

A novel fault ride-through (FRT) scheme for doulbdyl induction generator (DFIG)
based wind farm for achieving enhanced performaceggabilities in addition to
retaining the generator to stay connected to theepsystem during grid faults is
proposed in this paper. The performance of prop&&€ scheme, which uses minimal
additional hardware components rated for rotorutirsower rating, is validated for a
severe symmetrical grid fault conditions at thenieal of DFIG. Extensive simulation
studies employing MATLAB/SIMULINK software is caed out and the performance
of the proposed scheme is compared with otheriegi&iRT schemes namely crowbar
scheme. In this scheme, the input mechanical engfrglge wind turbine during grid
fault is stored and utilized at the moment of fauldtarance, unlike other existing FRT
schemes wherein this is dissipated in the resistfoifse crowbar circuit. This results in
achieving rotor speed stability, reduced rotor dpdeviation and electromagnetic
torque fluctuation. Consequently, less reactive grorequirement is needed and rapid
reestablishment of terminal voltage is attainedfauit clearance. Moreover, as the
stored energy in the inductor of the proposed sehiemtilized for charging the dc link
capacitor on fault clearance, the grid side comves relieved from charging the dc
link capacitor and it can be utilized to its fullpacity for rapid restoration of terminal
voltage. The simulation results vividly demonstratee enhanced performance
capabilities of proposed FRT scheme employed fdc#ased wind farms.

REFERENCES

[1] Carrasco JM, Franquelo LG, Bialasiewicz JT,\v@al E, Portillo Guisado RC,
Prats MAM, et al. Power-electronic systems foe thyrid integration of
renewable energy sources: a survey. IEEE Trans Ind Electron 2006; 53:1002—
16.

[2] Datta Rajib, Ranganathan VT. A method of tragkihe peak power points for a
variable speed wind energy conversion system. IHE&hs Energy Conver



530 A. M. EI-Sawy and Mahmoud A. Mossa
2003; 18:163-8.

[3] Koutrolis E, Kalaitzakis K. Design of a maximupower tracking system for
wind energy conversion applications. IEEE Trans Ind Electron 2006; 53:486—
94.

[4] Srinivasa Rao S, Murthy BK. A new control sagy for tracking peak power in
a wind or wave energy system. Renew Energy 2009; 34:1560—6.

[5] Pena R, Clare JC, Asher GM. Doubly fed inductgenerator using back-to-
back PWM converters and its application to varisdgeed wind-energy
generation. IEE Proc ElecbRer Appl 1996; 143:231-41.

[6] Grid code regulations for high and extra higitage Report ENENARHS2006,
E.ON, Netz GMBH, Germany 1(April) (2006) 46 (wwwrenetz.com).

[7] Piwko Richard, Miller Nicholas, Thomas Girard RlacDowell Jason, Clark
Kara, Murdoch Alexander. Generator fault toleraroce grid codes. IEEE
Power Energy Mag 2010;8:19-26.

[8] Sun T, Chen Z, Blaabjerg F. Voltage recoverygdtl connected wind turbines
with DFIG after a short circuit fault. 35th AnnuEEE power electronics
spedalists’ conference. Germany: Aschen; 2004. p. 1991-7.

[9] Holdsworth L, Wu XG, Ekanayake JB, Jenkins MNngparison of fixed speed
and doubly-fed induction wind turbines during powgstem disturbances. IEE
ProcGener, Transm Distrib 2003; 150:343-52.

[10] Hansen Anca D, Michalke Gabriele. Fault ride thfoagpability of DFIG wind
turbines. Renew Energy 2007; 32:1594—610.

[11] Morren Johen, De Haan Sjoerd WH. Ridethrough ofdwtirbines with doubly
fed induction generator during a voltage dip. IEEf&ns Energy Conver 2005;
20:435-41.

[12] Seman Slavomir, Niiranen Jouko, Arkkio Antero. Rileough analysis of
doubly fed induction wind power generator under yomsetrical network
disturbance. IEEE Trans Power Syst 2006; 21:1782-9.

[13] Dittrich Andreas, Stoev Alexander. Comparision ailf ride-through strategies
for wind turbines with DFIM generators. In: Proceepof European conference
on Power electronics and applications, 11-14 Sdpe2005.

[14] Chee-Mun. Ong", Dynamic Simulation Of ElectionMachinary using
Matlab/Simulink”, PRINTICE HALL, (1998).

[15] Pete. Vas ", Vector Control Of AC Machines”, Oxfaddiversity, UK.

[16] Krause Paul C, Wasynczuk Oleg, Sudhoff Scott D. Iygis of electric
machinery and drive systems. 2d ed., Piscataway (NEA); IEEE Power
Engineering Society, Wiley interscience, John Wgegons Inc 2002.

[17] Joshi Nitin, Mohan Ned. A novel scheme to conneatwviurbines to the power
grid. IEEE Trans Energy Conver 2009; 24:504-10.

[18] Rahul S . Chokhawala, Jamie Catt, Laszlo Kiralypi8cussion on IGBT Short-
circuit Behavior and Fault Protection Schemes. IHE&nsactions on industry
applications,Vol. 31, No. 2, Marcw APRIL 1995.

[19] Chen Z, Hu Y, Blaabjerg F. Stability improvementimduction generator based
wind turbine systems. IET Renew Power Gener 2007; 1:81-93.

[20] Akhmatov V. Variable speed wind turbines with doubfed induction

generators, Art IV: uninterrupted operation feasuaé grid faults with converter
control coordination. Wind Eng 2003; 27:519-29.



ENHANCEMENT OF FAULT RIDE THROUGH CAPABILITY ... 531

[21] Qiao Wei, Venayagamoorthy Ganesh Kumar, Harley Rbra Real-time
implementation of a statcom on a wind farm equippét doubly fed induction
generators. IEEE Tna Ind Appl 2009; 45:98—-107.

[22] Siegfried Heier, "Grid Integration of Wind Energy@ersion Systems"”, ISBN
0-471 97143- X, John Wiley & Sons Ltd, (1998).

[23] Zhou, Y., Bauer, P., Ferreira, J.A., Pierik, JQ20Control of DFIG Under
Unsymmetrical Voltage Dip. IEEE Power Electronigse8&ialists Conf., p.933-
938. [d0i:10.1109/ PESC.2007.4342113]

[24] Xu, L., Wang, Y., 2007. Dynamic modeling armhtrol of DFIG based wind
turbines under unbalanced network conditions. IHEdhs. on Power System,
22(1):314-323. [d0i:10.1109/TPWRS.2006.889113]

Al Juatall @y d3Uay laal) 430 A uﬁd\ Algall 3,98 35l
e shaly Uil 558 Jglas o Al g

Juiially #ll) A8lay laddl L3xl zoapall sl algd) el 35 1) Al 236 Caags
Loghiie aladind (PIA (e Caagll 138 3dan 20 Al 8 pUad] Gigan oW 40 )5eS0) A<l
35900 O B gasalls dasitall dasharall L Uaald) 5538 U] algall ool 3l dashaie Lellassi sayas S
«(Rotor Side Convertep)sall sl 3513 3x 50 aa )il ¢ Japll dea ey Slsall suaal)
Ay NI miliall (e ofiegaaas « (Uncontrolled rectifier)asSas e aase o oS0
A5l A illy ApusiCall A0l A8Uall (3a5 25y Aaslaiall 038 DA LCaleg 2525 « (IGBTS)
28 AUl o3 g L (ge Wy @ g L Uasd) 5 Oy o U Lot 5y of e Ut 55 o L
aydl ad e OlEY) Baas S el L (Crowbar) syl alasiu) Al 8 cleglaa) & dg))a
pead e (ouhaling g6 SI aally lsall suaed) dopu e IS aga O 1305 ¢ opeSlls (SISl
s adanl syl salyy I daladl axe ) ol La 13 as s sl dold) Al b
ALl Al Ll ey gl ol o lajind o sealdl 58 52l Lag gl LUl Gigaa
Cuth (b Laga D5t aly 35 lapll dga S ) Lelyons 238 alall d A5jall dslalin s S
(Matlab/Simulink) casulall alasinl degdaiall JSI318aa o lya) 3. Uadll 558 o ] bl aga
L Algall ool o Lggle Jmnll &3 ) bl cadly s i) G glaiall 5o US ae il elld
Jas o sl Uasl) 554



