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Abstract— This paper discusses the detailed switch-timingof
converter protection schemes of doubly-fed inductio generator
(DFIG) to enhance the fault ride-through (FRT) capaility. A new
combined protection scheme with crowbar and serieslynamic
resistor (SDR) is used as proposed in former paper$rotection
resistance values are calculated after the analysi rotor fault
current for practical application. The protection switching and
rotor high current reduction performance are simulated with
PSCAD/EMTDC. Fault ride-through performance including the
reactive power supply, torque fluctuation and rotor speed with
crowbar and series dynamic resistor are also showiThe proposed
switch-timing scheme can reduce the time for faultide-through,
hence improving the DFIG fault ride-through performances.

Index Terms— Doubly-fed induction generator (DFIG), fault

ride-through (FRT), converter protection switching, wind
generation.
I. NOMENCLATURE
Vi, @ Voltage, current and flux vectors.
Vs V; Stator, rotor voltage amplitudes.
Ry R Stator, rotor resistances.
Ls Lr, Ls, Ly Stator, rotor self- and leakage inductances.
Lm Magnetizing inductance.
W, W, S Synchronous, rotor and slip angular frequencies.
L, ., T Stator, rotor and combined time constants.
Ps, Qs Stator side active and reactive power.
ST Stator and rotor subscripts.
n Nominal value subscript.

Il. INTRODUCTION

HE doubly-fed induction generator (DFIG) is preserst

very popular wind turbine generation system fogdascale
wind farms. However, a significant disadvantag®bf{G is its
vulnerability to grid disturbances and fluctuatidvecause the
stator windings are connected directly to the ghicbugh a
transformer and switchgear; the rotor-side is affefrom the
grid via a partially-rated converter. So fault ridheough (FRT)
capability is one of the basic requirements fordviarms with
DFIGs. There are two aspects to fault ride-throdghcontinue
power supply without breaking any part of the systnd to
resume normal operation after the clearance ofdaul
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As fault ride-through requirements have developad,
active crowbar protection scheme has emerged. ddrisects
the crowbar when necessary and disables it to redDRIG
control. Existing crowbar control schemes fall intao
categories: monitoring the rotor-side convertertaggs and
currents as the critical regulation reference {Hing the DC-
link bus voltage for crowbar triggering [2]. Somesearchers
have assumed that the crowbar was uneconomic awe ha
avoided the use of crowbar control. They developaéw fault
control strategy [3] or converter topology [4]. Hewer, this
makes the control system complex and increaseissbes with
control coordination between normal and fault opena

In addition to the triggering and control issués blocking
of the rotor-side converter by the switching-onvdoar is of
concern. In a traditional system, the rotor-sideventer is
disconnected from the rotor when the crowbar igcheid on.
However, some studies have proposed keeping camvert
connected [1], [5]. With this kind of control, thesumption of
normal operation can be immediate after fault elree.

Another kind of power-electronic-controlled extdrna
resistor, which is connected to the rotor windings the
generator, is used to limit the rotor accelerationng a fault.
This is called a braking resistor [6]. The purposéhe braking
resistor is to balance the active power then imgrgenerator
stability during a fault. The advantages of a sedgnamic
braking resistor, when connected to the generaiiuit, were
studied in [7]. It was found that this enhanced fidugt ride-
through of a fixed speed wind turbine. Vestas (Darnuse
pitch-regulated variable rotor resistance to real@ quasi-
variable-speed wind turbine (the OptiSlip® techigyid8]). In
[2], a braking resistor was inserted into the Dklbetween
the converters of DFIG; this acts as a dump load G-
chopper) to smooth the DC-link voltage during heavy
imbalance of active power through the rotor-sidd #re grid-
side converter. A similar resistor was proposed[9h to
enhance the fault ride-through capability of a pement
magnet synchronous generator with fully rated caeve

In former studies, a new topology and control stygt
combining crowbar and series dynamic resistor (SD&R)
proposed. In this paper, this protection schemesisd and
presented in Section Il and IV. The detailed shtiening is
discussed and simulated using PSCAD/EMTDC in Sedfio

I1l. CONVERTERPROTECTIONSCHEMES FORDFIG

Existing protection systems use crowbars, DC-chapffer
DFIGs), and series braking resistors (for directeatr fully-
rated-converter generators). The traditional crowlesistor



bypasses the rotor-side converter when switchednof2], [9]
a braking resistor (DC-chopper) is connected iralbelr with
the DC-link capacitor to limit the overcharge dgrilow grid
voltage. This protects the IGBTs from overvoltagel acan
dissipate energy, but this has no effect on thaer mirrents.

In a similar way to the series braking resistorlyamamic
resistor can be put in series with the rotor (sedgnamic
resistor) and this limits the rotor over-currens operation is
different from the crowbar. It can be controlled &ypower-
electronic switch. In normal operation, the switslon and the
resistor is bypassed; during fault conditions, shétch is off
and the resistor is connected in series to the witading.

In a rotor reference frame, the induction generatitage
dirr 1)
dt
So the rotor equivalent circuit can be shown in. Bigvith all

the protection schemes for a DFIG converter comukect
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Fig. 1. DFIG rotor equivalent circuit with protes.

The distinctive series connection of the seriesadyino
resistor is advantageous for limiting the curreragnitude
directly. In addition, the limited current can reduhe charging
current to the DC-link capacitor, hence helpingidvoC-link
overvoltage. Moreover, with the proposed seriesadyn

resistor, the rotor-side converter does not neebetstopped. i

Two functions of a traditional crowbar are to bypahe
converter and limit the current in the rotor wingsn The first
function is to protect the converter, while the@®tto protect
the rotor windings. The obvious disadvantage ofltiygassing
function is that it turns the DFIG into a normalmashronous
machine. It then needs reactive power for excitatsm it will

absorb reactive power from the grid that will exhege the
grid voltage profile.

In the authors’ former works, the series dynamsister and
crowbar were combined and used for rotor-side cdere
protection: the shunt crowbar keeps its bypasstimmavhile
the rotor current limit function is partially takeover by a
series dynamic resistor. In this paper, the primectcheme is
mainly based on the series dynamic resistor, campithe
existing crowbar and DC-chopper. The crowbar isy aded
whenever needed during the beginning or the erleofault as
soon as possible to disable the rotor-side convarid further
disconnect the wind turbine, if the series dynaresistor cannot
protect anymore because of deteriorating situatidhshe same
time, the DC-chopper is used for DC-link overvodtdignitation.

IV. SWITCH STRATEGY OFPROTECTIONSCHEME

A. Fault Rotor Currents

2

switched on first. If the rotor current still inerges the crowbar
offers further protection. The switch-timing is atdd to the
rotor current expression, which needs to be thealbt

analyzed. (1) can be seen as the relationship bketwetor

voltage and current. When there is a disturbancéherstator
side, assume that there is a sharp voltage amelitiinge
from V; to V. In [10] it was shown thay/ can exceed the

maximum voltage that the rotor-side converter canegate. In
the same reference frame, the voltage is
v = I-|'nsejwst_|‘m(1+jw]\/1_\/26—llrs_
S LS TS Ja)

: (2)
L S

This can be simplified by omitting &/ which is very small:

\7rr0 zvzisejwst L JC()V V —t/rs . (3)
S S Ja)s
So in the rotor reference frame
V= %[S\/zewt -(1-s)v, -V, )e“e ’S] : (4)

S
(1) is a linear differential equation fai" in the time
domain, which can be solved and the final expressio

i, () =ipe +iy, +iy +igy, 5)
where the components are solved as:
{ra( Do HT(){V cos-V, Ts(l p)} ©)
i s:(l—s)phfzaf}e‘:'
i = ;’er { o7 Cosatt B af sin(set + g)} ()
» =—i{ vsf“:s(l— p) @®
[mr(w)cos(swt) + 1+T:ZS(CS‘ZS)Zsin(sa)st)}
e {:afcos(wrt) +1:z;;;25m(wrt)}et ©)

The components are listed in TABLE | with frequeranyd
decaying-time constant characteristics:
TABLE | FAULT ROTORCURRENTCOMPONENTS

Componer Freguenc Decayin¢time constar
iDC DC I
ivr S -
ivrf St
ivm r Ic

B. Switching Strategy

From the above over-current analysis a switch-tingtmategy
is devised.

1) Switch-on:The voltage change is not as abrupt as the

current and can be shared by the series dynanmtares-or the
DC-link voltage, its change can be further redubgdhe DC-
chopper. Therefore, only rotor currents are moeddior series
dynamic resistor and crowbar protections.

2) Switch-off: The protections themselves can be seen as

disturbances. To avoid the protections switchinggdiently
because of the high frequency component of rotorentj the

From the above function analysis of crowbar andeserswitching off is delayed for about a period of tligh frequency

dynamic resistor, in a time sequence, the lattayulsh be

component, i.et_delay = 27#(1-s)w after all the three-phase



currents decrease below the threshold value.
The total switching strategy is shown in Fig. 2.

Series Dynamic Resistor ON

Crowbar ON

AND Rotor Side Converter OFF

1 Crowbar OFF
Rotor Side Converter ON

Timer

DC-chopper ON

t_delay= 27#(1-5) i3 —>
DC-chopper OFF

VDC
Vin_pc Y
th_— threshold value.

Fig. 2. The combined converter protection switghstrategy.

C. Resistance Value Calculation

Resistance values are calculated for the mostuseciondition
(with the highest peak current value): three-phadtage dip up
to 1.0p.u.. The rotor current expressions areq§9). Due to the
small stator resistance, the following approximagiare mades
trs
single trigonometric function, considering the aitople of each
component as the maximum current value:

. - 1 L T
i =i (ty) ——V,—"(@A-s :
ra,max ra( 0) 01_r S LS ( )1+ Trza)rz (10)
+ Vr Tr ivs b (1_ S) Z-I'
oL J1+r?af o, "L 1+7%af
Also, the boundary conditions are
ira,maxS Ith_SDFi Vr < Vth_RSG (11)

Therefore, (10), (11) is an equation wherean be solved. With

the protection schemes - ai, (12)
Rr + Rprotection

Then the critical resistance valBgowecion CaN be calculated,
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in former studies, the switching times of the pctiten switches
were not considered. For serious fault conditidnisivery
important to rapidly disrupt and protect the windwer
generation systems and quickly resume normal dperafter
the clearance of faults.

In the following simulations, the crowbar and serinamic
resistor power-electronic switches are simulateth WGBT
components, which eliminate the zero-crossing delagd
switching times are considered by disabling therptlation in
PSCAD/EMTDC. This is used to solve the conflict vietn
immediate switching-operation with simulation tinstep. The
simulation time step is set asp&) so the actual switch time for
IGBT is 2Qus, which is enough for the IGBTs in applications
(The normal switching time for power electronic totied
switches are short, commonly severm[12]).

And also the detailed switch-timing needs to beifodal to
make sure the efficiency of the protection schemseshown in
Fig. 3. At almost the same time with fault happgn{after the
first time slot (a)), the series dynamic resisttriggered. Then
the system reaches into a new steady state. Afteriad, if the
over-current still exists (if the fault deteriorateor during the
voltage recovery transient the rotor current goigh lagain),

= 1, r= 1. Then the current components are expressedtlie crowbar can be switched in for a period (tirteg €)) in

conjunction with the series dynamic resistor. Thiching-out
of crowbar makes the protection with only the seidgnamic
resistor in operation.

3, 3, a a

> a—

Crowbar

Switching Singals

Fault happen—f ‘T(b)_>

(C)
(a) Switching time unit; (b) Crowbar on; (c) SDR.on
Fig. 3 lllustration of the protection switchinggsence.

The protection scheme switch-timings are analysgd b
PSCAD/EMTDC simulations. The generator parametees a
listed in the Appendix. The faults simulated afe):q three-phase

including Rspr and Reg. Because the current-limiting function isvoltage dip of 0.95p.u. for 0.2s; and (2) a threage voltage dip

mainly taken by series dynamic resistor, the aiiticriteria of

crowbar resistance is the voltage across it witiinrotor voltage
limit, for its shunt connectionRcgXir max < Vimax SO a smaller
resistance can be taken from the t@Rghecion S the crowbar
resistance. For single crowbar protection, the Bodibnction

means the resistance has to have both a lower get limit.

The minimum value is related to the rotor windingecurrent
limit, while the maximum is set by the over-voltage the

converter terminals [11].

V. SWITCH-TIMING SIMULATION ANALYSIS

For the series dynamic resistor and crowbar, thee
switching delays in the protection triggering prese The
switching times mainly caused by the monitoring alevice-
switching delays. In practical applications, thetgwtime may
be an issue, especially for serious fault protecéad recovery
when fast switching response is required e.g., sorobar
thyristor switches cannot interrupt the current obef zero-
crossing [8]. This will influence the protectionrfmmance. But

of 0.50p.u. for 0.5s.

The threshold values for calculatiRgpr and Reg are set as
I sor = 1.5p.u., I cg = 1.8p.u.. Rotor slip is = —0.2p.u.
preceding the faults. From (10), (13)~= 0.2041p.u.Ryotection =
0.59. Then the selected resistance valuesRggg = 0.52, Reg
= 0.09. The value of DC-chopper resistance is chosdr,ags
=0.92.

The primary protection is series dynamic resistathw
converter in operation. Because this is relatethéocontroller
performance, the flux and slip angle without angtection is
firstly shown to see the contribution of controlker the fault
currents.

A. Fault-Occurrence Switch-Timings

Figs. 4 and 5 show the flux, slip angle and rotorrent
changes to the happening of a 0.5p.u. voltageadif.bs without
protection.
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Fig. 5. Rotor currents and slip angle for faulturcence (voltage dip of 0.5p.u.).

The flux is basically in accordance with the analys [10],
but the damping during the first few cycles of faadcurrence is
faster because of different system parameterslOh fhe grid
voltage dip is simulated by a controlled voltagarse converter

(VSCQ). It is very ideal with abrupt voltage amptlijuchange and

no high frequency fluctuation.

The highest rotor phase current reaches aroundu3.Tpe
controller and the fault condition make the finataxds
component of rotor currents have an abrupt chafigethe fault
happens. The changing period is about dozens of ms.

B. Fault-Recovery Switch-Timings

Figs. 6 and 7 show the flux and rotor current cleatoythe
recovery of the corresponding 0.5p.u. voltage di0f5s without
protection.

The flux experiences a large fluctuation for selvesales
until goes into the former steady state. To thé@st knowledge,
there are no discussions about the flux performalucimg grid
voltage recovery, in which a high fluctuation magluence the
protection performance.

The slip angle change and the fluctuation makefitis d-
and g-axis components of rotor current experiebcepd change
and high-frequency fluctuation corresponding to tfault
recovery period.

switch-timing as shown
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Now the series dynamic resistor is put in operatioeee the
in Fig. 8. From the simulati

characteristics, the protection time is in accocgamith the
features of rotor currents, slip angle and rotaremt d- and g-
axis components. The total protection time is 0.62%024s =
0.044s, in which the switching time is 4x20= 8(us.
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Fig. 8. Rotor currents and slip angle for fautioneery.

C. System Performance

The system performance including the stator actwel
reactive power, rotor speed, and electrical torarge shown in
Fig. 9.
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Fig. 9. With SDR protection, three-phase voltaigeofi0.5p.u. for 0.5 s.

Rotor speed increases until the fault is clearadyé electrical
torque fluctuations occur. In Fig. 9, with seriggamic resistor
protection, the fault occurrence interruption ielaavoided,
which also controls the rotor speed acceleratimreasing about
0.03 p.u..

Although there is no rotor voltage monitoring i tswitching
strategy, it is still limited effectively to the @ before the fault
because of the voltage share of series dynamitaesri he rotor
voltages display switching frequency components tuethe
pulse width modulation (PWM) of the rotor-side certer.

D. Switching of SDR and Crowbar

There is no need to switch crowbar protection | ébove
situation, which means the converter is in openatiaring the
whole voltage dip period. But for a more serioudtfae.g. three-
phase short-circuit, crowbar is required to furtipeotect the
converter from over-current.

Figs. 10 show the system response to a 0.95p.tageodip
for 0.2s with both series dynamic resistor and bawvprotection.
The series dynamic resistor is switched in forid@s to limit the
rotor current. During the recovery of fault, crowlmswitched in
for 5 times with series dynamic resistor connediedause the
rotor current keeps increasing. The simulation Iteshow that
with series dynamic resistor protection, the fawticurrence
interruption period is safely avoided, while crowisahelpful for
protection during fault recovery: The rotor curramplitude is
limited within 1.5p.u., as required. This also resd the DC-link
voltage increase (less than 0.05p.u. in Fig. 18 DC-chopper
is not even needed to function. The former biguerfjuctuation
is avoided as well; hence effectively restrain tbéor speed
increase, from 1.2p.u. to 1.207p.u. (only 0.007p.u.
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Fig. 10. With converter protections, three-phastage dip of 0.95p.u. for 0.2 s.

Both of the above two situations show that withieser
dynamic resistor in connection, reactive power afettrical
torque fluctuations during the fault are existecowdver, for
crowbar protection, they are much heavier. Thetrea@ower
and electrical torque ripples are larger with Seréynamic
resistor protection compared to crowbar protecfidnis is due to
the higher resistance in rotor winding and DFIGtaarsystem
performance during faults, which needs further esgtlon.

More importantly, the series dynamic resistor hamuch
smaller impact than the crowbar, especially duswgching-off.
Improper crowbar switch-off strategy (without theoodination
of controller reference settings [1]) can causguUent switchings
which will deteriorate the fault recovery. This caiso be seen
from the comparison of voltage recovery in Figsared 10.
Without crowbar switching, the voltage recovery foe two-
phase short-circuit is with little fluctuation. @me other hand, all
the series dynamic resistor switching has littiduence on the
system response, due to its minor impact on thersys just a
resistance change in the rotor circuit.



VI. CONCLUSION

From the angle of reducing DFIG fault ride-throutiyne,

this paper discusses the switching time issue \sithies
dynamic resistor and crowbar combined protectioneste.
This is advantageous for the resume of normal djperand
the protection of the generation system. With tmeppsed
switching scheme, it is faster to resume normalratpEn and
the affected time is effectively shortened, wittpnoved fault
ride-through performances.

VIl. APPENDIX
TABLE Il GENERATORPARAMETERS

Parameter Value Parameter Value
Rated poweP, 2 MW RatioNy/N; 0.63
Rated stator voltagén 690 V Inertia constari 35s
Rated frequenci 50 Hz Pole pair nd2, 2

Stator leakage inductantg | 0.105 p.u. | Stator resistari®e |0.0050 p.u.

Rotor leakage inductanég | 0.100 p.u. | Rotor resistanBe | 0.0055 p.u.

Magnetizing inductancie, 3.953 p.u.

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

(11]

[12]
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