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Abgtract—This paper proposes a new converter protection
method, primarily based on a series dynamic resisto(SDR), that
avoids the doubly-fed induction generator (DFIG) catrol being
disabled by crowbar protection during fault conditions. A combined
converter protection scheme based on the proposedrgs dynamic
resistor and conventional crowbar is analysed andiscussed. The
main protection advantages are due to the series gology when
compared with crowbar and DC-chopper protection. Vaious fault
over-current conditions (both symmetrical and asymratrical) are
analysed and used to design the protection in detaincluding the
switching strategy and coordination with crowbar, and resistance
value calculations. PSCAD/EMTDC simulation resultshow that the
proposed method is advantageous for fault over-cuent protection,
especially for asymmetrical faults, in which the taditional crowbar
protection may malfunction.

Index Terms—Series dynamic resistor (SDR), converter
protection scheme, doubly-fed induction generator QFIG), fault
ride-through (FRT), wind power generation.

NOMENCLATURE
V., i, Voltage, current and flux vectors.
Vs, V; Stator, rotor voltage amplitudes.
R, R Stator, rotor resistances.
Ls Ly, Lis, L,  Stator, rotor self- and leakage inductances.
Lm Magnetizing inductance.
@, W, S Synchronous, rotor and slip angular frequencies.
L, I, T Stator, rotor and combined time constants.
Ps, Qs Stator side active and reactive power.
Sr Stator and rotor subscripts.
n Nominal value subscript.

. INTRODUCTION

ARGE-SCALE offshore wind farms are gradually grogvin

all around the world, especially in Europe whertshaire
wind resources are rich and located in shallow wddg 2020,
20% of power consumption in Europe will be supplieam
renewable resources. The realization of this amistplan relies
heavily on the large-scale offshore wind farms. Fer UK's
2020 target, offshore wind farms will contribute mmich as
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9.4% [1]. There is now planning for more than 30 GW
offshore wind farm capacity in the European sea2®y5 -

almost 30 times more than the current installai&nTherefore,

the reliability of offshore wind farms needs to assessed in
detail because of the costly maintenance and repaithe

offshore environment. The reliability is distribdt®etween the
wind turbines, the wind power generation systeins collection

grid and the transmission system [3].

For wind power generation systems, the doubly-fefli¢tion
generator (DFIG), with its variable wind speed kiag
performance, and relatively low cost compared tiy-fated
converter wind power generation system, e.g. peemamagnet
synchronous generator (PMSG), is a popular windeiggion
concept. However, a significant disadvantage ofDRG is its
vulnerability to grid disturbances because theostatndings are
connected directly to the grid through a transfornaad
switchgear with only the rotor-side buffered frohe tgrid via a
partially-rated converter. So as to protect thedwiarm from
interruptions due to onshore grid faults and wiadrf faults,
crowbar protects the induction generator and astatipower
electronics. This is widely-used in industrial apgtions.

A major disadvantage of crowbar protection is thatrotor-
side converter (RSC) has to be disabled when ubsgrowbar
and the generator consumes reactive power leading
deterioration of grid voltage. In line with develog fault ride-
through (FRT) requirements, an active crowbar cbstheme is
proposed [4], [5] to shorten the time the crowlsaini operation
but this does not avoid the reactive power consiampSome
researchers developed a new fault control str@&jgyr a fault-
tolerant series grid-side converter topology [7dwever, these
make the control systems complex or increase theesswith
control coordination between normal and fault ofiena

A series topology can drop rotor circuit voltaged® limiting
the current, and is an alternative to crowbar ptan. However,
to the authors’ knowledge, there has been no hdulisiterature
on a series topology protection schemes. Therdifiseresearch
assesses series protection for effective turbing @mverter
protection during various fault conditions.

The paper is organised as follows. In Sectionhi, éxisting
protection schemes for variable-speed wind turlgieeeration
systems, including DFIGs and permanent magnet sgnols
generators, are summarised. Then a protection heith
series dynamic resistor connected to the rotor waqds
proposed. The faults that can occur in wind farmd ¢he
currents in the rotor windings of DFIGs are diseuss detail
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as the basis of the converter protection schemigrdefault
rotor current expressions are given theoreticalhd awith
simulation results; and the difference between rratorrent
characteristics for symmetrical and asymmetricalltéa is
discussed which highlights the advantage seriesardin
resistors as the primary protection of the conveite Section
IV, a new converter protection scheme combining skaes
dynamic resistor and the crowbar is introduced. lysis and
discussion of PSCAD/EMTDC simulations are provided
Section Il and V.

[I. CONVERTERPROTECTIONSCHEMES FORDFIG

A. Crowbar Protection

The prevalent DFIG protection scheme is crowbategtmn.
A crowbar is a set of resistors that are conneictqzhrallel with
the rotor winding on occurrence of an interruptibypassing the
rotor-side converter. The active crowbar contrblesoe connects
the crowbar resistance when necessary and disalitesesume
DFIG control.

For active crowbar control schemes, the contrahalg are
activated by the rotor-side converter devices (Wwldce usually
IGBTs). These have voltage and current limits thast not be
exceeded. Therefore the rotor-side converter vedtagnd
currents are the critical regulation reference. Th&-link bus
voltage can increase rapidly under these conditismst is also
used as a monitored variable for crowbar triggeriii-
directional thyristors [8], GTOs [5], [9] or IGBTELQ] are
typically used for crowbar switching.

B. DC-Chopper

In [5], [11] a braking resistor (DC-chopper) is oected in
parallel with the DC-link capacitor to limit the encharge during
low grid voltage. This protects the IGBTs from ox@tage and
can dissipate energy, but this has no effect omdtee current. It
is also used as protection for the DC-link capaditcfull rated
converter topologies, for example, permanent
synchronous generators [12].

C. SeriesDynamic Resistor (SDR)

In a similar way to the series dynamic brakingstesi[13],
which has been used in the stator side of gensragodynamic
resistor is proposed to be put in series with thierr(series
dynamic resistor) and this limits the rotor overreat. Being
controlled by a power-electronic switch, in norropkration, the
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Fig. 1. DFIG rotor equivalent circuit with all gextion schemes shown.

control, but, more significantly, limits high rotarurrent. In
addition, the limited current can reduce the ctmaygiurrent to
the DC-link capacitor, hence avoiding DC-link owatage. So
with the series dynamic resistor, the rotor-sidevester does not
need to be inhibited during the fault.

The crowbar is adequate for protection of the wimdbine
system during grid faults in on-shore developmeritse
influence of temporarily losing rotor-side contiafl DFIGSs can
be neglected — which is not presently the casdafi@e-scale
offshore wind farms. The series topology is strdagtvard
enough to limit the over-current and share oveagatbut there
appears to be no literature investigating their use

To show the protection schemes and their intenaatith the
rotor circuit, the rotor equivalent circuit is dabed first with the
general Park’s model of induction generators. Fthenvoltage
and flux equations of induction generators in &icstatator-
oriented reference frame [14]:

. dg, L
V. =Ri = )
=R+~ jag, 2)
g, =L L, @3
g =0+ L (4)

where y_ is imposed by the grid. The rotor voltage is

controlled by the rotor-side converter and usedpésform
generator control.

magnetFrom (3) and (4) we can eliminafeand obtain an expression

which is substituted into (2); eliminating, gives

L L2 yd . - (5
=-m +R+L|1-—m | = i -5
Vr LS ( les |:Rr r[ Ler j( dt Ja)r J:| r
Defining the leakage factor ag -1 - L . (6)

LSLI'
Then use a voltage sourge to represent the voltage due to the

d .
praal (2
dt

switch is on and the resistor is bypassed; dudngf tonditions, Stator flux produces; :Lm(d— jw jlps- (7)
the switch is off and the resistor is connecteskiries to the rotor L \dt
winding. So (5) becomes

The difference between the series dynamic resitor the V=9 + R+ aLr( d_ j wrj - @8)
crowbar or DC-link braking resistor is its topolo@iyhe latter are dt

shunt-connected and control the voltage while #nies dynamic The rotor voltage in (8) can be expressed in ar rterence
resistor has the distinct advantage of controllihg current frame (i.e. multiply both sides by '“t)
magnitude directly. Moreover, with the series dyitamasistor, I . i, ©)
the high voltage will be shared by the resistareeabse of the Vi =V *R O +al, dt

series topology, so the induced overvoltage mayleaut to the This is the relationship between rotor voltage emdent. So the

loss of converter control. Therefore it not onlyntrols the rotor rotor equivalent circuit is obtained and shown veiththe above
overvoltage which could cause the rotor-side cdevep lose protection schemes in Fig. 1.
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111. DFIG ROTORCURRENTS DURINGFAULT CONDITIONS TABLE | SYMMETRICAL FAULT ROTORCURRENT COMPONENTS

DFIG rotor currents under three-phase short-cirfewilt have Coni]ponent Frgqcuency Decaying-time constant
been thoroughly analysed. In [15], exact expressagrstator and |Dw - @ Tr
rotor currents during the short-circuit are derivegthematically. - s
The approximate maximum stator fault current exgioeswas o @ &

also discussed from the analysis of DFIG physiesponse with _ -
crowbar protection [8]. However, there has beeranalysis of B- Asymmetrical fault conditions

fault currents during less serious voltage dipsagymmetrical For asymmetrical faults, the stator voltage isd#d into three
disturbances. Nonetheless, this is important fer diesign of parts: positive, negative and zero sequence compmne the
DFIG protection systems. In this paper, the rotarrent use of symmetrical components theory [16]:

expressions during various fault conditions will éeduced on U, =V e +V e 1 4V (20)
the basis of the analysis of [14], [16]. Theny! in (9) can also be expressed as
The phasea voltage expression is
p g p d| (t) (10) \7l'r0 = vrrl + vrrZ + vrrn (21)
Via () = RefWio} + R o (0 + o =4 ™ where 7', =V, m e (22)
This can be written as a linear differential equafori,,(t) L,
. R . _ 1 . (11) _ L
i, (€) + =i, (t) =—— |V, (t) - Re{y, C=V,-m i@t (23)
O a® = v -Rew)] Vo =V (5728
where with converter in operation, gt(t)=V,cosbwd+p), B is L o
the phasa rotor voltage angle at the instant the fault oscur Vi =~ J @, menoe et (24)

S

A. Symmetrical fault conditions The componenty_,

For a symmetrical voltage disturbance on the stsitbe, if 5t
there is a three-phase step amplitude change\ftaan(1-p)Vs (p 1) Single-Phase Voltage Dip:
is the voltage dip ratio)v; in (9) can exceed the maximum phasen suffers a voltage dip. The positive, negative ze
voltage that the rotor converter can generate, lwhauses the sequence components of the stator voltage are

andg,, depend on the type of

52’ sO’

failure of current control. The voltage is [16] V,=V.(1l-p/3) (25)
_L 7oy (-
= (1= pV, Lo spisar — Lm( 1, Jw] Ve, (12) Ve =VL(P/3)
Ls Ls Iy JC{)S Vo :VS(— p/3)
With time constants defined as wherep is the phasa voltage dip ratio due to the fault. So the
7. =0 /R 1, =L/R 1=(1,1,)/(1, - 1,) (13) abovey', components are
(12) can be simplified by omitting &/ which is very small ) 1 (26)
because of the small stator resistance of the gmeso Vi =Vo (- p/3 e
t
ar ~V t {S(l p)elswst (1_S)pe‘j(4te T5:| . (14) vrrz :VS(_p/S)%(S_z)e—j(z—s)wst (27)
From (11) and (14), the final expression,gt) can be solved From the natural flux initial vslt:;;nalysis inJ16 28
and divided into four components Do =STp (28)
lia (t) + I Ivrn (15) ) _t (29)
where the components are =-j V Lm (L-9s)pe "e 4
. T -_—
{Ira(t )- oL 1+T(){V cosf— V L — sl p)} (16) hence v, = 7{1 p)ejswsr m(S 2) e j(2-s)at (30)
. V, —m(l—s) S e_’ir Ly et
o, L Py - V e Spe e
Y/ r’w a7) From (11) and (30) the final expressionigft) can be solved
: t t
e [1" r7of . +Trafsm(sws +ﬁ)} and divided into five components
= Vs P (18) ) = ioc *iy +is +io i (31)
a, L where the components are solved as:
I 1S, ; _ T, L, p
L+ (s ) COS(SwSt)+1+rf(sws)2 sm(swst)} {Ira(t )- o 71” =) {V cosf -V, L {1—3)} 32)
Vv, L . (19) 2 t
win s = (1_ )p |: (a)t) Sln(&)t)i| e - 1 J - pirr E - r C()r Tr
a, L ‘*’2 o STy T3 P |

The components are Ilsted in TABLE | with frequeranyd
decaying-time constant characteristics.



(33)

i :V'{ rwzcos(swt+,8)+ TZ“’&)Z

1+
Vo bnd,_P 4
o, T{l_ng{mcos@wt)*’

L p T
V. (s-2)— x| —— T
L (s=2) 3 [1+ ?(2-9)’af

sin(sat +,8)}

Lszsin(swst)} (34)
1rrf(sw)

cod(2-s)wt) (35)
r’2-sw,
1+772-9%ak

—gLi(l—s)px _Tzwr cos
3aL, L 1+7°af

T

sin((2- s)wst)}

sin(w,t)} . (36)

T
t)+———
w?) T

vrn

2) Phase-to-Phase Fault:

Here phasé andc are short circuited leading to a voltage dip

at the terminals. Then the positive, negative agd sequence
components of the stator voltage are

V, =V,l-p/2)
V., =V,(p/2)
\750 :Vs(plz)

wherep is the phasb andc voltage dip ratio due to the fault.
Also, the initial value of natural flux is [16]:

\%
wnO: Sp

wS
The current expression in this case is similarh® gingle-
phase fault case, with the same five componentsdifferent
amplitudes. The components are solved as:

37)

(38)

{”‘(t) o, mr(){v cosp=V, = {1‘2)} (39)
*i,vsd( )gm«—)p ol

iw2=—l i( )p[ L

o L, T R-9d cod(2-9)wy) (42)
+%sin(@ - s)wst)}
=209 pXL;r:zw'r costan (43)
1:2(‘]rzsin(a)rt)}e_I

The components are listed in TABLE Il with frequgrand
decaying-time constant characteristics:

TABLE Il ASYMMETRICAL FAULT ROTORCURRENT COMPONENTS
Component Frequency Decaying time constant
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Fig. 2. The comparison of simulation and theoadtiotor currents during fault

conditions (for 0.5s): (a) three-phase 1.0p.u.aggltdip; (b) three-phase 0.6p.u.
voltage dip; (c) single-phase (phagevoltage dip of 1.0p.u.; (d) phase-to-phase
(phaséb to ) short circuit.

The fault rotor currents are simulated in PSCAD/EMTto
compare with the analysis, as shown in Fig. 2. Gleerator
parameters are shown in the Appendix, and the reie
converter is controlled using a voltage regulatingctor-
controller. The simulations have the rotor-side vewter
connected when faults occur.

Each fault displays different frequency componeatsd
characteristics. The three-phase short-circuitt fagluses an
abrupt change at the moment the fault with higpestk values
but with relatively short duration, Fig. 2(a) and B(a). However,
for the less serious voltage dip and asymmetraaltd, Fig 2(b-
d), the high magnitude, high frequency oscillatioakes it is
impossible to switch off the crowbar protection. pimtect the
system, the converter has to be inhibited and thenDFIG
absorbs reactive power from the grid, which is asklg affects
grid recovery.

The comparisons show that the analysis is in accwe
with theory and is valid for the study of the faatinditions.
Therefore it will contribute to the converter pratien scheme
design in Section IV. All three-phase rotor curseate shown
in Fig. 3. The same simulation system will alsoused for the
protection scheme verification that follows.



10,0 100 4

Series Dynamic Resistor ON

5.0 5.0 4

0.0 -Ressik 0.0 S
| AND Crowbar ON
5.0 Rotor Side Converter OFF

=50 4

-10,0 -10.0

ir, abc >
Ith.ce J

Crowbar OFF

1 Rotor Side Converter ON
10.0 10.0 4

5.0 5.0 41

Series Dynamic Resistor

0.0 o AND [—

0.0 _,,.,.||| OFF
-5.0 I -5.0 t_delay = 277(1-s) g —{ Timer —r
10,0 | ! -10.0
1.00 1.50 &
(c) (d) Voc DC-chopper ON
Fig. 3. Three-phase rotor currents during diffefanlt conditions (for 0.5s): e Y
(@) three-phase 1.0p.u. voltage dip; (b) three@Hasp.u. voltage dip; (c) DC-chopper OFF

single-phase (phas® 1.0p.u. voltage dip; (d) phase-to-phase (pHasec) Fig. 4. The combined converter protection switgtstrategy.

short circuit. . . . .
B. Series Dynamic Resistance Calculations

Resistance values are calculated for the mostuseciondition
(with the highest peak current value): symmetnediage dip up
The above rotor fault current analysis and simoatito 1.0p.u.. The rotor current expressions are {d%19). Due to
highlights a major difference between symmetricatd athe small stator resistance, the following apprations are
asymmetrical fault currents. For symmetrical faultse rotor made:e'”s =1; r= .
currents increase abruptly both at the beginnird)the end of Then the current components are expressed as & sing
the fault. The crowbar need only switch on for arstime. For trigonometric function as:
asymmetrical dips, the crowbar does not solve ttablem _ _
because it needs to be active throughout the duarafi the dip, 'oc _{'fa(t
requiring the generator to be disconnected frongthte This can

IV. PROTECTIONSCHEME BASED ONSERIESDYNAMIC RESISTOR

Tr
o, 1eri(sa) " (44)

t
be explained by the difference in flux componewts different -1 Vsi(l— s)#2 e’
a, °L, 1+712a?
faults [16]. 45
In this section, a new protection scheme based earias i, = Vi L sin@swt+B+4) (45)
OLr 1+ r2af

r=r

dynamic resistor is proposed which also combinesl an
coordinates the existing crowbar and DC-choppeteption. A iy =0 (46)

series dynamic resistor is used as the primanggtion, with the o L, 7, _ (47)
crowbar circuit used if the series dynamic resistinot protect e _Ivsz(l_s)ms'n(w'tw)
because of a deteriorating situation. The crondangaged only o
at the beginning or the end of the fault, if regdir The DC- Where ¢:tan‘1[j
chopper is used for DC-link overvoltage limitation. i
o Considering the amplitude of each component at the

A. Switching Srategy maximum current value:

It is observed in the above section that asymnadtidgeilts are oo 1L, T,
more hazardous than symmetrical faults for the DEéGause of 'ramax ™ 'ra(to)‘Ierl: d-9) 1+ 127 48)
the continuous over-current in the rotor. From &heve over- Vv r 1 v L a9 r '
current analysis a switching strategy is devisedetermine when ==tV (- ——=
to engage the protection measures using curressttolids. O yi+riaf ok . _LS l+rief

1) Protection engaged: The voltage change is not as abrupt as AlSO, the boundary conditions are
the current and can be shared by the series dynasigtor. For iramax< lth_sor} Vr < Vin rec- (49)
the DC-link voltage, its change can be further cediby the DC- Therefore, (48), (49) is an equation wherean be solved. With
chopper. Therefore, only rotor currents are moeddior series the protection schemes- - o (50)
dynamic resistor and crowbar protections. " R+ Ryecton

2) Protection disengaged: The protections themselves can be Then the critical resistance valRgqecion Can be calculated. If
seen as disturbances. To avoid the protectionschngt the rotor fault currents still cannot be limitedeefively, the
frequently because of the high frequency comporéntotor crowbar can be used as further protection. Thé tessstance is
current, the switch off is delayed for a period theé high Ry gecions inCludesRypr andRes. The current-limiting function is
frequency component, i.e.delay = 277(1-s) a2 after all the three- provided by the series dynamic resistor, hencertitieal criteria
phase currents decrease below the threshold value. of crowbar resistance is the voltage across it rhasithin the

The final switching strategy is shown in Fig. 4. rotor voltage limit, for its shunt connectidRégXir max< Vi max SO

the crowbar resistance is a small contributiomeototalRy gteciion:



This is simpler than using crowbar protection ajonkere the From (48), (49) % = 0.2041p.u.Ryotection = 0.987p.u. = 0.59.
resistance has a lower and upper limit. The mininuatae is Then the selected resistance valuefRase= 0.50, Reg = 0.09.
restricted by the rotor winding current limit, whithe maximum The value of DC-chopper resistance is not so afitis it is only

is set by the voltage limit at the converter teiatsrjg]. related to the DC-link voltage, so here choBsg: = 0.30.
V. SMULATION RESULTS e e e
1 H H (a) ; A, e e
The proposed converter protection method is velrifiyy 3
PSCAD/EMTDC simulations. The generator parametaes a g 50
listed in the Appendix. The faults simulated are: g0 o SRy @ lshpu 2 leapy
1) a three-phase voltage dip of 0.95p.u. for 0.2s; (b) :
2) a single phase (phaaegrounding for 0.2s; E
3) a two-phase short-circuit (phaseo c) for 0.2s; and s 80
. - |ra pu = Irb pu = e pu
4) a three-phase voltage dip of 0.6p.u. for 1.0s. T
The threshold values for calculatifipr andRcs are set as  (¢) £ 00 SN S o SC T
Ih or = 1.5p.U., I ce = 1.8p.u.. Rotor slip is = —0.2p.u. i
preceding the faults. 30 = S_SOR
50 = \fsa pu = \sb pu - Vs pu (d) En ’ I ‘ l | ' I ’ |
E &
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= o
(b) & © oz
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3 8
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= T 20
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Time (s) Fig. 6. Three-phase 0.95p.u. voltage dip for Otk converter protection: (a)

three-phase stator voltages,c (p-u.); (b) three-phase stator currépigc (p.u.);
(c) three-phase rotor curreritsype (p.U.); (d) SDR switching sign&@spr; (€)
crowbar switching signédeg; (f) DC-chopper switching sign&bcc; (g) phasea
rotor voltagevia (p.u.) and phase-RSC voltagersa (p.u.); (h) DC-link voltage
Voc (p.u.); (i) stator side active powE (p.u.) and reactive powe)s (p.u.); (j)
rotor speedw; (p.u.); (k) electrical torqud. (p.u.) and mechanical torque,

(p.u.).

Fig. 5. Three-phase 0.95p.u. voltage dip for OvdtBout protection: (a) three-
phase stator voltage@sapc (p.U.); (b) three-phase stator curregts,c (p.u.); (c)
three-phase rotor currentsapc (p-U.); (d) phaserrotor voltagevia (p.u.) and
phasea RSC voltagevis:a (p.U.); (€) DC-link voltagernc (p.u.); (f) stator side
active powerPs (p.u.) and reactive pow€s (p.u.); (g) rotor speed, (p.u.); (h)
electrical torqufe (p.u.) and mechanical torqig (p.u.).



A. Symmetrical Fault Condition L = Vo b

Figs. 5 and 6 show the system response to a 0.9&ptage
dip for 0.2s with and without protection respediven the
simulation without protection, the rotor-side corgeis blocked
during the fault. The rotor currents reach arouddp.u. for the
most serious phase. DC-link voltage and rotor spbeth 30 4 | | | |

1.000 1.020 1.040 1.060 1.080 1.100
increase until the fault is cleared. Large eleatritorque Times)
fluctu at.i ons 0c cu-r. | . | . | | (I:ggm ;‘é‘ri;I;)hne(;cc))tc())rl:n '\slgltf?gniralgpt.g.i;gf rotor-side converter voltagga (p.u.)

In Fig. 6, series dynamic resistor is switched @htiines in
total to limit the rotor current. During the recoyef the fault,
crowbar is switched in for 5 times with the ser@gmamic (@
resistor connected as the rotor current increasgend the 0
crowbar threshold. The simulation results show thith series go = lsasu = Ishpu = s pu
dynamic resistor protection, the first torque pdaksafely
avoided, while crowbar is helpful for protectionritdg fault (0)
recovery. The rotor current amplitude is limitedhw 1.5p.u., as
required. This also restricts the DC-link voltagerease (less
than 0.05p.u. in Fig. 6). The DC-chopper funct®nat required.
The rotor speed increase is effectively restraifredy 1.2p.u. to
1.207p.u. (1.22p.u. for without protection case).

vra, vrsca (p.u.)

- & Ysa pu ® \sb pu & soopu

s, abc (p.u.)

is, abc (p.u.)

©

ir, abc (p.u.)

The large 5.0p.u. torque fluctuation at the stathe fault is 120 g =08
avoided; compare Fig. 5 to Fig. 6 with the serigsadhic resistor. ) E; ] } ‘ ‘ H H ‘ '
However, a 7.0p.u. torque fluctuation occurs durihg fault X
recovery phase in Fig. 6. This is due to the crovwiratection v e
switching in as a further protection measure. Tihdividual [ -

crowbar and SDR torque performances will be conthardart (e) |
C which shows that all of the 7.0p.u. torque putsathat occurs 020 ]
at fault recovery is due to the crowbar circuig.HiO (d) and (e). " wsopcc

Although there is no rotor voltage monitoring i tswitching "3
strategy, it is still limited effectively to the la before the fault ) |
because of the voltage sharing ability of the sedgnamic

CB signal

DCC signal
0

-0.20 4

resistor. The rotor voltages display switching @recy 4o 0 Vrapu D Vrsca pu
components due to the pulse width modulation (PV@fjhe F
rotor-side converter. The high voltage is sharedsacthe series © g
resistor and the converter which results in a losegwverter side 40
voltage (s in Fig. 7). = VDCpu
Large transients happen during the fault cleariagitpdue to 3 100 j““‘”wl\”\,«—»ﬂ"‘”“”""""‘
the impact of crowbar protection switching, butethger with S goeo ]
series dynamic resistor protection, the disturbaindisappear 000 . N
after about 0.05s. It should be noted that the baovis used in 30y e o
this particular case, but is not a necessary reo@nt under all () 2 :Zh..mj“ —
faults. 8 P
o -1.50 4
B. Asymmetrical Fault Conditions 12020 oot

Figs. 8 and 9 show the system responses duringnaestyical G
fault conditions. The rotor currents are also kditvithin 1.5p.u..
For the phase-fault in Fig. 8, the series dynamic resistor and

wr {p.u.)

1.1880
o Te o Tm

crowbar protection switching events are similar the = ]
symmetrical fault conditions. However, there is qreriod of (k) £ ]
DC-chopper switching because of the gradual ineredsDC- E a0 ]
link voltage to 1.1p.u.. Instead of increasing, t#or speed 080 o080 100 110 120 130 140 150 10
. . - . Time (s)
decreases because the DFIG is still under contith active Fig. 8. Phasa 1.0p.u. voltage dip for 0.2 s with converter pctits: (a) three-

power supplied to the grid. An overspeed condiisoavoided as phase stator voltagesap, (p.u.); (b) three-phase stator curreigts,e (p.u.); (c)
the electrical torque balances the mechanical érgom the three;]phase rot?r CUf(fgrits,b,c (rllo-U-): (d) SDI;: Switchini Sign(ﬂ;m: rEe) crowbar
: R switching signalScg; DC-chopper switching signdéibcc; (g) phasea rotor
wind turbine’s blade System. voltagevia (p.u.) and phasa-RSC voltage/sa (p.u.); (h) DC-link voltage/nc
(p.u.); (i) stator side active powBk (p.u.) and reactive pow€s (p.u.); (j) rotor
speedw, (p.u.); (k) electrical torqué: (p.u.) and mechanical torqiig (p.u.).
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Fig. 9. Phasé to c short circuit for 0.2 s with converter protectign) three-
phase stator voltagesanc (p-U.); (b) three-phase stator curregts,c (p.u.); (c)
three-phase rotor currentsyc (p.u.); (d) SDR switching sign&kpr; (€) crowbar
switching signalSg; (f) DC-chopper switching sign@pcc; (g) phasea rotor

voltagevia (p.u.) and phasa-RSC voltagessa (p-u.); (h) DC-link voltage/nc

(p.u.); (i) stator side active powEk (p.u.) and reactive pow€)s (p.u.); (j) rotor
speedy; (p.u.); (K) electrical torqué. (p.u.) and mechanical torqlig (p.u.).
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Fig. 10. System response comparison between croat series dynamic
resistor protections, voltage dip of 0.6p.u. far(a3$ stator-side reactive pow@k
(p.u.); (b) zoomed reactive pow®s (p.u.); (c) rotor speed, (p.u.);(d) electrica
torque Te (p.u.) with CB protection; (e) electrical torqde (p.u.) with SDR
protection.

There are much larger power and electrical torduetuations
during the fault. This results in gradual increa$eotor speed,
from 1.20p.u. to 1.21p.u. but this is not serious.

The two asymmetrical conditions result in fluctoat after
stator voltage recovery. Although most of the \aga are under
control, these fluctuations should be studied imenutetail.

C. Performance Comparison between Crowbar and SDR

The performance of the crowbar and the series diynam
resistor protection schemes are compared. Theivegobwer,
electrical torque and rotor speed of the DFIG systare
simulated and compared in Fig. 10.

Both of the two strategies experience reactive poaral
electrical torque fluctuations during the fault. whver, for
crowbar protection, they are much larger. Fig. 1&lexpanded
to show the reactive power supply. It can be shahwith the

The phaseb to ¢ short-circuit in Fig. 9, in terms of faultrotor-side converter connected with the series mjmaesistor
current, is less serious than in the single-phase.cThere is no Protection scheme, no reactive power is absorbegeMer, for

need for both crowbar and DC-chopper operation. 3éwes
dynamic resistor is effective in this condition.tBao terms of

stator voltage, this is more serious than for glsiphase fault.

crowbar protection, the asynchronous machine absaréctive
power, up to 0.2p.u.. So in terms of grid voltageowery, the
series dynamic resistor protection has a signifiadmantage.



The reactive power and electrical torque ripplelarger with
series dynamic resistor
protection. This is due to the higher resistanceth@ rotor
winding and DFIG control system performance durfaglts,
which needs further exploration. However, it isacl¢hat the
peak torque that occurs at crowbar turn-on and-dffrris
significantly higher than that for the series dymarasistor. This
leads to the large torque fluctuation seen in Bignvhen the
crowbar is engaged. For rotor speed changes theyalaout
0.02p.u. different at the peak prior to recovenhe Tseries
dynamic resistor reduces the rotor over-speed raffeetively
than the crowbar circuit.

More importantly, the series dynamic resistor hasgch
smaller impact than the crowbar, especially duswiching-off.
Improper crowbar switch-off strategy (without theoodination
of controller reference setting [4]) can cause Ussd switching
which affects fault recovery. This can also be s&em the
comparison of voltage recovery in Figs. 8 and 9:thalit
crowbar switching, the voltage recovery for the pi@ase short-
circuit shows minimal fluctuation.

VI. APPLICATION DISCUSSIONS

A. The Switch Time of the Bypass-Snitch

In practical applications, the switch time may be issue,
especially for serious fault protection and recgvehen fast
switching response is required e.g., some crowhgristor
switches cannot interrupt the current before zeossing [8].
This will influence the protection performance. tle above
simulations, switching times of the crowbar andesedynamic
resistor power-electronic switches are consideyedidabling the
interpolation in PSCAD/EMTDC. This solves the caotfl

between immediate switching-operation with simolatime step.
The simulation time step is set agu20so the actual switch timel[6]
for IGBT is 2Qus, which is enough for the IGBTSs in applications

(commonly severals [17]).

B. Switch Normal Operation Losses

The series dynamic resistor is here realized byowep
electronic switch. However, the bypass switch tisatlosed
during normal operation will produce additional des,
specifically device on-state losses. But compacedhé stator
side braking resistor bypass-switches [13], thfatidower due to
the lower power rating on the rotor side.

VIl. CONCLUSION

Converter protection is necessary for DFIG wind eow[11]

generation systems during fault conditions. In gaper, various

resistor protection schemes are reviewed. The parpba series [12]

dynamic resistor is to avoid the frequent use ofvbar short-
circuit, to maximize the operation time of the resae
converter, and to reduce torque fluctuations dupngtection
operation. The rotor currents during various faglhditions are
discussed and current expressions are given toidghshe design
of the protection scheme. Resistance calculationghie series
dynamic resistor and crowbar using the expressianaximum
rotor current are described.

The series dynamic resistor can operate with ther-gide

protection compared to loaow converter control functioning. For the control dietgrid-side

converter to DC-link bus voltage, the resumptianetican be
shorter than for a system with normal active crawiratection.
This is helpful for resuming normal control and \pdes reactive
power for grid voltage support. During this progésspection of
the reactive power, electrical torque, and rot@espfluctuations
show that the proposed method enhances DFIG fdeitrough
capability.

APPENDIX
TABLE Il GENERATORPARAMETERS
Parameter Value Parameter Value
Rated poweP, 2 MW RatioNs/N, 0.63
Rated stator voltagés, 690 V Inertia constai (3.5 s
Rated frequenci 50 Hz Pole pair nd?, 2
Stator leakage inductantg | 0.105 p.u. | Stator resistan@e |0.0050 p.u.
Rotor leakage inductantg | 0.100 p.u. | Rotor resistanBe |0.0055 p.u.
Magnetizing inductancen 3.953 p.u.
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