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Loy Coupling inductance between control winding
Abstract— This paper discusses the dynamic behavior of the and rotor
brushless doubly fed induction generator during thegrid faults Q Reactive power
which lead to a decrease in the generator's terminaoltage. The T Torque
variation of the fluxes, back EMFs and currents areanalyzed J Moment of inertia

during and after the voltage dip. Furthermore, two alternative L .
approaches are proposed to improve the generatorde-through B Friction coefficient
capability; using crowbar and series dynamic resistr circuits. max{ } Maximum value
Appropriate  values for their resistances are calcuted  Suypscripts
analytically. Finally, the coupled circuit model ard the 12,1

| ) Power winding, control winding and rotor
generator’s speed and reactive power controllers arsimulated to

validate the theoretical results and the effectiveess of the &m Electrical and mechanical
proposed solutions. Moreover, experiments are perfmed to o Crovybar
validate the coupled circuit model used. c DC link
d,q Direct and quadrate axis of the synchronously
Index Terms—Brushless Doubly Fed Induction Generator, rotating reference frame
feasibility region, ride-through, voltage dip rated Rated value
sat Saturated value
NOMENCLATURE o, f Pre-fault and fault-on values

v, Amplitudes of the voltage and current
V,i Instantaneous values of the voltage and current . INTRODUCTION
Y Flux IND power has become an important source of
p Number of poles renewable energy in a number of countries aroued th
N, Number of rotor loops (nests) world, including Denmark, Germany and Spain. Thenesf
@ Angular speed connection of wind farms to the grid and their dyma
@, Natural speed behavior under different grid conditions has becoare
f Frequency ?mportant issue in recent years and new grid C_Me/e be_en
R Winding resistance mtrod_uced [1], _[2]. One_ of the most |mport_anstues r_elatlng
L Winding self inductance to grld codes is the rlde—thrqugh capability of wifarms
L, Coupling inductance between power winding anduring voltage dips due to grid faults. Based oeséhcode

rotor requirements, wind turbine generators must remaimected

to the grid and actively contribute to the systetabiity
during various grid fault scenarios that resultidecrease in
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reduced cost and relatively low investment. Thayéver, has
the disadvantage of reduced reliability, requirimgore
maintenance due to the use of brushes and slig-r[BY
However, there are some alternatives to achievehtess and
variable speed operation. For instance, a conftagtency
machine with a varying/variable speed has beengsexb for
wind power plants [4]. Another alternative is theudhless
doubly fed machine (BDFM). The BDFM, or brushlessiloly
fed induction generator (BDFIG), maintains all thenefits of

the DFIG but without brushes and slip-rings and ceen

achieving higher reliability and lower operatiocakt.
Although the converter rating and operatiothef BDFM is

[25], [26]. In addition, in some papers, such[28], DFIG
modeling for ride-through analysis is studied.

But, BDFM ride-through capability has not yeeh studied
in the literature. For instance, in [28] a brigéalission on
ride-through capability is given without any sugges to
improve it. This paper intends to fill this gapdaanalyzes the
dynamic behavior of the BDFIG during and after eéhphase
voltage dip on its terminals and proposes two &ffec
improvements.

In Section Il a brief description on structuwé BDFM,
fundamentals of operation and its dynamic modplésented.
In Section lll, the variations of fluxes, EMFs aagrrents are

similar to the DFIG, there are some structural edéhces analyzed during voltage dips using tdg model. In Section
between them. The BDFM uses a cage rotor with &ialpe |y, pased upon this analysis, two solutions to eckaride-

structure, while wound rotor is used in the DFIG addition,
the BDFM has two windings in the stator. It hasrbshown

through capability of the machine are proposedalBinin
Section V, the validity of a coupled-circuit modsl BDFIG,

that the output of a BDFM is less than a convemtionysed for simulation, is checked via comparison with

induction machine with the same volume of activetemal

experimental results and the predicted variationflokes,

under similar operating conditions [5]. It meansattithe EMFs and currents are verified by simulation. Hitbethis
BDFM would be larger in size than a DFIG with th@"® paper has talked of the BDFM, however in the follayvthe
rating. But, omitting the brush-gear and slip riagsl also the generating mode of the machine is studied, and en¢he

possibility of a stage reduction in the gear-box veihd
turbines with BDFM — due to its lower typical rotepeed —
can decrease its overall volume and costs. Howdvere is a
need to manufacture a wind turbine with a large-8DFM
and compare its electrical, mechanical
parameters with the existing DFIG-based wind tugbin
Because of the aforementioned advantages of BDEMas
great potential for wind power generation, partciyl
offshore application where maintenance time is ptesnium,
and for limited speed range variable pump driéés
However, in order to realize its commercial rpiges,
dynamic behavior and ride-through capability of BlDRas to
be assessed. Several papers have been publislagidgdb
BDFM modeling and control. The equivalent circus
suggested and experimentally validated in [7]. ngsthis
model, performance analysis is carried out and sa@tagions
for the active and reactive powers of BDFM are psga in
[5]- A rotor flux-oriented control algorithm is aluated for the
BDFM in [8]. In [9], a unified reference frameqmodel for

BDFM is proposed and verified experimentally. Usitigs
model, a vector control scheme is developed, inctud
experimental implementation in [10]. A BDFM-basédve
using a fractionally rated unidirectional converieproposed
and implemented in [11]. Also, the stator flux-otied control
design is developed and implemented for a BDFM1a].
Another vector model with experimental validatiors
suggested in [13]. But, the most detailed andipeemodel
using coupled circuits, is developed and describgl4].
Generally, two groups of alternatives havenbie#roduced
to improve ride-through and transient capabilitypéfiG wind
turbines. The first group includes appropriate dineor
nonlinear controllers [15]-[17]. The second groemploys
various devices and circuits to achieve this gaatumber of
which use FACTS devices [19], supercapacitor gnstgrage
[20], a series grid-side converter [21], crowlsard static
transfer switches [22], energy capacitor syst¢@8}, series
dynamic resistors (SDR) [24] or dynamic voltagstoeers

and economic

abbreviation BDFIG will be used.

II. BDFIG MODELING

The BDFIG has two, three-phase windings in stator,
namely the power winding (PW) and control windir@\\),
as shown in Fig. 1. To avoid direct coupling betwége two
windings, the pole pair numbers must differ by steger [14].

Fig. 1. The BDFIG Structure

Furthermore, in order to reduce asymmetrical
electromagnetic forces on the rotor, that pole piference
should be greater than one [14], that is:

[ (@

The PW is connected directly to the grid andréfore
operates at grid frequency producing an MMF in diregap
rotating at this frequency. Most of the power whie
transferred between the BDFIG and grid via thisdivig. The
CW is connected to grid via a bi-directional palyisated
frequency converter controlling the rotor speed agalctive
power supplied or absorbed by the machine [102].[The
frequency converter consists of two back-to-backtage
source inverters. The inverter connected to the ©wWthe
machine-side inverter (MSI), controls the CW cutrand due
to cross-coupling between the CW and PW, affeots RV
current. The grid side inverter (GSI) controls A€ link
voltage. Its free capacity can also be used to @tipihe
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BDFIG terminal voltage by supplying or absorbingatve
power.
The rotor windings are closed upon themseares hence,

-

= 6
Pt P2 ©)

In this paper, the stator windings' MMFs arsuased to

no brush or slip-ring is required. The number obps or

poles, N;, in the rotor winding is chosen to produce Crossﬁeglected. Considering only the,and p,pole pair MMFs

and neglecting other spatial harmonics in the apr gnd also,
using an equivalent impedance for the nested ladpr,ra

coupling between PW and CW [29], that is:

N, =B P @

have sinusoidal distribution and core saturatiofect$ are

dgmodel of the BDFIG in thep, pole pair synchronously

In order to increaseN, and consequently decrease rotorrotating reference frame is obtained as [9]:

leakage inductanceg is selected equal to 1 and the positive

sign is preferred [29]. Hence,

Nr =Pt p; (3)
Furthermore, the number of loops in each pelmdreased

by distributing each loop in several slots to dasesthe rotor

Cdy
leakage flux. The most common structure for theorrot v, = Rip + 2L + gy

winding to date is called the "nested loop" arranget, as
shown in Fig. 2. As can be seen, the nested lomp consists
of several nests, each representing one rotoricizontaining
several loops. Due to the special design of therratarious
modes of machine operation are obtained.

Fig. 2. Nested loop rotor of the D180 BDFIG

The most interesting mode for BDFIG operatisnthe
synchronous mode in which the frequency of the ¢edu
voltage in the PW due to the cross-coupling with GVéqual
to the frequency of the PW voltage source and w&sa. This
necessitates the production of two fields by PW &y
rotating at the same electrical speed with respethe rotor.
Furthermore, due to the chosen number of rotorsneke
direction of rotation of the PW MMF with respectttee rotor
should be opposite to the CW MMF to obtain crossptiog,
as shown in Fig. 3.

_ /Sa‘l - P

e
-
- Rotor axis

e poy

Fig. 3. Electrical speeds of two stator fields wigspect to the rotor

In this situation [29],

o - P = (@~ Pat) 4
thus, the synchronous speed is determined as:
_ta,
e 5
Pt P2 ®)

If the CW current is DC, the natural speed willdwhieved [7]
as:

¢, =L, + L, (1)
Yo =L, + Ly, ®)
wr :Lrir +L1ri1+|-2ri2 (9)
10
pm (10)
. d .
Vo = Ry + 42+ (@ - N CEY
—pi L9 _
Ve = err + at + ](wl pla)r)Wr =0 (12)
3 ol 3 o
Te = ) ] |m|:l//1|1:| 5 P2 m{wz'z} (13)
However, the mechanical equation is:
T,-T.=J dg;f +Bw (14)

The axis of the PW flux is selected as theaxis reference
under steady state conditions. This results in tively
independent controllability of rotor speed and P®éactive
power by q and d axes of CW voltage, respectively [10],

[12]. It is noteworthy that the reference value fbe wind
turbine rotor speed is determined to maximize tlosvegr
captured from wind. The controllers of the rotoesg and PW
reactive power are illustrated in Fig. 4. In thesmtrollers,
g components have higher priority. In other words:

|2q_sat = |2—raled- V2q_$1 :V2—rated

_ 2 2 _ 2 2
I 2d_sat ~ \[ 1> rated =1 2q VZd_sat = VVZ—rated _VZq

@rdﬂ%ﬁ Pl = Pl jL)VZq
Iquref

(15)

0‘4 I2q
@
Ql—rdﬂ?% Pl n P| jL)VZd
L2d-ret
Ql i2d

(b)
Fig. 4. The controllers for: (a) Rotor speed, () Reactive power
Ill. RIDE-THROUGHANALYSIS OFBDFIG

A three phase voltage dip at the BDFIG ternsinalay
occur due to some events in the power system, aschort
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circuit or connection of large loads. Neglectii®gy in (10)

leads to an approximate relation for the PW fluxirty the
transients resulting from a voltage dip, as stai€d6).
~ Vl—f + Vl—O _Vl—f

2 2

g ldtg

W+ (16)

whereR,, L, and E, are the CW transient resistance, CW

transient inductance and back EMF induced in CWndur
voltage dips, respectively.

By transforming (18) and (21) to the CW station
reference frame, (22) and (23) are obtained, réispde
Then, the transient equivalent circuit seen froed@W can be

where ¢ is damping of the PW flux and depends on the PW awn as Fig. 5.

resistance. If this equation is rewritten in the RWtionary
reference frame, (17) will be obtained. Details thfe
transformation between different reference framesgaven in

[9].
Vi_: Vio—=Vi_s _
wlf: lfeJ“it.'. 1-0 lfeg'[ (17)
W 2]
As can be observed, this flux is divided intawot

components. The first part is rotating synchronpusid its
amplitude is directly dictated by the remaining ntaral
voltage. The second component is DC and frozen repect
to the PW. Its amplitude is proportional to thetage dip
level and is exponentially damped during the falittese flux
components induce back EMFs in the rotor.

It is noteworthy that the speed of the firstngpmnent with
respect to the rotor is equal tay— p,&w; and hence, the

p, order harmonics of MMF produced by the rotor rotait
respect to the rotor @, — @ . Consequently, the rotational
speed of this harmonic MMF with respect to the C\W ke

equal to N,w, —«, leading to an induced EMF in the CW
with a frequency oN, f, - f;. However, due to the decrease

of amplitude of PW linkage flux first component ohey
voltage dips, the EMF induced in CW with the freggee of
N, f; - fywill have a lower value with respect to the preHfau
condition.

The second component rotates with respect tootioe at the
electrical speed ofp,w . The harmonic MMF withp, pole
pairs, produced by the rotor, will rotate pjcy with respect to
the rotor. Hence, this harmonic MMF will
atpiw + Py, or N,w, with respect to the CW and
consequently will lead to an induced EMF with fregay
N, f, .

Combining (7)-(12) and (16) and neglecting rotmistance,

the CW voltage can be written as:
L s , di .
V2:R2'2+J(a’1‘Nr04})L2'2+L2d_t2+E2 (18)
L, L ?
R,=R, +| —&—2r 19
) Z[Hh_%Ja (19)
, L,L3
2 = 2‘1—2r2 (20)
LL, -2
R R L .
B, =———2 [ Rh +J(Nrwr—w1)}/1_f
a LL -Ly |\ LL Ly
(21)
Rll-r H ot —jat
+ ——"——+|N o~ Vi_;)e%e
[LlLr_L%r INcar |V V1)

v2:%5+q%f+g (22)
. , , 1 L,L
E;=Ey+Exp =_1r—2r2
2 I-ll-r _Llr
RiL, ; J(Nc@ -t
~ J(N; e —ay) Vel et 4
K LL -2 J(N;w, —ay) My (23)
RlLr . —ot L JN,wt
—7I —— N 0 —Vi_s)e e’
[Lll—r_l-%r INy @ [(Vig =Vi¢)

B

Fig. 5. Transient Equivalent Circuit of the CW

From (23), it can be observed thEf, consists of two
components with different frequencies, i.e.
N, f, - f,andN, f, . As mentioned before, the amplitude of

the first component depends on the voltage levelthat
generator terminals. But, the amplitude of the Bdco
component depends on the voltage dip and is damwjiada
factor related t&,. However, assuming that the CW reaches
its steady state condition during the faly, can similarly be
calculated for post fault condition, as (24).

' ' ' 1 LyL
rotate Ey = Eby + By, = ——12—
a)_l_ LlLr - Lll’
_Rb - J(Nray —a)t
HHH-@ (i ) ro® ' (24)
L . o
[y vowmen
1-r 1r

Due to the unbalance between the induced #an&MFs
in the CW and the MSI injected voltage, transiantents will
appear in the CW. Furthermore, a DC component exibt

with a time constant equal H’% , which is related to the
2

natural frequency of the circuit in Fig. 5. Theserents may
be large enough to damage the MSI or the DC lirgacor.
To overcome this problem, two solutions are progdsethe
following section.

IV. IMPROVEMENT OFBDFIG RIDE-THROUGH CAPABILITY

As mentioned in the previous section, large cusrehie to
voltage dips may damage the converter. Hence, ¢hergtor
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needs to be disconnected from the grid to protéet
converter, despite the grid codes. In this sectiwn,solutions
are proposed to protect the converter without diseating
the generator from the grid and thereby increatiegBDFIG
low voltage ride-through capability.

A. Use of the crowbar

The first approach is to use crowbar resistoms)nected
across the CW terminals of the BDFIG and turn b# MSI
(Fig. 6) in a similar way to what is normal praetion the
DFIG. This will introduce a relatively high impedancircuit

t From (27), the maximum crowbar resistance can b
obtained in accordance with 100 % voltage dip, awimmum
grid code, and the highest rotor speed.

It should be noted that the crowbar operati@msforms
BDFIG to a cascade machine and therefore the machin

behavior becomes similar to an induction machint wil,

pole pairs [14]. Consequently, it absorbs reacpesver in
contrast to the grid code requirements [1] anth&rvoltage
reduction at generator terminals may occur.

B. Useof the series dynamic resistor

to the transient EMFs induced in the CW. The crawba another alternative is to increase the CW tasise during
resistance should be high enough to provide s&ffici \jtage dip by dynamic resistors connected in seriith the
damping for CW currents. On the other hand, a higlrstancg CW, as illustrated in Fig. 7. The SDR is bypassid high

can generate high enough voltages to damage M$¢trmsi
Hence, its maximum resistance should also be datedn

&

y
|
\"CW

Frequency
Converter

Crowbar
Fig. 6. BDFIG with crowbar

From (22)-(24), the CW current during and aféethree
phase voltage dip has a general form which is ansation of
three terms as follows:

R
i2 = kle Ly + kZeJ(NrM -t + kse_UteJNrwrt

Due to the rapid damping of the first term,cdn be
neglected. The highest possible voltage occurs vihehatter
two terms have simultaneous peaks. From (23) aAyli{4s
evident thatE’, will be greater after voltage recovery. Henc
the highest possible value after voltage recoveiybe,
mafi,} = maJ‘kzei(Nrw—aa)t +k3e‘°‘eiNr‘*“} -

mafEy) , malel)
VR +R)Z+LEMN  —a)? (o +R ) +LE(N, )

1 Lyl L
L ‘/( R )2 4 (N g ~a)?Vig

Tyl -2\ L -2

1 Lyl L
=t Doba o Rb 02 (86 Vg V)

q L]_Lr _Lll’ L]_Lr _LJ!

It should be noted that maximum instantaneookage
tolerable by IGBT switches in the converter is Ulsua
considered to be 1.2 times the DC link voltage. dderthe
maximum crowbar resistance voltage drop obtaindidoei

maxEj.i}

(25)

mafE) .} (26)

maXEy.,}

Re '
V(R +Ro)? + LE(N, 0 - a)? (27)
maxE,_,} < 0.V rated
R+ R)? + LE(N@)?

current, low voltage IGBTs under steady state doyml, and
becomes active during voltage dips. In this mantrer,SDR
increases the CW resistance and consequeptlyence, the
CW current peak decreases. Meanwhile, MSI is on card
affect the CW current to have a better control.

Frequency
Converter

Fig. 7. BDFIG with SDR

The minimum SDR is determined to limit the CW
maximum current to less than the maximum instamase

current tolerable by the convertérzLQnaX), as (28).
e, maxEj}
V(R + Rop)? + LE(N, @ - @)?
maX{E'z—z}
V(R + Repe)? + LE(N, 4)?

+

(28)

< |2—max

To derive (28), the MSI injected voltage is neglected.
Practically, due to the use of a current limiter, the M3tage
decreases the maximum current. Hence, neglecting this
voltage increases the reliability margin of the resistance
selection.

The crowbar and SDR should remain in circuit for artsh
period of time after voltage recovery to prevent current
overshoots. It should be noted that the MSI cannot cotfieol
speed and reactive power until active power is accessite f
the GSI via the DC link, which depends upon the terminal
voltage as well as the DC link capacitance. However,yever
time MSI control is ineffective, the SDR will limit the CW
current peaks, in a similar way to the crowbar. Cleahg, t
main drawback of the SDR is steady state loss in the switches
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V. VERIFICATION

A. Experimental validation of the model

An experimental set-up, shown in Fig. 8, wagdugo
validate the simulation results. The delta-conreegi@wer
winding of the BDFIG was connected to the grid tigio a
variac and is supplied at rated voltage and frequene.

simulated machine parameters are presented in ppenlix.
It should be noted that the model neglected ircss land
saturation. It also assumes fundamental sine wesitaon in
the control winding. All the control parameters wéept the
same as in the experiments.

The condition of a symmetrical voltage drop of ab50%
in 300ms from 240V was considered. The BDFIG was

240V and 50Hzin normal conditions. The variac wasoperating at 20lmand 600 pm before the fault occurred. The
manually changed to emulate a symmetrical voltagp dnd experimental and simulation results are illustrateBig. 9. As
fault clearance. As can be seen in Fig. 9(a), #®ilting observed, the simulation results show a good siityilto the
voltage drop took about 30, slower than a typical grid experimental ones. Therefore, it is observed thatcoupled-
fault but on a similar scale. The control windingsvalso circuit model is an acceptable tool for evaluatihg BDFIG

connected in delta and supplied by a unidirectionalerter.
When the BDFIG’s operating speed was aboventtaral
speed, the control winding was exporting powerthis case,
the resistor bank was used to absorb this poweditiddally,
a filter was connected between the converter oudogt the

CW to eliminate components related to the converter

switching frequency. Note that due to existencéhefparallel
resistor bank, even when the variac was chandiegDC-link

voltage remained constant at about 300 V. In a vaad

turbine, the DC-link voltage would fluctuate durifaplts and
hence, a DC-link protective circuit, such as a gwopis used
to prevent over voltages. Hence, the parallel t@stsank can
operate like an efficient protective circuit foretlidC link by
sinking the additional active power flowing fronet@W.

Grid

@

i l\ BDFIG Torque DC machine
e transducef N—
Y

(b)
Fig. 8. (a) The test set up, (b) The BDFIG coneeédb a DC motor

The prototype BDFIG was coupled to a DC machine

supplied from a commercial DC drive (ABB DCS800heT
DC machine operates at constant speed and the BR&#Gn
power control mode in normal conditions. An incremad
encoder with 10,000 pulses per revolution was used
measure the shaft rotational speed. The contraofighgn was
implemented in MATLAB/Simulink in an xPC Target Box
which received all the above signals and gener&@iM
signals for the converter. The sampling time of tmatrol
loop was 0.4ns.

The coupled-circuit model implemented for thetptype

BDFIG-D180 was simulated using MATLAB/Simulink. The

dynamic performance.
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4 second and, started to decrease immediately aftttage
recovery.

v
S
S

=)

PW reactive power (W)
g

1000

10 10.5 11 (115 12 125 13
Time (s)
(e)

40

The CW current (A)
=3

20 3

4 i i i i
8.8 10 102 104 106 108 11 11.2
Time (s)

@

Electromagnetic torque (Nm)

M———-—V S
20 )
; 10
40 2
l Z s
i =
10 10.5 11 11.5 12 12.5 13 I
Time (s) % 0
® =
650 O
> -
=
- -10
g
5
3 o 10,01 10.02 10.03 10.04
%600 Time (s)
g (b)
z 660
“ 650
350 10 16.5 11 11.5 12 12.5 13 '264()
Time (s) &
)] g 630
Fig. 9. Measurement and simulation results for DBBEF-IG: (a) The terminal %670
voltage, (b) CW current, (c) PW current, (d) PWiactpower, (e) PW 5
reactive power, (f) Electromagnetic torque andRgjor speed 2 610
600
A. Ride-through assessment “
N 8.8 10 102 104 10.6 10.8 11 11.2

In order to simulate the dynamic behavior af thachine Time (s)
during instantaneous voltage dips, the coupledsitinmodel, Fi. 10, Simulat s § DlSO(CB)DFIGd 1 0u voltage dip |
s . . ig. 10. Simulation results for ue u voltage dip from
which is more precise thadq model, was used. Imtla"y’ the t=10s to t =11sat 600 rpm: (a) CW current, (b) CW current (zoomed in) and
simulation was performed for a 70% three phaseageltdip. (c) Rotor speed
However, in order to consider the effect of windbtoe

inertia,J was considered equal tokgm?. The terminal
voltage dip occurred at =10sand continued for 100@©s.

In order to obtain the region of feasibilityr foperation of
the BDFIG-D180, the simulations were repeated wdth
o - ) ) voltage dip duration of 1008s at t =10s at various speeds
The variation of phase a' current of the CW with input and all with an input torque of 3@mand unity power factor.
torque and unity power factor at 600pm due to From these simulations, Fig. 11 is obtained forrtreximum
aforementioned voltage dip is shown in Fig. 10(@), permissible CW current of 18. The area above the line

As expected, two frequenciedN; fy —f1=10Hz and (dotted) is the region of feasible operation, where
Ny f, =60Hzwere observed in the initial instants after thénstantaneous overshoot of the CW current remaimceu
voltage dip in Figs. 10(a) and (b), respectivelyrtRermore, 1,6A b°t,h dprlng and gfter the VOItage dip. The. ardavbehe
the second frequency component was damped witma ti line (solid) is the region of gnfea5|ble operatiovhere the
constant close t015s, as observed in Fig. 10(a). The cwCW current exceeds the A@imit.
current peak was less than the maximum permiséibléhe A. Ride-through enhancement
switches (18) and therefore the generator does not need to be, general, the crowbar and SDR could be aobeteries
disconnected from the grid at this voltage dip estdr speed. rggistances with parallel switches. Thus, theiretife

The rotor speed variation is shown in Fig. 10(c)eDo the | eqistance could be controlled in several stepacirordance
mismatch the between input mechanical and outmatr@al i the voltage dip severity and pre-fault rotopesd.
powers, the rotor speed increased aboutpB2within 1
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However, in order to simplify the analysis, in tipaper they
have been considered as fixed resistances caldulatethe 1
worst case situation, i.e. 100% voltage dip andimar rotor 100
speed of 750pm, to guarantee safe operation of the converter

switches in the case of any low voltage ride-thtoagenario.
Hence, using (27) and (28), the crowbar and SDRteexes
are obtained as 127 and 21.8) , respectively. The peaks of 101
the CW current with SDR and crowbar voltage dud@0% 1
voltage dip are depicted in Fig. 12 and 13, respelgt From 10 102 104 Timel(ds-g 108 1 112
these results it can be concluded that by applgbBdR and @

crowbar, the CW current and the voltage drop onctiovbar 800
remain below their limits — 18 and 274/ , respectively — for
any voltage dip level and any pre-fault rotor spegd to
750rpm.

CW current (A)
v o

<
v
=}

700

o
vy
=]

100

Rotor speed (rpm)

=N
1=}
T

80 -k

60 110
40

10 10.2 104 106 10.8 11 11.2
Time (s)

(b)

20 -+
0

Remaining voltage

54

250 300 350 400 450 500 550 600 650 700 750
Pre-fault rotor speed (rpm)

Fig. 11. Region of feasible operation for the DBIOFIG ride-through

Active power (W)
S
l (=]
3
o —

| === without SDR and Crowbar -¢-withSDR |

i
10 10.2 10.4 : 10.6 10.8 11 11.2
Time (s)

2 i

20 (c)
1

1

10000

W

5000

CW current peak (A)

250 300 350 400 450 3500 550 600 650 700 750
Pre-fault rotor speed (rpm)
Fig. 12. CW current peak versus pre-fault rotorespeith 100% voltage dip

Reactive power (VAr)

i

. i 10 10.2 10.4 . 10.6 10.8

As an example, variations of the CW currentorepeed, (Td‘;m‘ ©)
active and reactive POWErs In thr_ee cases of SH%Q@de at Fig. 14. Simulation results for D180 BDFIG due t6%8 voltage dip at
600rpm from t=10stot =11swith the use of either the soorpmwith the use of either SDR or crowbar: (a) CW phesgent, (b)

crowbar or SDR and without them are illustrated=ig. 14. Rotor speed, (c) active power and (d) Reactive powe
The crowbar or SDR remained in circuit for a furt@®ms

after voltage recovery to prevent high current geak As observed, the use of SDR leads to bettetr@oaf the
active and reactive powers compared to the caseewthe
250 } crowbar is used. Using the crowbar leads toVe&xport and
*‘g 200 150VAr import during the voltage dip, whereas applicatién
> - the SDR leads to both 590 and 500/Ar export.
%”ADO rax/" Furthermore, significant difference between reactpower
S > 100 imports after voltage recovery clarifies furthee dvantage
g 50 of the SDR. It should be noted that these resudtewbtained
E 0 without modification during the voltage dips to thweverter
S 250 300 350 400 450 500 550 600 650 700 750 ~ controllers. Hence, the dynamic behavior of the Si2R the

potential to be improved further

Pre-fault rotor speed (rpm) Fig. 15 shows the voltage drop across the loapvand it
Fig. 13. Crowbar voltage peak versus pre-faultrrefieed with 100% voltage can be observed that voltage remained below thepsaisle
dip limit (274V ).
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Fig. 15. Crowbar phase voltage variations due b 86ltage dip at 606pm

V. (41

The structure and synchronous operation of BDRre
introduced briefly in this paper. Variation of liage fluxes
and back electromotive forces are investigated yéinally
using the machine dq model in the p,pole pair

synchronously rotating reference frame. The eqeival
dynamic circuit of the CW is then obtained. The lgsia
shows that during or after a voltage dip, the EMé&uiced in
the CW can be greater than its pre-fault value an
consequently, high transient CW currents may appear

Two approaches are suggested to overcome tbldem;
the use of crowbar, as has traditionally been thse cwith
DFIG, or the use of SDR. Simple relations to deteem
appropriate values for both are proposed. Firgt,vididity of
the model used for simulation is checked by conmgari
simulation with experimental results on a D180 BGFThen,
the proposed solutions are implemented in simuiatiand
their efficacy is explored. The results show thathbthe
crowbar and SDR solutions develop a region of asi
voltage dip operation for the BDFIG up to maximuotor
speed.

While the use of crowbar provides more CW auirre
damping, it leads to higher reactive power imp@t the
other hand, the use of SDR results in better cbomaoactive
and reactive powers, but its conductive loss resltive steady |17
state efficiency.

CONCLUSION

(8]

9]

[10]

Appendix
[12]
TABLE |
PROTOTYPEBDFIG SPECIFICATIONS
Parameter Value Parameter Value
frame size D180 f; 50H:z (23]
Py 2 L 0.3498H
P2 4 L, 0.3637H
N, 6 L, 0. 044523mH
stator slots 48 Ly, 0.0031H (14]
rotor slots 36 Lo 0.0022H
PW rated
R,
voltage 240v (at 50Hz) 1 2.3Q [15]
CW rated
R
Voltage 240v (at 50Hz ) > 4Q
PW rated
R
curren 8A . 0.00012967 [16]
CW rated
0.53kgm?2
current 8A J kgm
rated torque 50Nm B 0.036Nms
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