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Renewable Energy Sources (like wind energy) minimize the demand for other types of power. Wind ener-
gy generation has become a major power in some countries, covering the essential share in the Energy Balance
in Holland, Spain, Brazil, Germany, China and others. The construction of new Wind Power causes new chal-
lenges for the transmission distribution infrastructure. However, environmentally friendly Renewable Energy
has recently become an important part of generation in industrial applications, worth for distributed lines expan-
sion. A significant part of electric machines used in Wind Industry are doubly fed induction motors (DFIM)
used as electric generators. They earned the leading market position over the recent decade and continue their
run. The machines of this type offer operation stability along with affordable costs. The outstanding technical
benefits include the ability for variable speed operation and independent control of reactive and active power.
To protect the rotor side converter (RSC) from transient overcurrent during voltage dips,
the crowbar circuit protection is usually used. The paper analyzes and investigates the dynamic behavior of
the doubly-fed induction motor, back-to-back converter, and the rotor side converter during symmetrical voltage
dips using the crowbar protection system with MATLAB/Simulink simulation. In addition, it studies the crow-
bar circuit affects the diodes, switches, and resistances at the low voltage ride through (LVRT) capability en-

hancement.

Keywords: doubly-fed induction motor (DFIM), low voltage ride through (LVRT), crowbar, symmetrical

voltage dips, wind turbine.

Introduction

According to the reports of World Wind Energy
Association, the overall capacity of the wind turbines
installed worldwide by the end of 2017 reached
539.291 Gigawatt (GW), added extra 2.6 GW in 2017.
The installed power of wind turbines covers more than
5% of the global electricity demand. The share of grid
tied large scale wind turbines is also growing com-
pared to small turbines, reaching about 99% of
the global wind market. Since the wind farms consist
of big wind turbines, they require being more control-
lable both in reactive and active power, at the same
time having a low voltage ride through (LVRT) capa-
bility when a fault occurs. The wind speed is con-
stantly fluctuating, causing the correspondent changes
in rotation frequency during operation. Because of
this, the wind industry requires stable permanent con-
trol of both reactive and active power. However, it
should be cost-effective. One of the solutions is par-
tial-scale converter [1], controlling doubly fed induc-
tion motor (DFIM), widely distributed starting from
2002 as the main part of wind turbine generation sys-
tem [2]. The stator of DFIM is connected directly to
the grid, thus, the wind generator system is also ex-
posed to grid instabilities [3]. The main intended pur-
pose of the wind turbine is the grid power supply,
maintaining the connection and actively participating

in the entire system stability under and after possible
grid voltage dip faults and disturbances. This capabi-
lity of wind turbines is called Low Voltage Ride
Through (LVRT) [4].

The most efficient approach to tuning DFIM to
the LVRT is to use a suitable crowbar protection cir-
cuit on the rotor side of the DFIM [5]. The scientists
and engineers researched the DFIM equivalent circuit
and figured out that a suitable crowbar resistance
is quite useful for LVRT. This method is based on
the characteristics of rotor and stator fault currents
taking into account the crowbar resistance [6].

When the voltage dips occur [7-10], huge cur-
rents are induced in the stator windings. Because of
magnetizing coupling the large currents are also in-
duced in the rotor windings. They may destroy
the converters and increase the voltage of the DC-
coupling. Thus the protection circuit is required to
prevent the failure of the whole wind turbine. This
protection of the back-to-back converter could be
achieved by connecting the rotor circuit via a crow-
bar circuit protection, which in turn would protect
the converters from huge transient rotor currents.
When the rotor currents are short-circuiting the con-
verters, the control of the DFIM is lost, so is the re-
active and active power control on the stator side of
the DFIM [11-12].
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Fig. 1 presents a full diagram of the DFIM wind
turbine. The AC/DC/AC converter consists of two
parts: rotor side converter (RSC) and grid side con-
verter (GSC) [13]. RSC and GSC are both voltage
source converters. The DC voltage source, which is
represented by a capacitor, is connected to the DC part
of the converter. The GSC and the stator are con-
nected to the three-phase grid via transformer convert-
ing low voltage into high voltage. The rotor winding
is connected to the rotor side converter with slip and
brushes. The mechanical power generated by the wind
turbine is transformed into electrical power by
the DFIM and transferred to the three-phase grid via
the stator and the converters.

The control system of the DFIM contains three
sections [14]:

e RSC converter, which controls reactive and ac-
tive power in stator section.

e GSC converter that controls the DC voltage to
keep it fixed and can be used to insert extra reactive
power to the grid.

e Speed control, which controls the electrical
power of the converter by changing the blades pitch
angle.

Analysis of DFIM-Based Wind Turbines

during Voltage Dips

Voltage dips are defined as unexpected distur-
bances of grid voltage, because of faults occurring in
the grid. This paper concentrates on symmetric vol-
tage dips only. As soon as voltage dip is recognized
by the DFIM sensors, it is required to check the per-
formance of the stator flux and analyze the problems
resulting in disorders, appearing because of the dip.
The coils of the rotor and stator can be expressed by
two rotating coils DQ for the rotor and two stationary

af coils for the stator according to space vector the-

o dy
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where the stator reference frame (o.—f3) is a station-

ary reference frame, the rotor reference frame (DQ)

rotates at rotation speed ®,, . Subscripts “s”, “r” are

used to signify space vector, when it is referred to
the stator or rotor respectively; v, and v, are the sta-

tor and rotor voltage vectors; l; and /. are the stator

and rotor current vectors; ¥, and P, are the stator

and rotor flux vectors. The stator and rotor flux equa-
tions in the space vector form are expressed in

the following equations:
}; A3)
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where L, and L, are the stator and rotor self-
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inductances, L, is mutual inductance. In addition,

m
R and R, are the stator and rotor resistances and ,,
is the rotor mechanical speed. Combining equations
(1) and (4) and removing the stator current, the fol-
lowing equation is resulting:
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Fig. 1. A full diagram of DFIM based wind turbine
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The shown transformations illustrate that when
a voltage dip occurs, the stator flux cannot get to its
steady state as fast as the stator voltage does. Each
phase of the stator flux consists of the sum of a sinu-
soid and exponential functions with a time constant
L,/R, . The rotor current can make the flux decay

rapidly, as shown in Fig. 2. In case of losing control,
the rotor current is controlled by the mean of the RSC.

Equations (1) to (4) can be transformed into
the following expression, as illustrated in Fig. 3a:

=2 (57— o, )+
S

2

L e d-

+| R, +(ﬁ} R, |i" +oL, Elrr’ (6)
where ¢ = l—Lmz/LS L, .

The rotor current is the function of the stator flux,

rotor and stator voltages, as well as of equivalent in-

ductances and resistances. The space vector diagram

at sub-synchronous speed is drawn in Fig. 3b above.

Loss of Control during Grid Voltage Dip

When the wind turbine runs at some steady point
and an unexpected voltage dip occurs, this sudden
change must be conveyed by immediate rotor voltage
change to avoid an abrupt considerable increase in

4Y Flux (Wb)

Rotor open circuited (not rotor currents)

1

rotor current. Since the stator flux decays gradually,
the rotor voltage will exceed the steady state. This
may cause the disorder because of the stator voltage
dip as shown in Fig. 4. Therefore, after several cycles,
a new steady state should finally get back to the old
steady state, which was before the voltage dip occur-
rence, but with lower stator voltage, which also gives
a lower T,, and Q. In order not to lose the control,
keeping the rotor currents within safe limit value, it
is required to set up the higher rotor voltage before
the start of the voltage dip [15].

Operation of DFIM under Severe Stator

Voltage Dips

When severe stator voltage dip occurs, the entire
system requires a crowbar protection from the excee-
ding currents and voltages, because of the loss of con-
trol during the dip. In DFIM-based wind turbines,
the crowbar is connected at the rotor side, as illus-
trated in Fig. 5a. It protects the rotor converter. It is
triggered when an irregular case is registered.
The current is converted to the crowbar protection
circuit and the rotor converter is isolated. Fig. 5b illus-
trates one phase equivalent circuit of the system when
the crowbar is activated. As shown, once the crowbar
protection is switched on, the circuit becomes an im-
pedance divider. From Fig. 5a, the crowbar consists of
rectifier diode, resistance, and controlled switch.
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Fig. 3. Equivalent circuit of the DFIM for the analysis of voltage dips (a)
and space vector diagram at sub-synchronism in a generator mode (b)
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Fig. 4. Evolution of the space vector magnitudes from the first state when the stator voltage
is reduced until the steady state is reached at the dip
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Fig. 5. System equipped with three-phase DC crowbar protection (a)
and one phase equivalent circuit of the system when the crowbar is activated (b)

To provide LVRT ability, the wind turbine must
stay connected to the grid under the voltage dip; then,
the crowbar must be switched on and switched off
remaining the connection of DFIM circuit with
the grid. Thus the following set of actions is taken
under significant voltage dip:

e The machine is generating power at a certain
operating point.

e Once the voltage dip happens, there is a time
about (0.5-5) milliseconds until rotor control will re-
gister the dip. During this time the system is out of
control and the high current is induced in rotor con-

verter, accompanied by increasing of DC bus voltage.
The voltage dip is followed by:

a) High voltage in the DC link,

b) High current in rotor,

¢) Grid voltage drop.

e When the dip is noticed, the crowbar protection
is switched on rapidly, demagnetizing the DFIM.
The entire rotor current runs via the crowbar.

o After the flux decays, the converter voltage
can start controlling the DFIM. The protection cir-
cuit is disconnected and the rotor converter inacti-

vated.
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Crowbar protection circuit modeling
The crowbar protection circuit model consists of

a rectifier diode bridge, resistance R, . and con-

trolling switch, implemented using MATLAB/ Simu-
link as shown in Fig. 6.
R, owpar 15 about 0.2 Q and the switch is con-

trolled by the circuit (C1), which is triggered when
1. > I limit or V},; >V, limit. Assuming that the vol-

tage dip occurred at the time of 3 s, the switch is trig-

gered and the crowbar protection circuit activated.
When the time is equal to3.1s, the switch is not ac-

tive and the crowbar protection circuit deactivated.
This process is shown in Fig. 7 by using step function
imported from Simulink library.

The control circuit (C2) operation, which trigger
the three-phase bridge, is opposite to the control cir-
cuit (C1) described above, and used to protect the ro-
tor and the grid side converter (GSC). When the crow-
bar protection is activated, it must disable the three-
phase bridge and isolate the rotor side converter
(RSC) to protect it from higher current and voltage as
Fig. 8 and Fig. 9 show.

Simulation results and discussions

Configured three-phase programmable voltage
source was obtained by generating the voltage dip at 90%
of the stator voltage including the harmonics. This leads
to the system failure according to Table 1, recovering
the voltage after 3.5 s to the full recovery at 4.17 s.

During the voltage dip, the current is fully pro-
vided by the d part of stator current, losing the torque
control of the wind turbine.

A simulation is carried out to research the dy-
namic behavior of a DFIM based wind turbine by
using the crowbar protection circuit. The simulation is
implemented in MATLAB/Simulink. In this simula-
tion, the DFIM is exposed to a severe voltage dip of
about 90% of the stator voltage for 0.50 s. Vector con-
trol approach is used to control GSC and RSC.
It is assumed that the wind speed is constant (about
8.5 m/s) during the simulation period of time. Tur-

bine rated voltage and power are taken as basic values.

To supply LVRT ability, a crowbar protection
is used to avert the DFIM from being separated from
the grid under hard voltage dip. The wind turbine sys-
tem gets 90% dip of the stator voltage. Therefore,
the voltage dip occurs at 3s as seen in the fault
analysis scope, while the remaining voltage of the grid
is only 10% of normal voltage. When the crowbar
protection is activated, the current runs through
the crowbar protection circuit as shown in Fig. 10.

By changing the value of crowbar resistance

R the crowbar current could be higher or lower

crowbar >
and the current changes faster or slower, also the flux
decaying faster or slower, depending on the value of
the resistance as shown in Fig. 11. During the crowbar
activation, it can be seen that the entire rotor current
runs through the crowbar protection circuit and
the rotor side converter is protected as the higher cur-
rent runs out of it, as shown in Fig. 12.

In addition, the stator current is high during vol-
tage dip and cannot be controlled as shown in Fig. 13.

During this period, there is a high torque peak,
which is followed by the higher crowbar current
which cannot be controlled as shown in Fig. 14.
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Fig. 6. Modelling crowbar protection circuit
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Fig. 8 Three-phase Bridge controlled by RSC and C2

Fig. 9 Modelling trigger control circuit, C2
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Table 1
Fundamental harmonic generation
Ampli Ph
Order (n) mplitude ase Sequence
(pv) (degrees) (0,1 or2)
A 1 10 0 1
B 0 0 0 0
Current (A) 4 Y
3500 T T T T T T T T
3000 Icrowbar 4
2500 B
2000 E
1500 E
1000 B
500 E
0
| | | | | | | |
3 34 32 33 34 35 36 37 38 39
» X
Time (S)
Fig. 10. Crowbar current when voltage dips occur from3sto 3.1s
Flux (Wb)4 Y
T T T
3 Fs T
251 B
2 4
151 .
e
0.5 .
0~ =
| | | | | | | | | |
3 31 3.2 33 34 35 3.6 3.7 3.8 3.9
—»>
Time (S)

Fig. 11. Flux decaying during voltage dips
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Fig. 12. Rotor current during voltage dips
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Fig. 13. Stator current during voltage dips
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Fig. 14. Torque during voltage dips

The rotor side control scope shows that in the be-
ginning of the voltage dip, the ¢ component of the ro-
tor current is equal to zero as well as after the crowbar
activation as shown in Fig. 15. The mean value of
the torque is zero and its values are oscillated due to
the voltage dip as shown in Fig. 16. This is the evi-
dence of losing the rotation speed control. Finally,
considerable speed variations are shown in Fig. 17.

During the voltage dip, in accordance with the grid
behavior, the d component of the rotor current becomes
high to provide a reactive power to stator as shown in
Fig. 18. The ¢ component of rotor current, which pro-
vides the active power, is shown in Fig. 15 above.

Rotor current is also shown in Fig. 19. By con-

Current (A)A Y

trolling the ¢ component and d component of
the rotor current (which is not equal to zero), the out-
put is resulting in lower rotational speed fluctuations.
The torque is controlled by the maximum power point
tracking control method.

Comparing the stator voltage and the stator cur-
rent, the reactive power can be shown as a phase shift.
Fig. 20 shows stator voltage with crowbar protection:

1. Voltage dip start at 3 s and runs until 3.5 s.

2. Stator voltage starts at 3.5 s and runs until full
recovery at 4,17 s.

The grid side control scope shows small DC vol-
tage fluctuations during the voltage dip because of
proper control of the grid side converter (GSC).

1500 -
1000

500 [~

Fig. 15. The g component of the rotor current
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Fig. 17. Rotational speed variation
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Fig. 19. The rotor current under voltage dips
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Fig. 20. Stator voltage with crowbar protection
Conclusion or faster depending on the value of the resistance.
DFIM-based wind turbines are exposed to sig- So the crowbar resistance should be carefully calcu-
nificant grid voltage dips, which may destroy the en- lated or selected, as the higher current means
tire converter system. Thus the wind turbine electric the higher torque. When the crowbar circuit is deacti-
system must be separated from the grid with hard vated, the control sets up again on the RSC side. Du-
voltage dips. However, this approach would not meet ring a voltage dip, the grid side converter (GSC) ope-
the grid requirements for the wind turbine to use rates properly. Once the grid voltage is fully reco-
the low voltage ride through ability. vered, the control of rotor current is getting to
The crowbar protection circuit is activated when the normal state, providing the proper torque using
a severe voltage dip occurs. It disables the rotor the maximum power point tracking method, control-
side converter (RSC) to enable protection and all ling the rotational speed.
the higher current run through the crowbar resistance. The crowbar system is required for the turbine to
The crowbar current fluctuations can be slower stay connected to the grid under hard voltage dips.
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BJITIMAHUE NMPOBAJIOB HAMNPAXEHUA

HA ACUHXPOHHYIO 3NNIEKTPUYECKYIO MALLUHY
OBOMHOIO NMUTAHUA B CUCTEME NEHEPALIUU
BETPOQHEPIETUYECKOW YCTAHOBKU

A.A. U6pazum”? E.B. ConomuH’

1fO)KHO-ypaJ7bCKUL7 2ocydapcmeeHHbIl yHusepcumem, 2. YensabuHck, Poccus,
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Bo300HOBIIsIeMble HCTOYHUKY 3HEPIHHU (Takue, HalpuMep, Kak SHEprus BeTpa) CBOIAT K MUHUMYMY IOTpeO-
HOCTH B JPYI'MX BHJaX 3HepropecypcoB. [Ipon3BoaCTBO 3HEpIruu BeTpa JOCTUIIIO 3HAUUTEIBHOTO YPOBHSA BO MHO-
TUX cTpaHaX, Hanpumep, B Kurae, ['omnanauu u I'epmanun. Takoit moaxon TpeGyeT HOBBIX BBI30OBOB JUIS pacipe-
JIeTICHHBIX 2JIeKTpoceTeld. Bo300OHOBIsIeMass SHEprusl SBISETCS OJHOM M3 CaMbIX BaKHBIX JUIS YEJIOBEYECTBA U
OOBIYHO HCIIONIB3YETCS B MIPOMBIIIIIEHHOCTH Oaroapsi MOKPHITUIO MUKOB HEPTrONOTPeOIeHHs, He OKa3bIBas Ka-
KOTO-TT00 BO3IEHCTBUS Ha OKpYyKarollyto cpeny. CerogHs aCHHXPOHHBIE MalmIuHBI qBoHHOTO nutanus (DFIM)
SBIITIOTCSL CAaMBIMU PACIPOCTPAaHEHHBIMH Ha PBIHKE IIPOM3BOJICTBA IICKTPOIHEPTHH 3a CUET BeTpa. [laHHBIC U3-
JeTusi UMEIOT SKOHOMUYECKH BBITOJHBIE XapaKTePUCTUKH A PaboOTH B OONBIINX JUaNa3oHaX NEePEeMEHHOU
CKOPOCTH BpPAIICHUS ¢ HE3aBUCHMBIM PETyJIHPOBAHUEM PEAKTHBHOM M aKTUBHOH MOIIHOCTH. ['Tyxoe 3ambIKa-
HUE Ha 3eMII0 OOBITHO HCIONB3yeTcs Ui 3amuTsl npeobpaszosarens (RSC) co cropons!r poropa oT mepexon-
HBIX IPOIIECCOB BO BpeMs MajAeHHs HampspkeHus. Llenpio mpencTtaBieHHOI paboTHI SIBISETCS aHANIN3 U UCCIIe-
JOBaHHE AMHAMHUYECKOT'O COCTOSTHHS aCHHXPOHHOTO ABHrartens aBoiHoro muranus (DFIM), mpeobpa3oBaTemns
BCTPEYHO-IIAPAIUIETBHOTO BKIIOYESHUS M IIpeoOpa3oBaTelst CO CTOPOHEI POTOpa NMPH CHMMETPHYHBIX MIPOBasiax
HaTPSDKEHHUS MOCPEACTBOM CHCTEMBI 3aIIUTHI TIIyXUM 3a3€MJICEHHEM C ITOMOIIBIO IPOTPAMMHOTO KOMILIEKCA
MATLAB/Simulink. Kpome Toro, n3y4eHo BIHSHUE LIENH TIYXOT0 3a3eMJICHUS (102, IEPEKII0YaTelsl H COIpo-
TUBJICHHS) Ha TIOBBIIICHUE POXOIUMOCTH HU3Koro HanpspkeHus (LVRT).

Kniouesvie cnosa: acunxponnas 31ekmpomMawiuna O080UHO20 NUMAHUSA, HU3KOe HANpsdiceHue, nepexoonblil
npoyecc, enyxoe 3azemieHue, CUMMempuiHsle NPOBALbL HANPAICEHUS, BEMPOIHEPLEMUUECKAs. YCIMAHOBKA.
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