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Renewable Energy Sources (like wind energy) minimize the demand for other types of power. Wind energy 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 challenges 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 expansion. 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 crowbar circuit affects the diodes, switches, and resistances at the low voltage ride through (LVRT) capability enhancement.
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 compared to small turbines, reaching about 99% of
the global wind market. Since the wind farms consist
of big wind turbines, they require being more controllable both in reactive and active power, at the same
time having a low voltage ride through (LVRT) capability when a fault occurs. The wind speed is constantly fluctuating, causing the correspondent changes
in rotation frequency during operation. Because of
this, the wind industry requires stable permanent control of both reactive and active power. However, it
should be cost-effective. One of the solutions is partial-scale converter [1], controlling doubly fed induction motor (DFIM), widely distributed starting from
2002 as the main part of wind turbine generation system [2]. The stator of DFIM is connected directly to
the grid, thus, the wind generator system is also exposed to grid instabilities [3]. The main intended purpose of the wind turbine is the grid power supply,
maintaining the connection and actively participating
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in the entire system stability under and after possible
grid voltage dip faults and disturbances. This capability 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 circuit 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 currents are induced in the stator windings. Because of
magnetizing coupling the large currents are also induced in the rotor windings. They may destroy
the converters and increase the voltage of the DCcoupling. 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 crowbar circuit protection, which in turn would protect
the converters from huge transient rotor currents.
When the rotor currents are short-circuiting the converters, the control of the DFIM is lost, so is the reactive 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 co
converter (GSC) [13]. RSC and GSC are both voltage
source converters. The DC voltage ssource, which is
represented by a capacitor, is connected to the DC part
of the converter. The GSC and the stator are co
connected to the three-phase
phase grid via transformer conver
converting low voltage into high voltage. The rotor winding
is connected to the rotor side
de 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
three-phase grid via
the stator and the converters.
The control system of the DFIM contains three
sections [14]:
 RSC converter, which controls reactive and aactive power in stator section.
 GSC converter that controls the DC voltage to
keep it fixed and can be used to insert extra reactive
power to the grid.
 Speed control, which control
controls the electrical
power of the converter by changing the blades pitch
angle.
Analysis of DFIM-Based
Based Wind Turbines
during Voltage Dips
Voltage dips are defined as unexpected distu
disturbances of grid voltage, because of faults occurring in
the grid. This paper concentrates on symmetric vol
voltage dips only. As soon as voltage dip is recognized
by the DFIM sensors, it is required to check the pe
performance of the stator flux and analyze the pproblems
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
 coils for the stator according to space vector theory, presenting the following equations:
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where the stator reference frame (    ) is a stationary reference frame, the rotor reference frame (DQ)
(
rotates at rotation speed m . Subscripts “s”, “r” are
used to signify space vector, when it is referred to


the stator or rotor respectively; vs and vr are the sta

tor and rotor voltage vectors; ls and lr are the stator


and rotor current vectors;  s and  r are the stator
and rotor flux vectors. The stator and rotor flux equaequ
tions in the space vector form are expressed in
the following equations:
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where Ls and Lr are the stator and rotor selfself
inductances, Lm is mutual inductance. In addition,

Rs and Rr are the stator and rotor resistances and m
is the rotor mechanical speed. Combining equations
(1) and (4) and removing the stator current, the folfo
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 sin
sinusoid and exponential functions with a time constant
Ls Rs . 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:
L 


vrr  m vsr  j m  rs 
Ls

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
s
cycles,
a new steady state should finally get back to the old
steady state, which was before the voltage dip occuroccu
rence, but with lower stator voltage, which also gives
a lower Tem and Qs. 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].
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where   1  Lm 2 Ls Lr .
The rotor current is the function of the stator flux,
rotor and stator voltages, as well as of equivalent iinductances and resistances. The space vector diagram
at sub-synchronous
synchronous speed is drawn in Fig
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 voltag
voltage
change to avoid an abrupt considerable increase in

Operation of DFIM under Severe Stator
Voltage Dips
When severe stator voltage
voltag dip occurs, the entire
system requires a crowbar protection from the exceeexcee
ding currents and voltages, because of the loss of conco
trol during the dip. In DFIM-based
DFIM
wind turbines,
the crowbar is connected at the rotor side, as illusillu
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 illusillu
trates one phase equivalent circuit of the system when
the crowbar
wbar is activated. As shown, once the crowbar
protection is switched on, the circuit becomes an imi
pedance divider. From Fig. 5a, the crowbar consists of
rectifier diode, resistance, and controlled switch.

Fig. 2. Stator flux development in (PU) during an 80% voltage dip

а)

b)

Fig. 3. Equivalent circuit of the DFIM for the analysis of voltage dips (a)
and space vector diagram at sub
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

а)

b)

Fig. 5. System equipped with three
three-phase
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
ion of DFIM circuit with
the grid. Thus the following set of actions is taken
under significant voltage dip:
 The machine is generating power at a certain
operating point.
 Once the voltage dip happens, there is a time
about (0.5–5)
5) milliseconds until roto
rotor control will register the dip. During this time the system is out of
control and the high current is induced in rotor co
con44

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,
c) Grid voltage drop.
 When the dip is noticed, the crowbar protection
is switched on rapidly, demagnetizing the DFIM.
The entire rotor current runs via the crowbar.
 After the flux decays, the converter voltage
can start controlling the DFIM. The protection circi
cuit is disconnected and the rotor converter inactiinact
vated.
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Crowbar protection circuit modeling
The crowbar protection circuit model consists of
a rectifier diode bridge, resistance Rcrowbar , and controlling switch, implemented using MATLAB/ Simulink as shown in Fig. 6.
Rcrowbar is about 0.2 Ω and the switch is co
controlled by the circuit (C1), which is triggered when
I r  I r limit or Vbus  Vbus limit . Assuming that the voltage dip occurred at the time of 3 s , the switch is tri
triggered and the crowbar protection circuit activated.
When the time is equal to 3.1 s , the switch is not aactive 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
phase bridge, is opposite to the control ci
circuit (C1) described above, and used to protect the rrotor and the grid side converter (GSC). When the crowbar protection is activated, it must disable the three
threephase bridge and isolate the rotor side converter
(RSC) to protect it from higher current and voltage as
Fig. 8 and Fig. 9 show.

A simulation is carried out to research the dyd
namic behavior of a DFIM based wind turbine by
using the crowbar protection circuit. The simulation is
implemented in MATLAB/Simulink. In this simulasimul
tion, the DFIM is exposed to a severe voltage dip of
about 90% of the stator voltage for 0.50 s. Vector control 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. TurTu
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 syssy
tem gets 90% dip of the stator voltage. Therefore,
the voltage dip occurs at 3 s 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
Rcrowbar , the crowbar current could be higher or lower
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 curcu
rent runs out of it, as shown in Fig. 12.
In addition, the stator current is high during volvol
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.

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 11, recovering
the voltage after 3.5 s to the full recovery at 4.17 s .
During the voltage dip, the current is fully pr
provided by the d part of stator current, losing the torque
control of the wind turbine.

Fig. 6. Modelling crowbar protection circuit

Fig. 7. Modeling trigger control circuit, C1

Fig. 8 Three-phase
phase Bridge controlled by RSC and C2

Fig. 9 Modelling trigger control circuit, C2
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Table 1
Fundamental harmonic generation

Order (n)

Amplitude
(pu)

Phase
(degrees)

Sequence
(0,1 or 2)

A

1

10

0

1

B

0

0

0

0

Fig. 10. Crowbar current when voltage dips occur from 3 s to 3.1 s

Fig. 11. Flux decaying during voltage dips

Fig. 12. Rotor current during voltage dips
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Fig. 13. Stator current during voltage dips

Fig. 14. Torque during voltage dips

The rotor side control scope shows that in the beginning of the voltage dip, the q component of the rotor 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 evidence 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 q component of rotor current, which provides the active power, is shown in Fig. 15 above.
Rotor current is also shown in Fig. 19. By con-

trolling the q component and d component of
the rotor current (which is not equal to zero), the output 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 current, 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 voltage fluctuations during the voltage dip because of
proper control of the grid side converter (GSC).

Fig. 15. The q component of the rotor current
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Fig. 16. Torque oscillation around zero mean value

Fig. 17. Rotational speed variation

Fig. 18. The d component of the rotor current

Fig. 19. The rotor current under voltage dips
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Fig. 20. Stator voltage with crowbar protection

Conclusion
DFIM-based wind turbines are exposed to significant grid voltage dips, which may destroy the entire converter system. Thus the wind turbine electric
system must be separated from the grid with hard
voltage dips. However, this approach would not meet
the grid requirements for the wind turbine to use
the low voltage ride through ability.
The crowbar protection circuit is activated when
a severe voltage dip occurs. It disables the rotor
side converter (RSC) to enable protection and all
the higher current run through the crowbar resistance.
The crowbar current fluctuations can be slower

or faster depending on the value of the resistance.
So the crowbar resistance should be carefully calculated or selected, as the higher current means
the higher torque. When the crowbar circuit is deactivated, the control sets up again on the RSC side. During a voltage dip, the grid side converter (GSC) operates properly. Once the grid voltage is fully recovered, the control of rotor current is getting to
the normal state, providing the proper torque using
the maximum power point tracking method, controlling the rotational speed.
The crowbar system is required for the turbine to
stay connected to the grid under hard voltage dips.
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ВЛИЯНИЕ ПРОВАЛОВ НАПРЯЖЕНИЯ
НА АСИНХРОННУЮ ЭЛЕКТРИЧЕСКУЮ МАШИНУ
ДВОЙНОГО ПИТАНИЯ В СИСТЕМЕ ГЕНЕРАЦИИ
ВЕТРОЭНЕРГЕТИЧЕСКОЙ УСТАНОВКИ
А.А. Ибрагим1, 2, Е.В. Соломин1
1
Южно-Уральский государственный университет, г. Челябинск, Россия,
2
Центральный технический университет, Багдад, Ирак
Возобновляемые источники энергии (такие, например, как энергия ветра) сводят к минимуму потребности в других видах энергоресурсов. Производство энергии ветра достигло значительного уровня во многих странах, например, в Китае, Голландии и Германии. Такой подход требует новых вызовов для распределенных электросетей. Возобновляемая энергия является одной из самых важных для человечества и
обычно используется в промышленности благодаря покрытию пиков энергопотребления, не оказывая какого-либо воздействия на окружающую среду. Сегодня асинхронные машины двойного питания (DFIM)
являются самыми распространенными на рынке производства электроэнергии за счет ветра. Данные изделия имеют экономически выгодные характеристики для работы в больших диапазонах переменной
скорости вращения с независимым регулированием реактивной и активной мощности. Глухое замыкание на землю обычно используется для защиты преобразователя (RSC) со стороны ротора от переходных процессов во время падения напряжения. Целью представленной работы является анализ и исследование динамического состояния асинхронного двигателя двойного питания (DFIM), преобразователя
встречно-параллельного включения и преобразователя со стороны ротора при симметричных провалах
напряжения посредством системы защиты глухим заземлением с помощью программного комплекса
MATLAB/Simulink. Кроме того, изучено влияние цепи глухого заземления (диода, переключателя и сопротивления) на повышение проходимости низкого напряжения (LVRT).
Ключевые слова: асинхронная электромашина двойного питания, низкое напряжение, переходный
процесс, глухое заземление, симметричные провалы напряжения, ветроэнергетическая установка.
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