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Abstract— The connection of wind farms to the grid and their
dynamic behavior under different conditions is a real challenging
issue which resulted in providing new instructions for the
network. One of the important topics related to grid standards is
Low-Voltage Ride-Through capability. In recent years, The
application of Brushless Doubly Fed Induction Generator
(BDFIG) in the wind farms has drawn the attention of
researchers.. This generator has more advantages than other
common generators, including the Doubly Fed Induction
Generator (DFIG). In this paper, the performance of the BDFIG
under fault conditions in the grid is examined and monitored in
order to improve LVRT while considering the dynamic model of
the BDFIG connected to a wind turbine. In this method, the
reactive power and speed are controlled for stable performance
of the generator under various grid conditions. A converter is
used to connect the stator control winding to the power grid,
which DC link voltage is adjusted using multiple PI controllers
under fault conditions. In addition, two controlling systems based
on the conventional PI controllers are proposed to control the
generator side converter and the wind turbines step angle. The
results demonstrate good dynamic performance of the examined
generator under different grid conditions achieved by the
proposed controlling method without using any additional
hardware such as a Crowbar.

Keywords— Low-Voltage Ride-Through (LVRT) Capability,
Wind farms, Renewable energies, Brushless Doubly Fed Induction
Generator (BDFIG), Fault Ride-Through (FRT)

L INTRODUCTION

The Low-Voltage Ride-Through (LVRT) capability or
Fault Ride-Through (FRT) capability in the wind turbines
means that the generator connected to the wind turbines must
stands the voltage drop in their terminals and remain
connected to the grid during and after the fault. The voltage
drop may occur as a result of a short circuit, start-up of
induction machines, disconnection of capacitors, etc. In power
systems where wind turbine power covers a large portion of
the network power, in the case of disconnecting wind turbines
from the grid, it will experience electricity cut-off and power
shortages. As the scale of wind farms grows, the conditions
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and procedures which connect the wind turbines to network
become more important. Therefore, a power generation
capability is also required for anomalous grid conditions and
compliance with the LVRT requirements in accordance with
the grid standards. There are different structures for wind
turbines depending on the generator type, power electronics
converter, generator speed change range, and the mechanical
connection of the generator rotor. Some generators are more
suitable for use in the wind power plants due to the periodic
and intermittent feature of wind. Because of the more
advantages of BDFIG in comparison to other generators in the
case of LVRT operation, this generator has drawn the
attention of numerous researchers in recent years [1]. A
controlling method for BDFIG in wind turbines to tolerate
symmetrical faults is using of hysteresis comparator based on
detecting voltage drop, and controller operating at LVRT
when the symmetrical faults is diagnosed by detector will
operate. When a fault occurs only positive sequence will be
controlled by controller, and neutral and negative sequence
will cause transient response and unbalances, respectively
which needs using of a filter and result in a complicated
controlling system that covers symmetrical voltage drops only
[2]. In another method dynamic behavior of BDFIG at three
phase symmetrical voltage drops is proposed. In this model
full and partial voltage drops is evaluated using vector
methods. As a result of grid faults, significant voltages will
appear at control windings terminal. Stable and transient
behavior of voltages illustrates that induced voltage at DC link
increased especially in the case of operation at more than
natural speed which result in inducing considerable inrush
current at control windings. Hence, system needs DC link of
inverter having more capacity [3]. Using of such hardware
equipment as crowbar and series dynamic resistance, is a
suggestion for tolerating low voltages when fault occurs which
is more expensive in comparison to software methods [4], [5].
In this article, after introducing dynamic behavior of the
machine, a controlling system based on typical PI controllers
will be proposed, then simulation results in correspondence
with network standards will be illustrated.
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II. BDFIG MODELING

A. Dynamic performance

The BDFIG stator has two windings that are different in
the number of pairs of poles to avoid the direct connection
between the windings. The rotor is specifically designed to
connect the two stator windings [6]. Generally, the 1-stator
winding is directly connected to the grid power, and thus, it is
known as the power winding (PW). In contrast, the 2-stator
winding, called the control winding (CW), is supplied with a
voltage-varying frequency converter and manages only a small
part of the effective power. The BDFIG can operate in various
modes, including the synchronous (dual fed) mode, cascade
mode, and the induction mode [7]. The synchronous mode is
the most optimal model where the shaft speed is independent
of the torque applied to the device and can be formulated as
follows:

w, +w,

pitp, (1)

Where w; and w; are the angular frequency of excitation
with two stator windings. When w is zero, the rotor rotates at
the normal speed.

B. Mathematical presentation of vector modeling

For simplicity, the controller provided is synchronized
with the PW flux frame. Thus:

i = |l//1| (2)
l/llq = 0 (3)
The model at the PW flux frame is as follows [8] [9]:
.. d .
v = R, + Z + jwmy, 4)
dt
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lr//r = Lrir +Ls1rll+Ls2ri2 (9)
The electric torque is also as follows:
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Since the voltages and currents are respectively the input
and output in the dynamic modeling of this type of machine,
entering the voltage values result in calculating the currents.
The equations can be written in terms of flux using formulas
5, 7, and 9. Since we incorporate the equations in the dq two-
axis frame, then, we have:
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By combining the equations of voltage and flux, we can
obtain the current relations based on flux in the dq two-axis
frame:

i = ll/ldLih slr s2r%d +L lerlﬂrd
1d
L ler +L LsZr LrleLSZ (23)
i l//lq \2r \lr \2rl//2q A‘Zl//lq +L lerl//r
v L\ZL?Ir +L L2 LVLYlL\‘z (24)
%d vlr vlr v2; l/jld L L&l%d +L&1Lx2rl//rd
s L L%lr +L L%Zr LerlL (25)
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Also, the electrical torque in the dq two-axis frame is
calculated as follows:

3 3
I,=—p L, =W, i, |+=p by =Wl

S P Wiy =W [+ 2o Vs =V, | "
As shown in Figure 1, the power winding is directly

connected to the power grid and has the grid frequency. Thus
we will have.

w, = 5027 =100z, f = 50Hz (30)

50 Hz Grid Fractionally rated frequency
converter

S50Hz
X Hz

Fig. 1. Schematic of BDFIG.

Therefore, the power winding has a constant angular speed.

III.

The Park model is commonly used to analyze induction
generators. The induced electromotive force is the derivative
of the stator control winding leakage flux. In the case of grid
faults, due to the symmetrical component theory [10], the
stator voltage can be divided into three parts: Positive
sequence, negative sequence, and zero sequence.

The BDFIG is usually installed at high voltage by A-Y
transformators to increase its voltage since the star side is
connected to the high voltage and it is possible to ground the
neutral point. Therefore, the neutral component does not exist
in the stator terminals and can be ignored. The induced EMF
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during the grid voltage drop is expressed as the following
relation:
W —JW —jmt

E %ksrvpe "k ve ™ —Cv e M+ Ce (31
Where C is the coefficient resulted from simplification. As
can be seen in relation (31), the EMF is the sum of 4 parts:
The negative flux component rotates at speed -w1 and consists
of two parts. There are also the positive component and the
transient component. Therefore, the total EMF under
asymmetrical voltage drop is also higher than the normal
conditions, and subsequently, the induced EMF may exceed
the converter’s maximum voltage of the stator control
wingding side at higher voltage drops of the grid and create

out-of-control currents.

The DC link voltage also increases at the same time and
large inrush currents appear in the stator control winding
circuit. If these currents exceed the limit that the converter can
tolerate, significant damage may occur. In addition, under an
asymmetrical drop, if the crowbar is used to protect the
converter in the considered BDFIG, it should operate during
all time of the voltage drop, especially in the case of deeper
drops that cause the generator to absorb a large amount of
reactive power from the grid and worsen the grid voltage drop.
In these cases, the grid requirements cannot support the
recovery of the grid voltage.

IV. PROPOSED CONTROL METHOD

A. Control System of Grid Side Converter

In this section, a DC link voltage regulator system is used
based on the BDFIG stator power winding current regulation
to control the DC link voltage in the average model converter
provided on the grid side. Figure 2 shows a schematic of this
control system. As can be seen in the Figure, three PI
controllers are used to control the DC link voltage in the
average model converter, to keep this voltage to a value close
to the reference value of 1100 (v).

This control system is based on controllers operating in the
dq synchronous rotary frame. The controller gives the iiq
voltage as a reference to the average model converter on the
inverter side. The current control loops are responsible for
controlling the average model converter during the grid
normal operation. The reference DC link voltage can be
adjusted based on the proposed controllers depending on the
grid operating conditions in the case of fault and the grid
power and load values.

We obtained three-phase voltage values for the parameters
used in the two d and q reference frames by controlling the
voltages of the grid converter side and converting the dq two-
axis frame and used these values in the average model
converter to get the value of the controlled DC link voltage.
To better control the DC link voltage when a fault occurs, this
voltage was passed through a low-pass filter.
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Fig. 2. Schematic of control system of DC link voltage.

B. Control System of Stator Control Winding Side Converter

The In the proposed system, the active and reactive powers
are delivered to the grid based on the studied control model,
which is designed to provide a satisfactory dynamic
performance in the real operation space under fault conditions
and voltage drop in the grid with high similarity between the
simulated model and the real model, which has control
functions: 1)Wind-based reactive power simulator, 2)Open-
loop control using logical commands, 3)Electric control
system. The overall block diagram of the control system
model is shown in Fig. 3.

Qref

V2cmd

Qmeas Elecrtical

Controller

Ql >

Fig. 3. Schematic of control system of CW side converter.

1) Wind-based Reactive Power Simulator

Terms of this function provide a simple system containing
VAR controllers for wind farms. This function monitors the
voltage of a specified bus, which compensates for the drop in
the line and compares it with the reference voltage. The
regulator itself is a PI controller with a Tv time constant. This
time constant represents a delay that depends on the type of
generator used and is needed to maintain stability. The
measurement delay is shown by the time constant Tr. Figure 4
illustrates the schematic diagram of this control system.
Qmeas and Vmeas represent the reactive power generated by
the wind turbine and the grid-side converter voltage.

. 1
_ Qord
Kpv+ Kl/SJ—»I =T ’—>

Fig. 4. Schematic of Wind-based reactive power simulator.

2) Open-loop Control Using Logical Commands

This control system corresponds to large changes in the
system voltage and is off (inactive) whenever the converter
terminal voltage on the generator side is within its normal
range. The performance process of the control model is
described in Table 1. The functions in this table show the type
of open-loop controls applied to improve the system
performance when the fault occurs in the grid. Hysteresis is
also needed to prevent possible damages like all open-loop
controllers of this type. When the voltage thresholds pass and
the reactive power loop command is issued, the threshold
voltage changes with a certain Vi value.

TABLE L PARAMETERS OF OPEN-LOOP CONTROL SYSTEM
Voltage conditions Period Open-loop reactive
power command

t<TrL1 Qui

Vterm < VL1 TL1 <t<TL2 QL2
t>Tr QL3
t <TH1 QHi1

Vterm > VH1 THI< t < TH2 Qm2
t> TH2 Qus
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3) Electric Control System

This controller calculates and controls the reactive power
of the generator and the terminal voltage of the generator-side
converter with voltage commands. In the proposed control
system, the terminal voltage is compared with the reference
voltage to determine the error voltage (Verr) value. Then this
error is increased by a "Gain" and coordinated with the voltage
commands. The value of this “Gain” determines the effective
time constant proportional to the voltage control loop. The
voltage command value is limited. Figure 5 illustrates the
schematic diagram of this control system.

Verr

Qcmd +

Fig. 5. Schematic of Electric control system.
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C. Wind Turbine Control Model

This model provides a simple representation of a complex
electromechanical system. The function of the wind turbine is
to extract power from wind and the wind turbine model
includes the algebraic relations governing the mechanical
power of the shaft, wind speed, and the step. The applied
concept of wind turbine control describes that when the
available wind power exceeds the effective amount of
equipment, the blades are adjusted to reduce axial the
mechanical power (Pmech) delivered to the shaft. When the
available wind power is less than the effective value, the
blades are adjusted to their minimum step for maximum
mechanical power [10]. In each of these cases, the turbine
control system measures the shaft speed and tries to get the
device back to its nominal speed. The turbine control model
sends the requested power to the electrical control system,
which is proportional to the power demanded by the converter
that powers the grid. The electrical power, which is actually
transmitted to the grid, goes back to the turbine model. For
power levels below the effective value, the turbine speed is
mainly controlled by the electrical power proportional to the
specified reference speed value. For power levels above the
effective value, the rotor speed is mainly controlled by
controlling the step. The reference speed is usually 1.2 pu. In
general, the reference speed value is calculated from the
following equation.

2
Wor =-0.67FA"+1.42P +0.51 (32)
The speed reference slowly follows the power changes
with a time constant of about 5 seconds. The turbine control
acts as such to counteract fluctuations in the electrical power
to be proportional to changes in the axle power. The wind
turbine control model is shown in Figure 6.

V. SIMULATION RESULTS

The simulation results have been presented for the
proposed control model in two separate subdivisions. To prove
the correct performance of the machine during grid faults, we
simulated the proposed control system both in symmetrical
and in asymmetrical drop modes.

Pitch_deg

@)
(=]

Fig. 6. Schematic of Wind turbine control model.

A. Performance of The Proposed Structure During Three-
Phase Symmetrical Voltage Drop

When a three-phase symmetrical fault occurs in the grid
with a 100% voltage drop, at the first moment of the drop
occurrence, the currents of control and power windings of the
stator exceed 2 pu that the current values of both stator
windings will reach a controllable value with the function of
the mentioned controllers during the fault occurrence. In the
proposed structure, the occurrence of the fault is applied at
moments between 3.5 and 3.7 seconds.

As shown in Figures 7 and 8, the drop value in the control
winding is lower than the power winding. Figures 9 and 10
shows the amount of stator power and control winding
currents during the fault conditions in the grid. By comparing
the current between the BDFIG stator control and power
windings, as seen, both currents are well controlled after a
short time of the fault occurrence.
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Fig. 7. Stator power winding voltage during symmetrical fault.
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Fig. 8. Stator control winding voltage during symmetrical fault.
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Fig. 10. Stator control winding current during symmetrical fault.

According to Figure 11, the DC link voltage has a slight
fluctuation at the beginning of the fault, which even reaches
up to 1250 volts; but it quickly returns to the reference value
after a while. Figure 12 shows the rotor speed value in the
BDFIG during the 100% voltage drop in the grid. During the
fault occurrence, the speed has an overshoot up to 1.28 pu.
Given that the generator type is a doubly-fed induction one
with permissible speed variations up to £ 30%, thus, the
studied speed can be controlled during the event of the fault.

B. Performance of The Proposed Structure During
Asymmetrical Voltage Drop

An asymmetrical fault has been applied to the examined
simulated structure between 3.5 and 3.7 seconds in the grid to
evaluate the performance of the proposed structure when an
asymmetrical fault occurs in the grid. According to Fig. 13 the
power winding current value fluctuates around 1.4 pu during
the occurrence of the asymmetrical voltage drop and the
amount of its inrush currents has been significantly reduced.
As shown in the Figure 14, the values of the control winding
current are controlled up to about 1.2 pu during the occurrence
of the asymmetrical drop. Figures 15 and 16 show the DC link
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voltage value in the average model converter and the rotor
speed value, respectively. As shown in the figures, when an
asymmetrical fault occurs in the grid, the mentioned values
fluctuate around their reference value with acceptable values.
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Fig. 11. DC link voltage during symmetrical fault.
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In this paper, PI based controlling models have been used
without using additional hardware such as crowbar for grid
anomalous conditions which is based on the BDFIG average
model. The examined structure first describes the model of a
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BDFIG in the dq two-axis frame, which DC link voltage is
controlled and simulated in normal grid operating conditions
without the use of a cross-compensator. In the occurrence of
faults, huge excessive transient currents are generated in the
generator stator windings, which damage the grid-side
converters and the generator. Three control systems are
provided for the grid-side converter, stator control winding
side converter, and the wind turbine to prevent this and
improve the LVRT capability during the occurrence of a fault.
A closed-loop control system is used in the grid side converter
to control the DC link voltage of the converter. The control
system of the stator winding side converter itself consists of
three control systems, which help improve the LVRT in the
fault conditions. Finally, the proposed control model is used to
control the wind turbines step angle. The occurrence of
symmetrical and asymmetrical voltage drops in the power grid
also has a controllable performance. During voltage drop
caused by asymmetrical faults, we saw some fluctuations in
the DC link voltage of the average model converter as well as
in the electrical torque during the error time, resulted in partial
improvement of the grid. During the occurrence of voltage
drops due to symmetrical faults, the proposed structure is fully
controlled and improved. Simulation results confirm the
outcome.
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