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Abstract
Wind Energy Conversion Systems (WECSs) have experienced significant growth in recent years.Among various types of
generators employed in WECSs,Permanent Magnet Synchronous Generators (PMSGs) are an attractive choice among
the wide variety of wind generators due to several advantages.The growing penetration of PMSG-based WEGSs into
the worldwide electrical grid raises the concern that the failure of wind turbine generators may potentially result in
the collapse of the system.This prompted several countries to adopt the Low-Voltage Ride-Through (LVRT) for wind
farms.LVRT is the capability to maintain the connection between the wind farm and the grid during certain periods of
voltage sag.This paper presents an efficient LVRT control strategy for a 12.0MW (6*2MW) grid-connected PMSG-based
Wind Farm (PMSG-WF).The proposed strategy aims to enhance the power quality and amount of injected power to
achieve the grid code requirements by integrating a Braking Chopper (BC) and a Dynamic Voltage Restorer (DVR) with
the conventional structure of PMSG-WF. The detailed mathematical models for a wind turbine, PMSG, power converters,
DVR system, and grid model are utilized to analyze the dynamic behavior and operation of PMSG-WF.For DVR, a PI
controller is used for voltage sag mitigation to inject reactive power during grid faults, while a hysteresis controller-based
BC system is utilized to keep DC-link voltage within its permissible limits.The proposed system is exposed to three
scenarios of symmetrical and asymmetrical grid fault conditions (single-phase, two-phase, and three-phase faults) at the
point of common coupling to evaluate its dynamic response.MATLAB/SIMULINK environment is used to validate the
effectiveness of the proposed strategy during the studied scenarios.The results show the superiority of DVR in improving
the voltage stability of PMSG-WF and maintaining the uninterrupted operation of the grid during different grid faults.
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WECS, PMSG, Wind Farm, Low Fault Ride-Through, Grid Fault, Dynamic Voltage Restorer, Breaking Chopper.

I. INTRODUCTION

The integration of Renewable Energy Systems (RESs) has
increased rapidly in recent years, and the decarbonized global
energy system is expected to save approximately $12 trillion
by the middle of this century.The RESs, particularly wind
farms, will help to increase worldwide demand for green
energy by reducing the cost of manufacturing, distribution,
and losses, also permitting greater renewable energy gener-
ation.As a consequence, the researchers concentrated their
attention on using wind energy [1].With the increasing inte-

gration of wind power into the electrical infrastructure,the
impact on the dependability and stability of power systems
emerges as an important worldwide issue. In response to such
situations,grid operators have suggested grid codes to stan-
dardize the characteristics of the Wind Energy Conversion
Systems (WECS).One of the most important issues related to
grid codes is Low-Voltage Ride-Through (LVRT),states that
in the event of a grid fault, the WECS must maintain connec-
tivity and provide reactive current to support the grid [2].This
LVRT is a significant concern in wind turbine systems.In this
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Fig. 1. Limit curves of the voltage that permit disconnecting
the generator

context, network codes for grid connection establish appro-
priate voltage ranges that serve as a guide for wind turbine
disconnection,as shown in the LVRT voltage-time profiles of
Fig.1.The connection should be kept when the grid voltage
exceeds Limit line 1, if the voltage drops under limit Line 2
the system should be disconnected [3].
Furthermore, reactive power must be provided by wind farm
to the grid dependent on the depth of voltage sag to support the
recovery of grid voltage. So, the required minimum reactive
current during a voltage sag can be calculated,as illustrated
in Fig.2.Accordingly, the reactive and active powers have to
change to correspond with the reactive current-voltage profile
and also with the voltage-time profile [4].

Currently, there are two predominant variable speed Wind
Turbine Generators (WTG) in wind energy technology: the
Doubly-Fed Induction Generator (DFIG) and the Permanent
Magnet Synchronous Generator (PMSG) [5]. Recently, sig-
nificant attention is being given to PMSG due to its superior
characteristics in comparison to other prevailing alternatives,
including maximum power extraction, high efficiency, relia-
bility, high torque, and no gearbox. These merits are suffi-
cient to compel the wind market to shift its focus towards the
PMSG industry [6]. DFIG uses partial Back-to-Back Con-
verter (BTBC) and relies on a gearbox for its operation. In

Fig. 2. Reactive current demand

contrast,PMSG does not need a gearbox and employs full-
scale BTBC. Protecting full-scale BTBC is crucial and essen-
tial because they are more expensive and operate at a higher
efficiency than their partial counterparts [7]. Even though
DFIG has a lower Fault Ride-Through Capability (FRTC)
than PMSG, it remains revolutionary for enhancing FRTC of
PMSG. This is because the accumulated surplus power in the
DC link during voltage swell and sag can cause overvoltage,
potentially leading to the tripping of the entire wind system [8].
Many methods are tested with their control strategies during
asymmetrical and symmetrical faults to attain FRTC, even
if the system’s voltage is zero. They are presented and re-
searched to address this issue; however, these systems have
advantages and, of course, limitations [9]. This paper pro-
poses a novel FRT configuration for maintaining PMSG-based
Wind Farm (PMSG-WF) grid voltage to pre-fault levels during
severe voltage dips.

Faults may result due to several causes, such as short
circuits, the startup of induction machines, the connecting
of capacitive loads, and so forth. The fault types that occur
in the electrical power system are commonly categorised as
either unsymmetrical (e.g., Single line to ground fault (SLG
fault ); Line to line fault ( LL fault ); and Double line to
ground ( LLG fault )) or symmetrical (e.g., Three line to
ground fault 3 LG), as seen in Table 1. Table 1 indicates
that SLG has the largest occurrence rate, although it has a far
lower influence on the system. In contrast, the occurrence
of 3LG is rare, although its effect on the system is far more
severe [1]. To guarantee safe and dependable operation, FRTC
has emerged as the most extensively utilized grid connection
standard for PMSWG worldwide. The intrinsic instability and
intermittency of the wind system, along with the increasingly
weak grid connectivity, provide a considerable challenge and
relevance to the FRTC subject [10].

To accomplish FRTC, the wind system has to withstand
faults and stay connected to the power grid so that both fre-
quency and voltage remain unchanged after and before the
fault. Many research have been conducted to overcome prob-
lems in the PMSG Wind Turbine (PMSG-WT) structure and
increase FRTC during different fault conditions [11]. The
developed strategies split into two main groups. The first is
a software solution that includes Pitch Angle Control (PAC)
method and a modified control technique method applied
on converters in the occurrence of a failure. However, this
technique is only suitable for moderate voltage changes. An-
other type of solution is hardware, involving energy storage,
Braking Chopper (BC), FACTS, Superconducting Fault Cur-
rent Limiters (SFCL), and Series Dynamic Braking Resistors
(SDBR) [12].

The BC system was suggested to be connected in paral-
lel with the DC-link to waste surplus energy and keep the
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TABLE I.
TYPE OF FAULTS AND THEIR % HAPPENS

Fault Type Occurrence Percentage%
Single line to ground 70-85

Double line 15-8
Double line to ground 10-4
Three line to ground 5-3

DC-link voltage within the required range during grid dis-
turbances.The BC consists of a high-power resistor and a
series of IGBT switches, which offer low cost and a simple
control structure [13].According to [14],the Dynamic Volt-
age Restorer (DVR) can increase the FRTC of the PMSG
by injecting the desired voltage at the wind farm terminals.
Its components include a Voltage Source Converter(VSC) in-
cluding DC voltage with an inverter,a harmonic filter as LC
filter, and a coupling transformer.The DVR system’s goal is
to supply voltage to generate the required grid voltage.Thus,
the grid terminal maintains its rated voltage during normal
and fault conditions.As a consequence, even if there are grid
failures, no transients of PMSG current and power happen.In
this general context, and because the several advantages of
using BC and DVR, the proposed idea in this research paper
is to integrate a BC and a DVR with the PMSG-WF struc-
ture and benefit from their abilities to compensate for the
fault effect on the considered structure by maintaining the
PMSG-WF connected to the grid during different faults. The
present paper is organized as follows: Section II. presents a
brief description of the proposed system. In section III. , the
modeling of the proposed configuration for a grid-connected
PMSG based wind farm is introduced.Section IV. presents the
control strategy of the PMSG-based wind turbine system, BC,
and DVR. The simulation results and discussion under vari-
ous grid faults are shown in section V. . Finally, concluding
remarks are presented in Section VI. .

II. BASIC DESCRIPTION OF THE PROPOSED
SYSTEM

A diagram of the PMSG-based wind farm described in this
paper is shown in Fig.3.It comprises of 6 units of 2 MW
variable-speed PMSG-based wind turbine generators associ-
ated to a BC and a DVR.The wind farm is structured as an un-
derground electricity cable-connected internal network.Each
WTG is filtered by an LC filter and equipped with 0.69/25
kV step-up transformer.The complete wind farm is directly
interconnected to the electrical grid via the Point of Com-
mon Coupling (PCC).A traditional Single-Machine Infinite
Bus type (SMIB) system is utilized to represent the utility
electric system. These components are interconnected via a

30 km tie-line.It operates at 25 kV on the grid side and 120
kV/50 Hz on the bulk power system side, and uses a Thevenin
equivalent to implement a 2500 MVA short circuit power
level infinite bus. To reduce DC-link voltage spikes caused
by unbalanced energy, the BC is linked to the DC-link of
each individual WTG. The DVR is a series connected power
electronics based custom power device between the PCC and
the utility grid which is capable of injecting an appropriate
voltage in the same phase as that of network voltage at PCC .
The proposed strategy aims to regulate the DC-link capacitor
and ensure voltage stability at PCC to enhance power quality
and improve the FRTC of the PMSG-WF.During a fault, the
DVR gets activated and injects synchronized voltage with
the network voltage (Vg) to compensate for the voltage dips
utilizing power from the Direct Current (DC) power supply
in order to restore the amplitude of the PCC voltage (Vpcc) to
its rated value.Additionally,the BC is responsible for absorb-
ing excess power (Pbc) resulting from the difference between
the generated power(Pg) and the grid power(Pgrid).The excess
power is dissipated in the resistor of BC, which is controlled
using a duty ratio (D) to keep the DC-link voltage within an
acceptable range.

III. WIND ENERGY CONVERSION SYSTEM
MODELING

In this section, detailed models for each component of the
proposed system are presented separately, consisting of the
wind turbine, PMSG, BTBC, the DVR system, and the electric
utility grid as shown in Fig.3. The wind turbine generator
considered in this paper employs PMSG directly coupled
to the wind turbine (without gearbox) and connected to the
LC filter and 0.69/25 kV step-up transformer through BTBC
which consists of a pair of converters, Machine-Side Converter
(MSC) and Grid-Side Converter (GSC). Between the two
converters a combination of DC-link capacitor with BC.

A. Wind Turbine Model:
The wind turbine converts wind energy into mechanical en-
ergy. The mechanical power output of the wind turbine Pw is
calculated as Pw = 0.5ρ AV 3

w , where ρ , A are the air density
and the area swept by the blades,respectively;Vw is the wind
speed.As per Betz’s law, the actual mechanical power Pm can
be extracted from the wind power, which is directly propor-
tional to the coefficient of performance Cp, i.e., Pm = Cp Pw,
where Cp is a function of β (pitch angle) and λ (tip-speed
ratio). The power output from the wind turbine generator can
be represented by equation (1) [15] .

Pm = 0.5ρACP(λ ,β )V 3
w (1)
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Fig. 3. Power system diagram for the proposed circuit

λ =
ωRR
vw

(2)

The equation representing the tip speed ratio is equation (2):
where ωR and R are the turbine angular speed and the radius
of the rotating turbine blade, respectively. The coefficient of
performance CP is given by equation (3) [15].

CP(λ ,β ) = 0.5176(
116
λi

−0.4β −5)e
−21
λi +0.0068λ (3)

where λi is defined by
1
λi

=
1

λi +0.08
− 0.035

β 3 +1
(4)

The mechanical torque Tm can be calculated by dividing the
mechanical power Pm by the angular velocity ωR.Wind tur-
bine achieves maximum value of power coefficient Cpmax at
optimal tip speed ratio λopt .For β = 00 the obtained value
of Cpmax is 0.45 and λopt is 10.54, where the wind turbine
captures the maximum power from the wind [16].

B. PMSG Model:
PMSG converts the mechanical form of wind energy into elec-
trical energy. The mathematical representation of a PMSG can
be described in the direct axis frame (d-axes) and quadrature
axis frame (q-axes) using an equivalent circuit given by equa-
tions (5) and (6) [17].

usd = Rsisd +Ls
disd

dt
–ωeLsisq (5)

usq = Rsisq +Ls
disq

dt
+ωeLsisd +ωeψm (6)

where, usd and usq are the stator voltages; isd and isq are the
stator currents;ωe is the angular electrical rotating speed of
the generator ; Ls is the stator inductance of the PMSG;Rs is
the stator resistance of the PMSG; and ψm is the permanent
magnet flux linkage.The electromagnetic torque produced by
the PMSG can be expressed by equation (7) [17].

Te =
3
2

pn[(Ld −Lq)isd isq +ψmisq] (7)

where pn is the number of pole pairs of the PMSG;Ld and Lq
are the stator inductance in the d-axis and q-axis, respectively.

C. BTBC Model:
The configuration of BTBC is shown in Fig.3, which is used to
control the WTG based on PMSG. Both converters in BTBC
are built on the three-phase two-level voltage source converter
(VSC), which consists of two insulated-gate bipolar transistors
(IGBTs) in each phase.This allows power to flow bidirection-
ally between the DC-link and PCC via a step-up transformer.
The DC-link acts as an energy buffer between the MSC and
GSC, enabling independent control of the converters on ei-
ther side. The BTBC model comprises an MSC model as a
rectifier and a GSC model as an inverter. Two converters are
connected via a DC-link [3], as seen in Fig.4.

1) MSC Model:
The schematic diagram of the rectifier connecting the wind
turbine generator to the DC-link is depicted in Fig.4.The math-
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ematical model for the rectifier is written as follows [18].usa
usa
usa

=
1
3

 2 −1 −1
−1 2 −1
−1 −1 2

Sa
Sa
Sa

Udc (8)

where usa,usb, usc are the stator phase voltages (a, b, and
c);Udc is the DC-link voltage.The switching phase states (a, b
and c) are Sa , Sb, Sc.Then Sk (k = a, b, c) is represented as:
Sk= 1 (Upper switch on, lower switch off),
Sk=0 (Upper switch off, lower switch on).
The upper switches are T1, T3, T5, and the lower switches are
T4, T6, T2 with respect to phase a, b and c.
The stator voltages in the rotating dq-axis can be obtained
from the transformation of three-phase stator voltages in the
abc frame by [3].usa

usa
usa

=

 cosθ −sinθ 1
cos(θ − 2π

3 ) −sin(θ − 2π

3 ) 1
cos(θ + 2π

3 ) −sin(θ + 2π

3 ) 1

uds
uqs
u0

 (9)

where u0 represents the zero-sequence voltage.

Fig. 4. Model of the MSC and GSC

2) DC-Link Model:
For proper working of MSC and GSC, it is necessary to reg-
ulate the voltage across the DC-link even during grid fault
case.The DC-link voltage can be described according to power
relationship by Fig.(10) [19]:

CUdc
dUdc

dt
= Pgen −Pg = ∆P (10)

where, C is the dc-link capacitance. Pgen, Pg, and ∆ P are
the generator power,the grid power,and the power difference
between them, respectively.During normal grid operation, the
generated power and the grid power are equal, resulting in no
change in power (∆ P = 0).

3) GSC Model:
The PMSG wind turbine is tied to the power grid via the GSC
as illustrated in Fig.4. The GSC is responsible for regulating
the DC-link voltage and transfers the power fed from the MSC

to the grid.The three-phase outputs of the GSC are linked
to the grid at the PCC through interfaced passive LC filter
and step-up transformer, where the filter and transformer are
represented by inductors Lg and resistors Rg. The dynamic
model of the GSC can be described as follows [20].

ugd = uid −Rgigd −Lg
digd

dt
+ωgLgigq (11)

ugq = uiq −Rgigq −Lg
digq

dt
−ωgLgigd (12)

where, ugd and ugq are the dq-components of grid voltage;igd
and igq are the dq-components of grid current;and uid and uiq
represent the GSC output voltages in dq frame and ωg is the
grid voltage angular frequency. It is assumed that the dq-axis
rotating reference frame is aligned with the grid voltage. The
active and reactive power transmitted to the grid are given by
the following quations [20].

P =
3
2

ugd igd (13)

Q =
3
2

ugqigq (14)

So, the reactive power and active power transmitted to the
power grid can be regulated by igq and igd which are also
known as reactive and active current, respectively.

D. DVR Model:
The DVR in the proposed system consists of an energy storage
unit, VSC, LC filter,and a series-connected injection trans-
form.It is coupled in series with the PMSG-WF terminal’s
power line through 3 single-phase ideal transformers to rapidly
compensate for voltage sags .The VSC converts the voltage
across the storage device into a set of three phase sinusoidal
output voltages at desired magnitude, phase angle,and con-
stant frequency.The LC filter in the DVR is needed to reduce
the switching harmonics generated by the PWM VSC.

1) DVR Side Converter:
Fig.5(a) shows the standard topology of a two-level VSC,
where, i f abc and u f abc represent the three-phase currents and
voltages on the AC side. To simplify the analysis, the two-
level VSC is represented by an average-value model, as il-
lustrated in Fig.5(b).This model can considerably enhance
simulation speed in addition to being a very similar steady
state and dynamics with the first model.The components of the
three-phase voltages are u f a, u f b, and u f c as seen in Fig.5(b)
produced by the VSC, and are represented as function modu-
lation indices ma, mb, and mc of the ac voltage as follows [21].

u f i = 0.5miUB, i = a,b,c (15)
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Assuming the DVR side converter is lossless, then the current
can be written as follows.

iB = 0.5
c

∑
i=a

mii f i (16)

(a)

(b)
Fig. 5. Two-level VSC topology. (a) Configuration of the
standard model. (b) Configuration of the Average-value

model

2) LC Harmonic Filter:
The LC harmonic filter model can be represented by the rela-
tionship between its voltages and currents input and output as
follows [21].

u f i = L f
di f

dt
+uc (17)

i f i =C f
dv f

dt
+ ic (18)

where C f and L f are the parameters of filter. u f (i f ) are the
voltage (current) produced by the DVR Side converter, and
uc(ic) are the voltage (current) for compensating.

3) Single phase Transformers:
The three single-phase transformers of the DVR are presumed
to be ideal. Then, the voltages and currents of the primary
and secondary sides of each single-phase transformer are
determined by [21]:

uci = upmsg −ug (19)

ici = ig (20)
where the subscript pmsg refers to PMSG, c is DVR compen-
sation, and g is the utility grid.

IV. CONTROL SCHEME FOR INVESTIGATED
SYSTEM

Three power conversion systems are used according to the
general topology of the PMSG-WF with DVR shown in Fig.3.
These are MSC with BC, GSC, and DVR. This section will
introduce the pitch angle control scheme, which is used to sta-
bilize the PMSG output power when the wind speed exceeds
its rated value. Also, the detailed control schemes for each
converter will be discussed as follows:

A. Pitch Angle Control:
The pitch angle controller regulates the airflow surrounding
the blade of the wind turbine, consequently managing the
torque applied to the shaft of the turbine to adjust PMSG
rotating speed. Wind turbine systems are adapted to speeds
ranging from around 3 m/s to approximately 25 m/s, with
rated power extracted at 12 to 16 m/s [22]. Fig.6 illustrates the
controller of the pitch angle utilized to control the generator
speed. This study concentrates on the maximum rotational
speed (ωre f ) with a limit of 1.1 p.u. The measured rotor speed
is compared to the reference value, and the result of the error
enters a proportional(P) controller.Then the P controller is
used to handle pitch angle reference value (βre f ) based on
ωre f . So, βre f is kept constant at zero degree in conditions
below the rated wind speed. When the rotational speed of
PMSG exceeds the rated value due to rising wind speed, then
the P controller will also increase βre f , reducing the effective
area of the blade to maintain the output power constant [3].

Fig. 6. Wind turbine pitch angle controller

B. MSC Control:
The main objectives of the MSC control is to achieve Maxi-
mum Power Point Tracking (MPPT) and to regulate the gen-
erator power factor.Fig.7 depicts the control block diagram of
the MSC, the output of the MPPT unit serves as the torque ref-
erence value for the controller of the generator-side VSC.The
torque reference obtained by a MPPT is use to create the q-
axis stator current reference (Isqre f ), which is compared with
the q-axis stator current (Isq) to provide the q- axis voltage
signal (Usq) through the PI controller. Also, to get unity power
factor, the reactive power of the wind turbine is adjusted to
zero (Isdre f =0) and compared with the d-axis stator current
to get d- axis voltage signal (Usd) through the PI controller.
After decoupling, dq-axis voltage references, Usd−re f and
Usq−re f are obtained, respectively.The angle θg derived from
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Fig. 7. Control diagram for Machine-Side Converter

the PMSG’s rotating speed is used in a park transformation
to generate gate signals utilizing the carrier wave of PWM
operation [15].
C. DC-Link Control:
A BC is a protection device that is installed on the DC bus.
It consists of a DC chopper circuit connected in series with a
DC resistor, as illustrated in Fig.8.
The DC-link voltage should not exceed the rating voltage of
the DC-link and converter and remain below Udcmax to avoid
voltage damage and stay above Udcmin.While Udcmin should
achieve the requirement of grid-side AC voltage amplitude,
i.e.,

√
2Uline <UdcminMmax, where Uline and Mmax are the mag-

nitude of line grid voltage and maximum modulation index
of the converter, respectively [23].When the DC-link voltage
surpasses a specific threshold, the BC circuit conducts and
discharges excess energy to maintain voltage stability.There
are several control systems for braking choppers.The method
of hysteresis comparison is shown in Fig.8.This method has
a simple control.The duty ratio of the crowbar switch is con-
trolled by the dead-band control to maintain the DC-link volt-
age. So, if the DC-link voltage exceeds the limit of 1160V
during a grid voltage fault, the resistor of BC is inserted in the

Fig. 8. BC protection for LVRT of PMSG

Fig. 9. Control diagram for Grid-Side Converter

DC-link of the back-to-back converter to dissipate the surplus
active power.

D. GSC Control:
The purpose of GSC control is to maintain a stable DC-link
voltage.The control block diagram of the GSC is shown in
Fig.??.During PMSG operation, the reactive current reference
value is zero, allowing a greater amount of active power to
be delivered to the grid.The controller of the grid side uses
dual-loop PI control for q- and d-axes currents and a voltage-
oriented control strategy.The active and reactive powers can
be injected into the grid when the q- and d-axis currents are
controlled, respectively.The maximum current capacity, Idmax,
is employed to generate 2 MW of active power, which is
fed into the PI controller via the DC-link voltage regulator
while Iqre f is zero.A phase-locked loop (PLL) detects the park
transformation angle θg from three-phase voltages on low-
voltage side of the grid transformer . Finally, gate signals for
grid-side VSC switches are created using grid-side PWM [24].
E. DVR Control:
The goal of the DVR is to quickly compensate for grid voltage
disturbances and keep the sinusoidal voltage injection profile
with same frequency of grid voltage [25].The DVR scheme
implemented in the proposed system to mitigate the disruption
is seen in Fig.10.The proposed design of the control circuitry
of DVR is a combination of PLL, PI controllers, and PWM
based technique,as depicted in Fig.11 .The control operation
is synchronized with the supply voltages via the PLL. When
fault occurs on the grid side, an error signal is generated as a
result of the difference between the voltage at a PCC with the
reference voltage and fed to PI controller. The PI controller
minimizes the error and passes the value to the PWM genera-
tor,which in turn takes it as input and gives triggering signal as
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Fig. 10. DVR scheme
output to activate VSC .VCS converts the DC Energy Storage
into a three-phase sinusoidal AC voltage with the required
amplitude, phase, and frequency via an isolating transformer
to restore the PCC voltage during grid fault.This voltage from
the DVR adds up with the grid voltage at PCC, and as a re-
sult, the product becomes equal to that of the prefault voltage,
consequently keeping the PCC voltage constant.

V. SIMULATION RESULTS AND DISSCUSION

The system of PMSG-WF with DVR is simulated in MAT-
LAB/ Simulink environment as shown in Fig 12. It is a three-
phase source inserted to a 12 MW wind farm based on PMSG
system.
The simulink model of PMSG-WF consists of 6*2 MW PMSG-
WT as illustrated in Fig.13. Each wind turbine at 0.9 power
factor is injected into a 25 kV distribution system through
a three phase 0.69/25kV transforme rated 4 MVA with an
impedance of 5%. Fig.14 depicts the simulink model of the
PMSG-based wind turbine connected to a two-level PWM
back-to-back converter and an LC filter which is used to ab-
sorb high current harmonics created by the switching in the
converters.The simulation model of an adapted utility grid
consists of a medium transmission line of 30 km length at
25 kV that connects the wind farm to a 120 kV grid through

Fig. 11. Control diagram for DVR

Fig. 12. The Simulink model of proposed system

a 25/120 kV transformer rated 47 MVA as shown in Fig.15.
The parameters of the PMSG-WF system are listed in the
Appendix.

A. The Simulation Results of proposed system under A Sym-
metrical and Symmetrical Faults

Three scenarios are simulated under voltage asymmetrical
and symmetrical to evaluate the performance of the proposed
system with different types of fault operation at B25kV of the
utility grid to achieve FRT capability requirements as follows:

A. Single-line to ground (SLG) fault happens on system.
B. Two-line to ground (2LG) fault happens on system.
C. Three-line to ground (3LG) fault happens on system.

These tests are conducted at a wind speed of 12m/s.The results
of voltage and current at PCC, reactive power, active power,
generator speed, torque, and DC link voltage are exposed and

Fig. 13. Simulink model of PMSG based WF
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Fig. 14. Simulink model of WT, PMSG, and BTBC

Fig. 15. Simulink model of the 120kV utility grid.

discussed in detail to show the performance of the proposed
system during various fault conditions. All fault is created at
t=2s and resolved at t=3s.

Test 1:The first one tests the FRT performances of PMSG-
WF with DVR during SLG fault for phase A for a duration
of 1s (50 cycles) between 2 s to 3 s in the utility grid, as
shown in Fig.16a.The proposed strategy aims to regulate the
PCC voltage by controlling the reactive power provided into
the grid .When a SLG fault occurs, DVR immediately(in less
than 150 ms) injects compensation voltage as illustrated in
Fig.16b.As a result, the PCC voltages return to their original
values, as illustrated in Fig.16c, and the PMSG-WF continues
to operate normally with a constant terminal voltage.
It is obvious from Fig.17 that the grid current at PCC is per-
fectly limited to the rated value during fault.Since the DVR
keeps a constant terminal voltage, the active power exchanged
by PMSG-WF is maintained constant at its rated value of
12 MW, and the reactive power is equal to zero, with just a
slight overshoot below the safety limits.Based on the afore-
mentioned simulation results, it is needless to say that the
proposed system keeps balanced three-phase values, which
guarantees good power quality during the fault period. From
Fig.17c, the DC-link voltage fluctuates from a reference value
of 1150V to 1100 V throughout the fault occurrence and to
1135 V throughout fault resolution and rapidly recovers to
its normal value,these amplitudes are considerably within its
allowable margins.Thus, BC system is succeeded to remove
the excess power away and maintain the dc voltage at its
permissible limits.

Fig.18 illustrates the behavior of the mechanical part dur-
ing SLG fault where the PMSG speed is quite immune to
disturbances, while the electromagnetic torque graph shows

(a)

(b)

(c)

Fig. 16. (Asymmetrical grid fault SLG fault. (a) Grid voltage
at B25 kV. (b) DVR compensation voltage. (c) PCC Voltage.

no oscillations during the appearance and clearance of the
fault.

Test 2:In this test ,the system performance has been exam-
ined for a 2 LG fault occurring at t=2 for 1s in phases A and
B in the utility grid.DVR is automatically connected at the
PCC, and delivers the the necessary voltage to maintain PCC
voltage in balance. Fig.19a displays the grid voltage with a 2
LG fault. The DVR quickly injects the compensation voltage
as depicted in Fig.19b to rebuild the voltage at PCC. Fig.19c
shows the PCC voltage after compensation.

The grid current at PCC is unchanged as shown in Fig.20a.The
WF generators maintain their output of 12MW of active power,
while the reactive power remains at zero, as it was before the
disturbance occurred, as shown in Fig.20b.In Fig.20c, the volt-
age of the DC link remains constant.
Fig.21a and Fig.21b illustrate the behavior of the mechanical
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(a)

(b)

(c)

Fig. 17. (a) Output current of PMSG-WF (b) Active power
and reactive power of PMSG-WF. (c) DC-link voltage

quantities, PMSG rotor speed, and electromagnetic torque,
respectively. The rotor speed is constant during a fault. Also,
no oscillations are seen at the beginning and end of the fault
for the electromagnetic torque graph.

Test 3: The third test studies the behavior of the PMSG-
WF in response to 3LG fault on the utility grid. It is the worst
condition during faults and requires the maximum support.
The following figures illustrate the significant parameters of a
PMSG-WT that are limited by the LVRT requirement. This
requirement ensures the protection of the wind turbine com-
ponents and allows for continued grid connection even at zero
grid voltage. As seen in Fig.22a, the dynamics of the system
are similar to the previous test (SLG and 2LG) faults. As

(a)

(b)

Fig. 18. (a) Rotor speed of PMSG (b)Electromagnetic torque
of PMSG

shown in Fig.22b, the DVR instantly supplies the desired volt-
age and changes the voltage sag across the PCC from almost
zero to its rated value,as seen in Fig.22c. This makes the
PMSG-WF safer and especially improves its LVRT capabili-
ties of wind generators.

In Fig.23a , Fig.23b and Fig.23c, the PMSG-WF current,
PCC, active-reactive powers, and DC bus voltage are the
different things that are shown. All these parameters exhibit
small oscillations during fault onset and fault clearing, but
they quickly return to their pre-fault values like nothing ever
happened. Thanks to BC for saving the DC-link voltage
constant and the DVR, which link PMSG-WF with the utility
grid to compensate voltage at PCC during short-circuit fault.
Fig.24a and Fig.24b show mechanical quantities for PMSG
including rotor speed and electromagnetic torque. Again,
there are no changes in these quantities.

B. The Comparison Between The Proposed System With
Previous Works

In a previous work [26], a Static Shunt Var Compensator
(SVC) was used to stabilize the grid voltage with distur-
bances on the WT and grid side under SLG and line-to-line
faults.When a grid fault occurs, the SVC is automatically ac-
tivated to regulate the grid voltage and compensate for the
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(a)

(b)

(c)

Fig. 19. Asymmetrical grid fault 2LG fault. (a) Grid voltage
at B25 kV. (b) DVR compensation voltage. (c) PCC Voltage.

power loss.The simulation results reveal that the voltage of
the grid-integrated wind farm does not return to its original
value during SLG fault with SVC, as evidenced by the sim-
ulation result of proposed system with DVR, which restored
the PCC voltage to the pre-fault situation .Also in [2],the sys-
tem includes a static synchronous compensator (STATCOM)
and a BC connected to PMSG-WF to maintain stable opera-
tion during a three-phase symmetrical short-circuit fault.The
simulation result for this system indicates that the speed and
dc-link give higher overshoot and slower response in com-
parison to PMSG-WF outcomes using the proposed strategy
during 3LG fault.So, DVR outperforms SVC and STATCOM
by integrating into PMSG-WF to raise the voltage amplitude
at PCC to its normal value during grid faults. It also prevents
the PMSG-WF from encountering unacceptable transient volt-
ages and currents while maintaining its conductivity during

(a)

(b)

(c)

Fig. 20. (a) Output current of PMSG-WF (b) Reactive Power
and Active Power of PMSG-WF. (c) DC-link voltage

faults.

VI. CONCLUSION

In this paper, an FRT strategy for PMSG-WF is proposed.The
proposed strategy uses a BC that is triggered, causing the
excess active power to be dissipated in the resistance of the
BC and keeping the DC-link voltage constant at its rated
value (i.e., 1150 V).Also, the DVR has been used for reactive
power compensation to supply controlled sinusoidal voltages
in the face of voltage sags to maintain the PCC voltage of
the PMSG-WF at the rated value during the faults, while
the PMSG wind turbines continue its nominal operation.The
simulation results under MATLAB/Simulink shows that DVR
has superior performance in terms of compensation of the
reactive power in severe disturbances,voltage stability,and
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(a)

(b)

Fig. 21. (a) Rotor speed of PMSG (b)Electromagnetic torque
of PMSG

(a)

(b)

(c)

Fig. 22. Symmetrical grid fault 3LG fault. (a) Grid voltage at
B25 kV. (b) DVR compensation voltage. (c) PCC Voltage .

(a)

(b)

(c)

Fig. 23. (a) Output current of PMSG-WF (b)Reactive Power
and Active Power of PMSG-WF. (c) DC-link voltage

(a)

(b)

Fig. 24. (a) Rotor speed of PMSG (b)Electromagnetic torque
of PMSG

power quality.Furthermore, the proposed system can recover
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voltage quickly without suffering from voltage oscillation
as experienced by other devices. Accordingly, the proposed
FRT strategy fulfills the grid code requirements and shows
the effectiveness of using a combination of BC and DVR with
traditional PMSG-WF under various fault conditions.
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APPENDIX

Wind Turbine Parameters
Parameters Units

Rated power 2 MW
Air density 1.225 kg/m3

Radius of the swept area of blades 41 m
Rated wind speed 11.2 m/s

2 MW PMSG Parameters
Rated stator voltage 690 V
Rated rotor speed 8.78 rad/s

Pole pairs 48
Stator resistance 6∗10−3Ω

d-axis inductance 0.3∗10−3H
q-axis inductance 0.3∗10−3H
Stator resistance 6∗10−3Ω

Transmission lines parameters
Transformer ratio 690 V/25 kV
Rated frequency 50 Hz

Positive sequence resistance 0.1153Ω /m
Zero sequence resistance 0.413Ω/km

Positive sequence inductance 0.00105 henries/km
Zero sequence inductance 0.00332 henries/km

Positive sequence capacitance 11.33e-9 farads/km
Zero sequence capacitance 5.01e-9 farads/km

DVR Parameters
Inductance of VSI filter 6 mH

DVR DC voltage 45kV
Capacitance of VSI filter 1000 µF

Turns ratio of transformers 1
Source voltage(Grid) parameters

Line to Line Voltage 120 kV
Supply frequency 50 Hz

3-phase short-circuit level 2500MVA
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