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Improved LVRT Techniques for Grid-Connected DFIG

Wind Turbines: A Technical Review

Ali H. Kasem Alaboudy?, Heba A. Mahmoud?, Adel A. Elbaset3, Montaser Abdelsattar*

Abstract: Wind energy currently represents a very
important source of renewable energy sources (RESS).
Among other RESs, Wind Energy Conversion Systems
(WECS) with Doubly Fed Induction Generators (DFIG)
have become more competitive globally. Due to their
improved dynamic performance, flexible regulation of
active and reactive power, superior power quality,
variable speed operation, and four-quadrant converter
operation. Grid-connected DFIG-based WECS are
vulnerable to disruptions in the grid because of the
direct connection of stator windings to the grid. The
ability of the wind turbine (WT) to maintain
connectivity during grid faults refers to the low-voltage
ride-through (LVRT). When DFIG-based WTs are used
to power networks, the grid codes require that they stay
connected and support the stability of the system in a
range of transient grid fault scenarios. As a result,
DFIG-WTs are subjected to various protective
measures to improve LVRT capacity. To increase
DFIG's LVRT capabilities, a lot of good research has
taken place in the literature. So, this study centers on
exploring the recently emerging LVRT techniques for
DFIG-WTs to help wind energy producers/operators
select the appropriate technique through critical
analysis. According to a wide range of articles, LVRT
techniques can be classified into two groups: exterior
and interior techniques; each group has its merits and
demerits. Also, a thorough discussion has been made
to assess the performance. Different case studies using
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MATLAB/SIMULINK are presented to show the
performance of the selected techniques with an
explanation of the effectiveness of each technology
during grid faults. Finally, this paper suggests
guidelines and recommended technical designs for the
LVRT techniques for DFIG-WTs to cope with local
grid codes.

Keywords: RESs; Wind Energy; DFIG; LVRT
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1 Introduction

Until today, the renewable energy sources (RESS)
have made significant progress in recent years to fulfill
rising energy demands [1]. This is due to multiple
benefits such as cheap cost, high efficiency, minimal
environmental consequences, and limitless energy
sources. Among them, wind energy plays a vital role
and has grown at the quickest pace [2, 3]. Where in
2019, 60 GW of installed wind energy capacity was
added and 92 GW of installed capacity was added in
2020, despite the coronavirus. By 2025, the global
wind energy council (GWEC) predicts even a higher
yearly growth of about 94 GW [4, 5]. Wind turbines
(WTs) are becoming more common in electrical power
networks as wind energy develops. The four
fundamental kinds of WTs are: fixed-speed WTs
restricted variable-speed-controlled WTs, DFIG-WTs,
and complete variable-speed-controlled WTs. In
practical applications, DFIG-WTs are the most popular
among the four kinds of wind turbines [6, 7].
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1.1. Literature review

The emergence of efficient wind turbine
generators (WTGs) such as the permanent magnet
synchronous generator (PMSG) and DFIG has led to a
tremendous rise in power generation.

Among all the WTGs, DFIG has number of

benefits including variable speed and constant
frequency operating, a power control (active/reactive),
and power converter ratings are being reduced [8, 9].
As a result of its excellent performance, DFIG is the
most extensively used WTG and is unquestionably a
market leader. Although benefits of DFIG-WTs, they
are extremely susceptible to grid voltage deviations for
various grid failures [10-13].
The DFIG stator currents quickly rise over the rated
values when a DFIG experiences a sudden decrease in
grid effort [14].This is due to the magnetic connection
between the stator and the rotor circuits. These currents
have the potential to harm the power converter's power
electronic equipment.

Furthermore, the electromagnetic torque of the
DFIG begins to fluctuate with significant amplitudes;
even a minor variation in the grid has an impact on
the DFIG's performance. This aspect of DFIG has
given rise to the LVRT capability feature. The
capacity of a wind turbine generator to stay connected
to the grid, and in certain circumstances support it,
when the grid is experiencing a fault is known as
LVRT capability [15]. To put it in another way, it is
WTs' capability to ride through grid fault problems.

During grid voltage failure situations, the focus
had previously been on the protection of DFIG-WTs by
tripping the turbine. However, the power system is not
permitted to disconnect the majority of WTs from the
grid. The cause has a significant impact on the power
system's ability to operate in a steady and secure
manner [16]. As a result, in order to ensure the stable
operation of the power system, in certain countries
(such as Germany), network operators have revised the
grid code by incorporating new standards [17,
18].Turbines should remain linked to the grid during
grid failures, according to the new requirements. In
order to maintain electrical systems running safely and
reliably. Furthermore, WTs must produce reactive
current during voltage drops in order to maintain grid
effort. This voltage control must be turned on within 20
milliseconds after detecting voltage sag. The voltage

dip determines the quantity of reactive current required.

WTs must continue to provide active power that is at
least 20% higher than the rated power per second after
the fault has been addressed [19].

In order to comply with such grid requirements, it
is major for the generators to have an improved LVRT
capability. As a result, several researchers provided
several LVRT-optimized approaches in Refs. [20-25].

To safeguard generators, the solutions employ extra
circuitry. A crowbar circuit, direct current (DC)
chopper, superconducting fault current limiter (SFCL),
series dynamic brake resistor (SDBR), and other
circuits may be fitted. Overcurrent suppression,
machine torque oscillations, and DC link overvoltage
are all included in these approaches. The most common
method is to use a crowbar. During a fault, this method
draws all of the needed reactive power from the grid,
which is extremely undesirable. Furthermore, the
controls are separated from the rotor, rendering the
system inoperable. Because of the crowbar circuit's
flaws, researchers have been looking for other
protective mechanisms to improve LVRT capabilities.
Various topologies have been proposed over the years.

In Refs. [26-28], LVRT techniques based on
power injecting devices are introduced. In such
techniques, devices like static  synchronous
compensators (STATCOM), dynamic voltage restorers
(DVR), static synchronous series compensators
(SSSC), and thyristor-controlled series compensator
(TCSC), are utilized to regulate/optimize grid voltages.
These devices can be tuned to push/set active and
reactive powers in four quadrants, which will
consequently improve its LVRT capabilities of wind
generators. Using these devices adds to the system
extra equipment/size, which has a negative impact on
the compactness feature of the system. Control
topologies-based solutions have been shown to be
more successful in overcoming these difficulties.

In Refs. [29-32], A combined virtual resistance
and degaussing test method is said to have been used.
In these topologies, various system controllers are
developing to reject perturbations in different
parameters like rotor current, electromagnetic torque,
and DC-link voltage under fault circumstances in these
ways. Because of their potential to efficiently address
nonlinear problems, artificial intelligence (Al)
approaches have also been investigated. The
researchers also gave several categories of LVRT
approaches in Refs. [21, 33-35]. However, it is critical
to examine thoroughly various LVRT strategies in
order to select the optimum option for meeting network
needs.

1.2. Contribution of paper

As explored in the preceding subsection, several
published papers reviewed various LVRT techniques
with an in-depth description. Techniques are
categorized into numerous classes, which are backed
by simulation findings. Other articles follow the
evolution of LVRT technology. The review of LVRT
techniques can serve as a reference to analyse the
existing control methods and identify the prospects for
further improvements in this area.

As a result, compared to the many papers
previously mentioned, this paper is distinguished by
covering most of the LVRT technologies, which meet
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the requirements of different network codes, while a
significant portion was dedicated to LVRT protection
circuits and hybrid combinations. However, this paper
has mainly focused on dividing LVRT solutions into
protection circuits, Flexible Alternating Current

Transmission System (FACTS) device-based methods,

traditional control methods, and advanced control

techniques. Wherefore the lack of comparative analysis
results may restrict its application value. Therefore, the
analysis results and discussions show the potential of

LVRT techniques and provide future research

directions based on this work.

This paper gives a comprehensive review and

evaluation of the proposed LVRT techniques used in

DFIG-WTs to analyse the current level of LVRT

techniques is provided with emphasis on their benefits

and drawbacks. The primary contributions to the
paper can be summarized as follows:

e Present an overview of LVRT techniques for
DFIG-WTs that have recently appeared with
critical analysis.

e A thorough

examination of the numerous

characteristics of the techniques used.
o Discuss the effects of LVRT techniques in line with
grid codes.
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e Using MATLAB/SIMULINK to discuss the
influence of the most promising LVRT techniques
on DFIG performance.

1.3. Layout of paper

The following is a breakdown of the paper structure:

Modelling of a grid-connected DFIG-WT shown in

Section 2. Section 3 discusses the primary
contributions of LVRT approaches, including
classifications, merits, and demerits, as well as

assessments based on grid codes. In Section 4, we
explore how to increase LVRT capabilities during grid
failures by employing better protective strategies using
MATLAB/Simulink. The simulation results for LVRT
techniques are provided in Section 5. The guidelines
and recommended technical designs for the LVRT
techniques for DFIG-WTs to cope with local grid codes
are highlighted in Section 6.

2 Grid-Connected DFIG-WTs Modelling

In DFIG-WTs, the DFIG stator winding and the
grid are directly linked [36]. The turbine controlled by
back-to-back power converters, which comprise the
rotor side converter (RSC), grid side converter (GSC),
and a DC-link capacitor, as shown in Fig. 1.

I
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||
||
||

Collecting place for feeders

Fig. 1 The graphic diagram of the grid-connected DFIG -WTs.

The modelling equations are as follows [37]:

Ve =R iy +dy] /d, +jw, U7 €Y)
Ve =R+ Ay /de + (o, — o )d] (2)
Y, =L iy + L, i (3)
Yo =L, iy + L iy C))

The current, voltage, flux, resistance, and inductance are
represented as, T V$ R, L, respectively The letters s and

r stand for the stator and rotor, respectively. From Egs. (3)
and (4), a list of the stator and rotor currents as follows:

1: = lp:/]-‘s - Kr ll-’: / ]-:s (5)
1: = _Ks lp:/]-‘r - lIJ: / L, (6)
3 LVRT Techniques

Systematic taxonomy of LVRT optimization techniques is

presented as seen in Fig. 2 which includes (1) Exterior
LVRT techniques. There are three parts of the exterior
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techniques that are protection-based techniques, Flexible
Alternating Current Transmission System(FACTS)-based
Techniques and hybrid techniques. (2) Interior LVRT
techniques include control strategies-based techniques. The
goal of this classification is to offer a more detailed

classification, evaluate the various techniques based on
their effectiveness and provide a tabular breakdown of the
various methods. The next subsections will go over the

various techniques.

LVRT
techniques

Exterior LVRT
Techniques

y

\ 4

FACTS-based
Techniques

Protection-based

Techniques

A
Crowbar DX Uil ESS STATCOM
Chopper
A 4 v
[ sbrR | [ VbR |

Hybrid
Techniques

Interior LVRT
Techniques

v
Control Strategies-
based Techniques

A 4

] v

Crowbar SR, Crowbar Magnetizing Modified Control
with and dc-link Current Action of RSC
Series R—L Chopper Controller and GSC
\ 4 v
[ Crowbar With SR ] SRC Control

Fig. 2 Systematic taxonomy of LVRT optimization techniques.

3.1 Exterior LVRT techniques

Crowbar, series resistor (SR), chopper circuit, and
other approaches are examples of these techniques. They
are divided into rotor and stator side protection circuits
based on how they are connected. Initially, the rotor side
was home to nearly all of the protective circuits. This
configuration, however, resulted in the machine's
uncontrolled operation and absorbed a lot of reactive power
during breakdowns. To solve these concerns, efforts were
made on the stator side to link protective circuits, with
promising results [29, 38-42 & 43-45]. All the designs
described in this category attempt to meet the requirements
of grid codes. Furthermore, consideration is made to have
provisions in place to limit excessive reactive power
absorption. An overview of various methods is given below.

3.1.1 Protection based techniques:

These techniques include the following:
e The crowbar protection technique:

Figure 3 depicts the conventional diagram for crowbar
protection [46, 47]. The crowbar purpose is to keep the rotor
current low during a fault so that, the power converter can
be protected [48, 49]. In addition, as described in [50-52],
there are several techniques based on crowbar protection.
»  This method has the following advantage: It lowers

overcurrent's in the rotor and stator.
»  The following are some of the disadvantages of this
solution:
= DFIG-WTs are not
disturbances.

controllable during grid

= The generator absorbs reactive power, causing grid
voltage to deteriorate further, and the possibility of
disconnecting the turbine from the grid. As a result,
the likelihood of other turbines going offline
increases, causing grid instability [53, 52]. Therefore,
the crowbar connection time should be chosen
carefully to improve the transient stability of DFIG-

WTs.

Despite the crowbar disadvantages, many studies have
been done to improve the crowbar's operation. In order to
improve the performance of DFIG-WTs by ensuring
active/reactive power control [54]. For example, to enable
the RSC, an active crowbar proposed for disconnection at
the correct time. The grid code requirements for reactive
power injection could be met by disconnecting the crowbar
after a few milliseconds [55-57].

e The SR protection technique:

The SR is made up of a series of resistors linked in series
with the stator or rotor winding [28], as illustrated in Fig.4.
The SR's priority is to keep the rotor current under control.
It also protects the DC-link from over-voltage and torque
oscillations by dissipating active power. In various
experiments, SR proposed that, the DFIG be allowed to ride
through extreme voltage dips, both symmetrical and
asymmetrical, such as:
= Ref. [28] recommended a rotor current controller and
dynamic resistors in series with the stator for unbalanced
voltage dips.

= Ref. [58] proposed the use of SR in addition to correct
rotor current reference values.
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= On the stator side, a series passive-resistive network also
explored in [59].This approach proved to have higher and
more effective performance.

Gear  DFIG

(IE Grid

Slip Rings
RSC GSC

Crowbar

Fig. 3 The crowbar protection technique [47].
o DC link chopper protection technique :

The chopper circuit is illustrated in Fig. 4. A DC-
chopper is a circuit that consists of a switch and a resistor
connected in parallel to the DC-link. When a grid
malfunction is detected, the switch is closed and the resistor
is connected in series with the DC-link capacitor,
preventing overcharging at low grid voltage. The resistor
will absorb the extra active power as shown in Ref. [53]. In
Refs. [60, 61], the control-delay approach for DC- chopper

is explored. In this approach, a present rotor current
threshold releases the chopper's application, and feedback
control restores shorter rectification duration. Wherefore,
the rotor transient overcurrent and DC-link overcurrent
cannot be restrained by a DC-chopper. However, the results
of this sophisticated technique were unsatisfactory. The DC
Link Chopper's inferior performance in LVRT compared to
a normal crowbar is also shown.

Moreover, there are many protection-based techniques
introduced in the literature- Thus, Tables 1 and 2 provide a
critical analysis and comparison of various methods.

SR

l
[}
4 / Grid
[}

L !

GSC

SR DC- Chopper
Fig. 4 DFIG- WT with some protective technigues.

Table 1. Synopsis of studies based on the LVRT capability of rotor side protection techniques.

Author Technique Features

Defects Contribution

DC brake chopperwith

Niu L, Wang X et al.[22] DC link capacitor

inductance

o Possibility of current state of e Huge circuit

Pannell G et al. [23] Single phase Zero
crowbar circuits

overvoltage

= Compared to DVR, it is
more cost effective.

Zou Z et al. [62] Super-capacitor and I
modified DC-link based = Simple.

on polypropylene

= Prevents the traces of stray *Riseintherating It

e Prevents significant

= There is no sagging.
o Suppression of RSC inrush

demonstrated that a
straightforward  delayed control

method was more effective.

of the anti-parallel
diodes in RSC

Reduced uncontrolled operation time
and better outcomes than the crowbar

o Expensive ha o
o Not controlled ~ CIreult
operation
= RSCthatismore The supercapacitor-based system
bulky outperformed both the DC chopper

and the polypropylene-based modified
DC link in both faults.

o This method For single-phase faults, the DC link

Mendes VF et al.[63] gate-controlled currents. makes system voltage profile is inferior to the
series capacitor e The operation is under larger. crowbar-based approach.
(GCSC) in series control.

with rotor

Inductor-type
superconducting coil
(SC) state.

Yang L et al.[64]

= Fault mitigation near the

DFIG

-Power fluctuations become
less noticeable in the steady

= Costly The usage of optimal SC
outperformed  other  auxiliary
devices like batteries, STATCOM,
and non-optimal SC.
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Table 2. Synopsis of studies based on the LVRT capability of stator side protection techniques.

Author Technique Features Defects o
Contribution
Haidar AMA et al. [39] Switch mode = The stator i_s completely isolated = Reactive power Compared to an
operation of DFIG from the grid = absorption unprotected system,
= Power transmission is limited. MSDFIG  yields better
performance.
Wei Fet al. [40] R-type SFCL e Hybrid o Reactive power requirement ~ Limits  quantities  to

o Simple to operate

Zheng Z et al. [42] A s for
ypass circuit.

= |mproved control ability
« Better voltage and angle stability e Performance degrades when ~ Although HTSFCL

Guo Wetal. [65] R-type high
temperature
superconducting
fault current limiter
(HTSFCL)
Low-rated SDBR
on stator side

o Less complicated

Alaraifi Set al. [29]

Switch type SFCL  ® No needs for an overvoltage

= Less expensive than most other = The price fluctuates a lot.
stator side protection
= High-speed synchronization

suitable levels with success

= Costs have increased
= The size has grown.

The SFCL switch type is
superior in every way.

allowed for LVRT the
DVR, system provided
more elasticity.

sag reaches 100%

The SDBR methodology
= Determining parameters is  produced best results than
boring the supplementary rotor
current (SRC) method at
various SDBR levels.

3.1.2 FACTS based techniques

FACTS devices have the ability to regulate the
parameters of transmission systems, allowing them to
operate more efficiently. The static synchronous
compensator (STATCOM) and the SSSC are two FACTS
controllers that are rapidly gaining popularity in power
systems. They employed to improve LVRT capability by
compensating deep and shallow symmetric and asymmetric
effort sags [26-28].

e  The static synchronous compensator technique:
As illustrated in Fig. 5, the STATCOM is a shunt-
connected device that employs power electronics to
manage effort at its terminals by controlling the amount
of reactive power introduced into or absorbed from the
power system. As a result, in both steady state and
transient-state conditions, high-performance voltage
control is possible [66]. The STATCOM system needs to
be installed at each wind turbine. As result, the control
Strategy of each STATCOM will be complicated.

» Despite the fact that the STATCOM or
STATCOM/energy storage system (ESS) is a
common solution for improving LVRT capabilities,
installing and maintaining this FACTS device in a
wind farm will raise the total cost of the system.

e The dynamic voltage restorer (DVR):

Asiillustrated in Fig. 6, DVR is made up of a voltage
source converter (VSC), inductors capacitors (LC)
filters, and coupling transformers that are coupled in
series with the grid to correct for effort dips in the
gridline during disturbances. Indeed, the DVR
topologies have allowed DFIG to effectively ride
through significant effort dips. It is suggested that, it
was connected to the generator in series to boost the

stator voltage. As a result, the rotor current can be kept
below the maximum allowable value. The DVR voltage
can be controlled to the point where it absorbs all or
almost all of the active power provided by the generator
in order to optimize the generator injected reactive
power [67]. However, it has numerous drawbacks:
= The DVR's rating should match the WT's rated
output.
= DVRs are relatively costly since they require
several auxiliary components.
= |ncreased of system size.

i
T\E Grid

A

[}
]
)
[}
[}
|
[}
|
U
|
|
]
|
[}
|
[

—
L

T STATCOM

RSC GSC
Fig. 5 DFIG-WT with STATCOM.
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DVR
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Fig. 6. DFIG-WT with DVR.

e Energy storage system (ESS):

As shown in Fig. 7, this method employs a
bidirectional dc/dc converter in conjunction with a dc bus.
In this configuration, the dc bus voltage is controlled by
either GSC or storage converter. Some energy is
conserved in this situation, while the remaining is
exported to the grid via the GSC. In order for fault
currents to pass through the DFIG rotor circuit, the RSC
must be sized appropriately [68].

qE Grid

Fig.7 DFIG-WT equipped with ESS.
Although an ESS can smooth the output power while

Table 3. Hybrid technique evaluation [32, 75-77].

stabilizing the DC link voltage. Overcurrent and
electromagnetic torque oscillations are notoriously difficult
to avoid. However, the system's cost and complexity will
increase, as more energy storage devices are required [69-
71].

3.1.3Hybrid techniques

Methods that rely solely on one methodology were in the
preceding sections' references Every technique has its own
set of challenges. As a result, the proposed methods based
on these methodologies are not without flaws.

However, But it has been noted that, a feature that cannot
be offered by one approach is contributed by a different
method. As a result, by combining two methods, the
disadvantages of one can be eliminated. As a result, hybrid
techniques are now on the table. The categories of hybrid
approaches, which combine traditional methods in
different ways, are as follows:

e  The crowbar integrated with the series R—L
technique:

In Refs. [52, 72-74], crowbar in conjunction with a dc-
link chopper and/or a series dynamic resistor, respectively.
The authors presented a mechanism for redirecting transient
rotor current while regaining generator power control in 45
milliseconds, allowing DFIG-WT to fulfil grid-code
requirements.

e The crowbar integrated with the Series Dynamic

Resistor (SDR):

This is supported by Ref. [50]. The RSC is connected to the
rotor winding by the SDR, which keeps generator power
control until there are significant grid disruptions, in which
case the crowbar is activated. Using a crowbar, on the other
hand, results in the same conflicts, potentially destroying
the converter and the dc-link capacitor.

e The crowbar, S R and the dc-link chopper:

The DFIG-WTs' reflexes during both symmetrical and
asymmetrical effort sags are considerably improved by this
technology [51].

All of these technologies aim to reduce crowbar uptime and
increase LVRT capacity. In addition to the aforementioned,
Table 3 lists the benefits and drawbacks of other hybrid
techniques.

Technique Fuzzy controller with crowbar

RSC control with SDR

Active compensator with RCL

Features Swell mitigation may be possible

= Cost-efficient
Negative sequence oscillations are

= Deep sags are minimized
= Enhancement performance

effectively dampened

e Losses in conduction during normal

Capable of dealing with a wide range = Simpler
of grid disturbances
= More rapid convergence -
Defects ® Sagging can be reduced by up to 50% operation

e Including RCL could cause
disturbances
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3.2 Interior LVRT techniques
3.2.1Control strategies based techniques

The power generated from the DFIG-WTs is regulated
by the vector control (VC). On the other hand, the VCs are
not able to obtain LVRT capabilities since they are
primarily designed for DFIG-WT steady-state operation.As
a result, the updated VC must be used to meet grid code
requirements. Many changes were recommended by the
researchers. Consider the following:

e To increase the DFIG LVRT capabilities, Ref. [78]
proposes a control method that combines transient
compensators with a typical RSC current regulator. The
control approach matched the RSC ac-side output
voltage with the transient-induced voltage when a fault
occurs, minimizing crowbar interruptions to a
minimum.

e According to Ref. [79], during grid faults, which might
produce stator and rotor overcurrent, the stator currents
as the reference rotor current must be reduced. The
gains of the RSC's PI current controllers were ideally set
to reduce rotor over-currents.

e Alsoin[60, 80] the controllers for both the RSC and the
GSC are built using a linear quadratic output feedback
decentralized control approach in order to reduce
oscillations and the peak value of the rotor current and
the dc-link effort.

e Additionally, an adaptive internal paradigm controller
with a variable gain adjustment method is presented in
Ref. [81] to improve the DFIG's LVRT capability.

Table 4. Comparison of control strategies-based techniques.

e Refs. [82-84] increased the WT's LVRT capabilities
during voltage dips without affecting system stability;
advanced control-based techniques have been presented
and adopted. The majority of them explain several
methods for achieving the aim. The DFIG system's
transient responsiveness was also improved using a
robust control technique and a hysteresis-based current
regulator.

Refs. [85,86] improved the DFIG-LVRT WT's
capabilities, model predictive control is employed to
improve system stability and flux tracking control
utilizing an upgraded vector control technique. Internal
model control was also proposed to improve the DFIG-
LVRT WT's capabilities. The core idea is to use an
appropriate coordinate transformation and a nonlinear
control input to algebraically convert the nonlinear
system dynamics into an analogous linear one before
utilizing linear control techniques.

e However, a few of these strategies were just too
complicated to be employed in practical applications,
and they rely largely on the correct modelling and
control parameters or the estimation of certain
parameters, which may also jeopardize their resiliency
[73].

¢ In addition to the foregoing, Table 4 summarizes the
benefits and drawbacks of other control strategies based
techniques, as well as inferences made from references.

Sr. Author Technique Features Defects Contribution
1 Alaraifi Setal. SRC control = A less expensive option * Relatively low results This scheme is inferior
[29] = Simplicity to the SDBR scheme.
Current « High turbine speed has a A successful ride
2 VrionisTD et al. magnetizing e Quicker response negative impact. through
[30] controller o No need for sag detection
RSC and GSC = Cost-efficient » Mechanical stress has The suggested strategy
3 Wessels Cet al. control actions = There is no need for increased. is proven more
[31] have altered. overvoltage/ effective.
= Overcurrent protection.
e No additional e Disturbances can make it Effective improvement
4 Falehi AD et al. Fuzzy hardware is required difficult to perform. of LVRT capability
[32] controller with e Even for greater dips, o Complexity has risen
Genet_lc this is a cost-effective
Algorithm solution.
(GA) tuning

As stated previously, to emphasize different aspects of the
LVRT techniques outlined above. To address this problem,
researchers looked into the causes for DFIG's failure to stay
connected to a malfunctioning grid, as well as potential
solutions to assist it. Grid codes have created standards for

the operation of wind farms. According to these codes,
Tables 5, 6 give a detailed evaluation of them in terms of
the fundamental elements of LVRT improvement
techniques [87, 6]. In these tables “v”denotes that, the
utilized LVRT technology effectively controls the network


https://ascidatabase.com/result.php?searchin=Keywords&cat=&ascicat=ALL&Submit=Search&keyword=genetic+algorithm
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Gy
X

fault impact, denotes that, the utilized LVRT
technology has no impact on the fault, and “*” denotes that,

The utilized LVRT technology may exacerbate the network
fault impact.

Table 5. Impacts of exterior LVRT techniques on low voltage faults.

Rotor Stator Support Power Increase
LVRT Increase | Current DC-link
Techniques ncrease Current Increase rent . . Voltage
Current  \pltage Oscillations Current  Oscillations Active Reactive
Crowbar
Protection v X v X X X * <
DC link
Chopper * X X X X X X N
SDR V «l X X X X ~ ~
ESS * X * \j + + + +
STATCOM X X X * * X + +
Fault Current X X X «j X X X X
Limiter
Series GSC X X X X X ~ X ~
Table 6. Impacts of Interior LVRT techniques on low voltage faults.
Rotor Stator Support Power
LVRT Increase
Techniques DC-link
Increase Increase Current Increase Current Active Reactive Voltage
Current Voltage Oscillations Current Oscillations
Battery Powered
Applications  (BPA) N N N N N * * N
Control
Vector control
v X v X v X X N
crowd control X v X X v X X Ni
Feedforward control
v X v X v v v X
Sliding v v v X X X X X
mode control (SMC)
decentralized
nonlinear control (DNC) X X v X v v v X
Input-to-state ~ stability
(1SS )Control X v v X v v v X
state-dependent
Riccati equation % v v X v v v X
(SDRE) Control
Fuzzy Control v X v v v X X v
proportional integra
resonant(PIR) Control X X v v v v X X
(proportional integral-
dual-frequency X X v v v v X v
resonant)PI-DFR
Control
real-time neural X X X X X X X v
inverse optimal

(RNIO) Coordinated

However, it has been seen from Tables 5 & 6 that, some
interior LVRT techniques may satisfy the requirements of
grid codes but some of these strategies are too complex to
be implemented and used in industrial applications. In fact,
the schemes sorted under exterior LVRT techniques
attempt to satisfactorily meet the requirements of grid
codes; some are also inexpensive and simple to install. As

a result, the following section will demonstrate various
exterior LVRT techniques for improving DFIG-WTS
performance. MATLAB/SIMULINK is used here to
materlise and quatify the concepts of LVRT methods.

4. Improving LVRT Capability of DFIG-WTS
In this section, the exterior technologies that were utilized
are discussed as follows:
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4.1SR protection technique

SR protection is a method used on the rotor side of the
DFIG. The SR made up of a series of resistors linked to the
rotor winding as illustrated in Fig. 8. It uses power
electronic switches to regulate the connection of resistance
into the rotor circuit [88]. When there are faults, the resistor
should be connected in series with the circuit for the rotor
winding. When the SR inserted into the rotor circuit during
a fault, the power from the induced efforts in the rotor that
occur during the fault dissipated, limiting the rotor over
current.

The rotor currents were constrained, which decreased
the charging current to the DC-link capacitor. Overvoltage
on the DC-link is less likely as a result. The resistance
caused by SR will share the high voltage. The series
topology will prevent converter control loss. As a result, the
SR not only prevents rotor overvoltage from causing the
RSC to lose control, but it also prevents the RSC from
losing control. During the fault, however, there is no reason
to halt the RSC.

Back- to- Back converter

SeriesResistor ~ RSC GSC
Fig. 8 Topological structure of the SR protection technique

4.2 The Crowbar integrated with the DC-chopper

As illustrated in Fig. 9, the protective technique
includes two circuits: a DC-chopper and a crowbar. A
crowbar is a set of resistors linked to the rotor winding.
During a fault, the crowbar action started by raising the
rotor current value by blocking the converter.

9 MWwind farm
Driven by DFI1G with filter

e e e e ——— o — —

As a result, current enters the DC-link through the
freewheeling diodes, rapidly raising the voltage. For
restricted overvoltage's, the DC-chopper is turned on during
symmetrical and asymmetrical grid failures to safeguard the
power electronic converter. Resistors have been added to
the protective circuits to help reduce rotor current and DC-
link overvoltage.

Back-to- Back converter

L 449
R

Crowbar
RSC DC-Chopper GSC

Fig. 9 Topological structure of the crowbar integrated with
the DC-chopper

Additionally, Fig. 10 shows the detailed DFIG -WT
simulation setup. A wind farm is connected to a 25 KV
distribution system and exports electricity to a 120 KV grid
via 30 kilometres of 25 KV feeders was the subject of the
simulation. In MATLAB/SIMULINK, the wind farm is
represented by a single DFIG machine model (6 * 1.5MW)
using the 1.5 MW DFIG's parameters shown in Table 7.
Table7. Base and rated values for the system under
investigation.

Base power 10 MVA
Generator terminals' base voltage 575V
Base frequency 60 Hz
The generator's rotational speed base 1200rpm
Rotational speed of the generator 1.2 pu
Rated wind speed 11 m/sec
Rated dc voltage 1200

30 Km T.L PCC

S

DC -link capacitor

Grid

L > ad 2

575V/25KV

Grounding Transformer

Fig. 10. A single-line schematic of the system under investigation.
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5. Simulation Results

In this section, we will give the above-mentioned
simulation findings in the various scenarios of grid faults,
including symmetric and asymmetric faults.

5.1 The symmetrical fault: A case study

» SR protection technique:

As shown in Fig. 11, a three-phase fault is simulated at the
grid connection point, commencing at the time (t = 0.75)
until clearing at the time (t = 0.9s). This diagram depicts the
system's response to a 0.95pu effort drop lasting 0.2s. Due

2 T T T

to the presence of SR in the rotor winding- In this
simulation, the energy generated by the induced efforts in
the rotor during the failure had been lost.- As a result, there
is a decrease in the rise in stator and rotor currents..
Therefore, the stator currents are lowered from 2.66 p.u. to
2.02 p.u. The rotor current pulse rate decrease from 2.5 to
1.21 per second. Additionally, there is a reduction in DC-
link effort and electrical torque oscillations. SR protection
works better at boosting the damping currents at the
generator terminals.
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Fig. 11. A three-phase 0.95pu voltage drop for 0.2s using the SR protection technique.
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»  The crowbar integrated with the DC-chopper:

Figure 12 depicts the system's response to a 0.95pu
voltage decrease lasting 0.2 seconds. The rotor currents that
rise owing to the initial rotor current peak initiate the crowbar
firing. The safeguard normally disables the converter's
electronic switches. However, through the freewheeling
diodes, current and energy continue to flow into the DC-link,
resulting in a very rapid voltage rise. The DC-Chopper is

consequently activated to prevent over-effort.. The stator
currents pulse rate decrease from 2.66 p.u. to 1.81 p.u.
During the most dangerous phase by including parallel
resistance in the rotor circuit and by connecting resistance in
parallel with the DC-link. The rotor currents pulse rate
decrease from 2.5 to 1.42 p.u The improved state-transient
response feature is then significantly demonstrated
while utilizing the approach.
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Fig. 12. A three-phase 0.95pu voltage drop for 0.2s using the crowbar integrated with the DC-chopper.

5.2 The asymmetrical fault: A case study
» SR protection technique:

A double-phase (phase-b and phase-c) fault is simulated at
t = 0.7s, and Fig. 13 depicts the system reactions under
asymmetrical fault circumstances. The SR is efficient in

dissipating the induced voltage in the rotor when phase's b
and ¢ are short-circuited together. The stator currents
dropped from 2.09pu to 1.04pu. In addition, at the most
dangerous phase, the rotor currents pulse rate decrease from
1.91pu to 1.104pu. As a result, SR minimizes DC-link effort
and electrical torque variations greatly.
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»  The crowbar integrated with the DC-chopper

Figure 14 depicts the system responses in the presence of
asymmetrical faults. Short-circuiting occurs in phase's b and c.
reduced stator currents to 1.38pu from 2.09pu. at the most

Fig. 13. A Short circuit from phase b to phase c for 0.2s using SR protection technigue.

torque variations as indicated in fig.14.

dangerous phase when the DC chopper and crowbar switches
are triggered simultaneously. For the most serious phase, the
rotor currents are reduced from 1.91pu to 1.06pu, resulting in
a considerable reduction in DC-link effort and electrical
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Fig.14. A short circuit between phases b&c for 0.2s using the crowbar integrated with the DC-chopper.
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The simulation results demonstrate that, the SR is
helpful during balanced and unbalanced grid failures
because it reduces rotor over current, torque oscillations,
and DC-link over effort compared to the other scheme.
Thus, it supports the system's stability under grid failures.
In addition, the SR is reducing rotor currents more
effectively than a crowbar or DC-chopper protection.
During the fault, both techniques have reactive power and
electrical torque changes. They are substantially bigger
for crowbar protection. When compared to crowbar
protection, the electrical torque ripple is smaller with SR
protection.

6 Conclusions and Future Trend Exploration

In this paper, a thorough discussion of the recently
emerged LVRT techniques for DFIG-WTs has been
presented. Improving LVRT capability has become
critical because of the rising penetration of wind power
into the grid. So, in this paper, various LVRT techniques
have been described elaborately. The features, pros, and
cons of these LVRT techniques have been provided to
cleraly evaluate these technologies in line with grid codes.
Basically, LVRT techniques can be separated into two
categories: 1) exterior LVRT techniques (protection-
based, FACTS-based & hybrid techniques) and 2) interior

LVRT techniques like control strategies-based techniques.

Exterior LVRT techniques are extensively employed in

previously installed WTs for simplicity. However, cost
considerations continue to be a key impediment to the
adoption of these technologies. Hybrid approaches can
help improve LVRT by overcoming the shortcomings of
one method by inserting the benefits brought by the other.
In fact, interior LVRT techniques adjustments can provide
greater control effects during low grid effort. As the
LVRT capability of DFIG-WTs can be enforced without
any external supplementary circuit, interior techniques
have better economic benefits over exterior LVRT
techniques. Thus, interior techniques are preferable in
freshly erected WTs, considering the cost factor
advantages. The simulation performances of the exterior
LVRT techniques are analysed in this paper. The SR
protection technigue and the crowbar integrated with the
DC-chopper are considered here. Both strategies enforce
great LVRT performances in fault situations.
However, the SR protection technique has been shown to
be more effective than the crowbar integrated with the
DC-chopper.
Finally, guidelines and recommended technical designs
for LVRT technologies for DFIG-WTSs to cope with local
grid codes have been formed based on detailed
discussions conducted in this paper:

e Recent grid regulations require wind turbines to
remain grid connected while providing reactive
power assistance. As such LVRT capability of
DFIG-WTs need to be equippped to efficiently fulfil
emerging grid requirments.

e Some LVRT techniques are limited to symmetric
faults. Asymmetric faults are more common than
symmetric faults, as stated in the grid codes. As a
result, these techniques should be capable of
handling asymmetric defects as well.

e The techniques used should be simple and cost-
effective.

e Almost every method has been developed for a rigid
grid. However, the infrastructure that connects the
wind farms is often weak. As a result, future
approaches must be built to meet the needs of a weak
power grids.

The future direction of LVRT solutions is to use

Exterior LVRT techniques are widely used in pre-
installed wind turbines for simplicity. However,
economic concerns still act as a major barrier to Exterior
LVRT techniques, and the difficulties in modifying the
original control structure also restrict the application of
external installations. Although external modifications
are not the future direction of LVRT solutions, the
installation of external LVRT devices with specific
functions is necessary.
Internal control techniques apply advanced control
theories to strengthen the LVRT capability of DFIG-
WTs. internal control modifications can provide better
control effects during grid voltage dips. Because the
LVRT capability of DFIG-WTs can be enhanced without
any external auxiliary circuits. Thus, internal control
techniques are preferred in newly installed wind turbines,
and they have broad prospects for future development.

In terms of advantages in the cost factor and the
flexibility in modification, internal control techniques
will make substantial progress in the future. New control
theories will also be proposed to provide more flexible
and effective performance during grid voltage dips. The
LVRT solutions combined with artificial intelligence will
be a hot field. For example, artificial intelligence
techniques can endow DFIG-WTs with the ability to
achieve online optimal tuning, and supplementary
learning structures can be implemented in DFIG-WTs to
improve the LVRT capability. In addition, external
protection circuits combined with internal control
techniques should be studied in detail to meet the
requirement of modifying existing DFIG-WTSs.
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