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Abstract- Across many countries wind turbines generation systems (WTGS) have been installed over the past few years. However, the
power generated is inconsistent due to wind speed variations. The power generated and the losses in wind turbine changes
corresponding with change in wind speed. The only type of machine which can generate power at speeds below the fixed speed is
Doubly Fed Induction Generator (DFIG). But DFIG is oversensitive to grid faults, which makes to fail the Bidirectional converters
and dc link capacitor due to high inrush current and over voltage. Hence protection techniques are required to prevent DFIG from grid
fault. In order to stay connected to the grid during voltage dip, low voltage ride through (LVRT) is an essential phenomenon. The
above said problem is rectified by using eight protection techniques to prevent DFIG during voltage dip are implemented. These eight
methods are Blade pitch angle control, DC Chopper, crowbar circuit, series dynamic resistance, Battery energy storage system,
switch-type fault current limiter, Dynamic Voltage Restorer and FACTS Devices. The various hardware requirements and different
control schemes are studied and discussed in this paper to enhance LVRT capability. Torque, speed and thermal stress are analyzed for
symmetrical and unsymmetrical fault conditions.

Index Terms- Doubly-fed Induction Generator (DFIG), Low Voltage Ride Through (LVRT), Blade pitch angle control, Crowbar
circuit, DC Chopper, series dynamic resistance (SDR), Battery energy storage system (BESS), Switch-Type Fault Current Limiter
(STFCL), DVR , FACTS Devices

I. INTRODUCTION

ind energy is a non conventional and clean renewable source of energy. On account of depletion of fossil fuel and global

warming many countries have installed wind turbine generation systems (WTGS) to maintain continuity of power supply.
Electrical power generated from wind is of low cost, when compared with other renewable energy generating systems [1]. The
variable speed wind turbine (VSWT) is superior to the fixed speed wind turbine because of its ability to draw power at low wind
speed. Doubly-fed induction generator (DFIG) is one such example. It is cost effective, compatible, light weight and can also control
active and reactive power of the system. [2]. The stator and the rotor of DFIG are directly connected to the grid using convertors.
There are two converters, rotor side converter (RSC) and grid side converter (GSC) which is bidirectional in nature. A Dc link
capacitor is connected between both the converters. DFIG is sensitive to power grid disturbances in case of voltage sags [3]. During
this fault the terminal voltage across the grid is below the threshold value, in this case the stator current increases, which
correspondingly increases the value of rotor current and flows through RSC [4]. At this instant RSC fails due to high inrush rotor
current and dc link capacitor fails due over voltage. Sag withstanding capability of DFIG is dependent on Low Voltage Ride Through
(LVRT) phenomenon [5]. The turbine's stability should be maintained during a fault, and it should remain linked to the grid even if
the voltage loss is critical. When the voltage falls below the curve's value, the turbine is cut off from the power grid [6]. Some
protection techniques required to protect the converters from the above fault are discussed in this review. The schematic diagram of
DFIG based wind turbine is show in Figure 1.
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Figure 1. Configuration of DFIG based wind turbine

Il. GRID-CODE AND REQUIREMENTS

Wind turbines are established in areas with sufficient wind power density and require necessary provision to connect to the
grid. However, with the increase in force of wind power there was a requirement for establishing standard operation procedure.
The wind turbine grid code suggests that these farms should help in control of power just as conventional systems do and
should stay connected even when there is fault occurrence [83]. The important requirements are active power regulation and
frequency control, voltage regulation capability and reactive power/power factor, terminal voltage and supply frequency
discrepancy limits, as well as FRT capability [7-10].

The grid code main requirements are as follows
A.  Active Power

The generator used in wind turbine must be able to control active power, this will help in injecting a stable frequency and avoid
overloading of transmission lines large step up in voltages and in rush currents during start and stop operations. When power is
increased in the system during faults in should not cause large power surges.

B. Reactive Power

Wind power generating systems needs reactive power support. To compensate the reactive power requirement and to maintain
the reactive power balance and power factor that needs static capacitor bank or through dynamic VAR devices like STATCOM
are available [84]. The reactive power leads to increase in loss, overheating and degrading of lines.

C. Frequency requirements

To obtain power balance in any system, the supply frequency plays the major role. Whenever there is an increase in demand it
leads to a fall in the frequency value, whenever demand decreases frequency increases. Thus the frequency varies from 49.5-
50.5 Hz due to the power imbalance. This occurrence can be rectified using primary and secondary control of Conventional

Synchronous Generator.

D. Low Voltage Ride-Through

If the occurring voltage sag is below the threshold value the turbine remains connected. The generation of power from wind
turbine is not affected if the fault is cleared due to voltage dip naturally. Disconnecting the WT from large wind farm produces
higher value of power generation loss.

Invariant grid code requires large wind farms should withstand voltage sags for few percentages for specified period of time.

These limitations are called FRT or LVRT capability requirement. A typical LVRT curve shows voltage versus time
characteristic [11] as shown in Figure 2
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Figure 2. Typical LVRT curve

I1l. REVIEW OF WIND TURBINE LVRT TECHNIQUES BASED ON DOUBLY FED INDUCTION GENERATORS

LVRT capability improved in DFIGs, using several methods as discussed in this literature.

A. Blade pitch angle control

Pitch angle control refers tuning the angle of movements of the blades of rotor to control the production of power. The control
system is adjusted in order to keep the blade pitch within the operating limits of change in wind speed. When compared with
passive stall, pitch angle control captures more power from available wind speed. On the basis of the pitch control mechanism,
wind turbine can be subdivided as fixed pitch Wind turbine, Variable pitch wind turbines. There are varieties of blades
manufactured by different manufacturers. Variable pitch is required mainly for big machines in order to reduce aerodynamic
loads and draw more power during fixed speed operation. There should be proper maintenance and for small machines fixed
pitch is more suitable [12]

B. Crowbar methods

The crowbar protection circuit consists of three phase diode rectifier, the output of rectifier is connected to bypass resistor [13-
15]. The passive crowbar circuit bypasses RSC using crowbar resistor, when DFIG is interrupted. But active crowbar circuit
connects crowbar braking resistor when essential and disconnects it to operate DFIG control without any disturbance that
occurs to DFIG. In this work, the active crowbar circuit consists of a diode rectifier, whose output is linked to a crowbar
braking resistor in series with an IGBT with on/off control for DFIG interruption is shown in Figure.3
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Figure 3. Crowbar Protection circuit
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Whenever there is a drop in terminal voltage across the grid below the fixed value the braking resistor comes in contact with DFIG as
the crowbar is switched on, the RSC is switched off. When the terminal voltage increases the braking resistor gets disconnected from
the rotor of DFIG as crowbar is switched off. The crowbar circuit connects the rotor of generator and prevents the power converter
and improves LVRT capacity [85]. The main advantage of Crowbar protection scheme is which prevents converter and generator
during fault. The main disadvantage is that when there is fault occurrence as the crowbar circuit comes into play the DFIG loses its
control and absorbs power from the grid which leads to the further dip in the voltage. The value of braking resistor should be carefully
calculated to minimize the losses and to achieve adequate damping. Another crowbar mechanism is presented in series to the stator of
the DFIG linked to the grid to avoid the foregoing problems [16]. This scheme involves bidirectional conduction switch (stator switch)
which connects stator of DFIG to grid, but special attention should be taken to reduce the switching losses [17].

C. DC Chopper Protection circuit

The DC Chopper protection circuit has a chopping resistor cascaded to a dc link capacitor. An IGBT is connected in series with
chopping resistor, depending on the rate of voltage across the dc link the chopper may be turned on or turned off. Since the dc chopper
is connected across dc link which protects the converter and dc link capacitor from over voltage during low voltage grid fault [18].
The DC chopper circuit is shown in Figure 4.
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Figure 4. DC Chopper circuit

The dc chopper is activated whenever the voltage across the dc link rises, assisting in the maintenance of a stable voltage; the RSC is
still connected to the DFIG rotor. When the voltage across the dc link is lower than preferred value the dc chopper is turned off, thus
dc chopper circuit prevents converter and link capacitor during grid fault [19].

D. SDR Protection circuit
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Figure 5. SDR Protection circuit
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The series dynamic resistor is linked between the rotor of the DFIG and the RSC in this technique. The bidirectional switches
connected across the SDR limits the value of over current entering to RSC during fault condition, thus RSC is protected from over
current fault. The SDR Protection circuit is shown in Figure 5. When the terminal voltage across the grid is normal, the switches are in
ON condition and series dynamic resistor are by passed, thus allows the currents entering to RSC. When the terminal voltage falls
below its rated value, the switches are turned off, and SDR is linked between the rotor of DFIG and RSC, the current entering RSC is
limited. During various grid faults SDR protects the converter from overvoltage and over current. Hence the charging current and
voltage across the dc link capacitor are within the safe value. The distinction between crowbar and SDR is that crowbar and DC
chopper are shunted and SDR is in series.

E. Battery Energy Storage System

The objective of battery storage energy system is to maintain a constant voltage across dc bus link. It comprises of DC-DC
bidirectional Convertor in connection to dc link capacitor. The battery-side converter control is shown in Figure 6. During fault
occurrence the over voltage across the link gets regulated and absorbed by storage system, therefore improving the LVRT capability
[20].
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Figure 6. Battery energy storage systems
F. Switch-Type Fault Current Limiter

Switch type fault current limiter (STFCL) uses fault-current limiting inductors (Li) connected to stator of DFIG to enhance LVRT
capability. The STFCL circuit consists of fault-current limiting inductors, isolation transformers, a diode bridge rectifier, a static
switch (Sd), a snubber capacitor (Cf ), and a fault energy absorption bypass resistor in series to capacitor (Ra and Ca). When static
switch (Sd) is turned on Li is bypassed, similarly when Sd is turned off Li is added to the stator of DFIG. Snubber capacitor inhibit the
transient overvoltage when Sd in off condition. Ra limits the fault current entering to Ca and fault energy absorption capacitor is used
to store excessive energy supplied to stator. STFCL protects DFIG from over current, overvoltage, over torque and limits rotor back
EMF voltage. Thus it improves the RSC controllability; it also provides sufficient reactive power to grid. The crowbar method of
protection by passes the fault current through bypass resistor but in case of STFCL the fault current is reduced by using Ra and Ca. As
a result, the STFCL technique of grid protection mitigates more serious grid concerns [21, 82]. The Switch-Type Fault Current Limiter
Protection circuit is shown in Figure 7.

IVV. REACTIVE POWER INJECTION BASED

A. LVRT Techniques

Dynamic voltage restorer (DVR) and FACTS devices like STATCOM and UPFC are regularly used to introduce the reactive power
during grid fault condition to legitimately ride through low voltages which are clarified as following.
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Figure 7. Switch-Type Fault Current Limiter

B. Dynamic Voltage Restorer

To compensate the voltage sag and voltage dips DVR is connected in series to the grid using coupling transformer [81]. The rating of
converter depends upon the value of dips. This device acts as series compensator used to optimize the performance of LVRT. It is
likewise expressed that dc capacitor size should not surpass as far as possible to guarantee better LVRT performance of DFIG based
wind turbine[33]. The DVR circuit is shown in Figure 8. However, they are generally not used in systems that are subject to protracted
reactive power deficiencies (ensuing low voltage conditions) and in systems that are vulnerable to voltage collapse. In most of the
condition [25] DVR based arrangement is best suited for LVRT enhancement solution.
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Figure 8. Switch-Type Fault Current Limiter

C. FACTS Devices

For better power exchange capability and stability series ad shunt based FACTS compensation methods are used in power system for
improving power quality[26]. FACTS based devices like SVC and STATCOM works much better during LVRT enhancement. Under
different grid fault conditions [27-28] LVRT based Optimization of DFIG WTs are discussed. For superior LVRT improvement [29]
Unified power flow controller (UPFC) is inserted for reactive power injection.

D. Modified Vector Control Algorithms

Typical vector control of DFIG under steady state for GSC and RSC as avowed in [23] but its respective dynamic performance is
worst. The modified vector control of DFIG is stated below. Virtual resistance system for rotor current based LVRT improvement is
implemented in [24].For personalized vector control Feed-forward transient current control (FFTCC) of RSC is discussed in [30].
Emulating control using inductance is discussed in [32]. Finally for achieving better LVRT solution Virtual damping flux based
method is discussed in [31]
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Table 1. Hardware requirement to improve LVRT DFIG performance

Static switches for power conversion [34]
Rotor side series converter [35]
Super capacitor as energy storage system to emphasize the DC link [36]
Six-switch conventional grid side converters is replaced by nine-switch converter [37]
Arrangement of series and parallel GSC [38]
Implementation of SMES [39]
Super capacitor energy storage system (SC) [40]
STATCOM connected with Super capacitor energy storage system [41]
Stator connected with anti-parallel thyristor and IGBT for higher current carrying [42]
capability

A protective arrangement consisting of an uncontrolled rectifier, two sets of IGBT [43,44]
an inductor, diode and switch

Superconducting fault current limiter (SFCL) [45,46]

V. PERFORMANCE OF DFIG WITHOUT ANY LVRT PROTECTION

The primary objective of this paper is to protect DFIG based wind generator from short circuit fault during LVRT. In case of
symmetrical faults during starting and end of fault, rotor circuit current increases to higher value. But in case of unsymmetrical faults
the winding stress of DFIG is more compared with symmetrical faults.

At the beginning of unsymmetrical fault the rotor current starts increasing gradually, finally it becomes constant until the fault ends.
The thermal stress on the winding of DFIG and converter is more in unsymmetrical faults when compared with symmetrical faults,
also torque and speed fluctuations is more in case of unsymmetrical faults hence the impact of mechanical stress is more in case of
DFIG based wind turbine, without any LVRT protection [22].
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Table 2. Various control approaches to improve DFIG's LVRT

Control scheme activates switch during the fault condition [47]
Magnetizing current controller [48]
Effective resistance higher current limiter [49]
Genetic algorithm based fuzzy controller [50]
Real and reactive power stream control using various reference under fault and normal [51]
condition

Effective resistance utilizing the RSC voltage [52]
A vector-controller support non-optimal controller [53]
Implementation of a controller for an unbalanced dip in voltage with regards to RSC [54]
and GSC

For imbalanced voltage circumstances, a controller consisting of a bidirectional [55]
resonant-frequency compensator and a Pl control device is used

Momentary current controller based on feed-forward [56]
Controller for feedback linearization [57]
Storage of electrical power from kinetic energy wind turbine [58]
Internal hysteresis current control and exterior power-based control loop [59]
An adjustable oscillating controller [60]
Conversion of kinetic energy from waste energy [61]
Using two models to regulate the degree of flexibility [62]
Decentralized linear feedback controller [63]
Application of analogous soft torque synchronized control constant active power [64]
Control approach to track flux link [65]
Control approach to track phase angle [66]
A nebulous controller [67]
Non-optimal vector controller [68]
An indiscriminate controller for DC voltage controller [69]
Controller for unbalanced voltage drop [70]
Controller for second order discontinuous control signal [71]
Direct form indication adaptive in-house controller [72]
Implementation of a control system that specifies numerous reference values for real [73]
and reactive powers in both stable and unsteady settings

After an external short circuit, grid-powered WECS are re-established under stable [74]
conditions

For programming unreliable LVRT states, vibrant power control for dynamic control is [75]
employed

A controller to monitor DC link voltage [76]
A control method to consider dynamic magnetizing current in stator circuit [77]
A controller for nonlinear application [78]
Three individual current controllers utilized for symmetrical elements and quadratic [79]

linear regulator

Implementation of stator magnetizing flux linkage in rotor current controller inference [80]
and DC composition
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VI. CONCLUSION AND FUTURE WORK

Low voltage ride through (LVRT) is an essential method required for the wind turbine to satisfy the grid code requirement. Different
methods of LVRT protection schemes are discussed. The above methods are studied and analyzed in this paper. Since DFIG is
oversensitive to grid voltage variations, few control techniques are implemented to prevent the bidirectional converter disconnecting
from the grid. Crowbar method of protection bypasses the fault current, but in case of STFCL the value of fault current and rotor back
EMF are limited. STFCL has excellent LVRT enhancing capability, when compared with crowbar method of protection. Advanced
control strategies have also being discussed to improve LVRT performance. Future research work should be carried on DFIG optimal
performance to meet grid code constraint under various grid faults.
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