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Abstract: In recent years, considerable advances were made in wind power generation. The growing
penetration of wind power makes it necessary for wind turbines to maintain continuous operation
during voltage dips, which is stated as the low-voltage ride-through (LVRT) capability. Doubly fed
induction generator (DFIG)-based wind turbines (DFIG-WTs), which are widely used in wind power
generation, are sensitive to disturbances from the power grid. Therefore, several kinds of protection
circuits and control methods are applied to DFIG-WTs for LVRT capability enhancement. This paper
gives a comprehensive review and evaluation of the proposed LVRT solutions used in DFIG-WTs,
including external retrofit methods and internal control techniques. In addition, future trends of
LVRT solutions are also discussed in this paper.

Keywords: Doubly fed induction generator; low-voltage ride through; wind turbine; rotor-side
converter; grid-side converter

1. Introduction

In recent years, renewable energy generation made great progress worldwide to meet the challenge
of drastic climate changes and increasing energy demands [1]. Among various renewable energy
sources, wind energy is the most rapidly growing one around the world [2,3]. In 2018, the 51.3 GW of
new installations brought total cumulative installations of wind power up to 591 GW, and the Global
Wind Energy Council (GWEC) expects that more than 55 GW of new capacity will be added each
year until 2023. In 2019, with the 25.7 GW of new wind power installations, the cumulative wind
power installations of China increased by 14% to 210 GW. With the development of wind energy, wind
turbines (WTs) are more widely used in electrical power systems.

WTs can be classified into four basic categories based on the ways of speed control: fixed-speed
wind turbines, limited variable-speed-controlled wind turbines, doubly fed induction generator
(DFIG)-based wind turbines (DFIG-WTs), and full variable-speed-controlled wind turbines [4,5].
Among these four types of wind turbines, DFIG-WTs are mostly preferred in practical applications due
to their advantages including simple installation, low cost, variable-speed constant frequency, and
independent control of active and reactive power [6]. Figure 1 shows the schematic diagram of a DFIG.
The stator is connected to the power grid directly, and the rotor is linked to the power grid through a
back-to-back voltage source converter, which comprises a rotor-side converter (RSC) and a grid-side
converter (GSC). RSC is used to control the active power and reactive power delivered and to achieve
the maximum power capture. GSC is used to control the active power and reactive power delivered,
as well as maintain the direct current (DC)-link voltage [1,7].
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Figure 1. Basic structure of doubly fed induction generator (DFIG).

DFIG-WTs are susceptible to grid voltage dips and disturbances. During grid voltage dips, the
stator and GSC are influenced directly by the sudden change in DFIG bus voltage. Stator perturbations
will induce large voltages in rotor windings and lead to uncontrolled rotor current. The rotor
overcurrent may cause a large increase in DC-link voltage. Both rotor inrush current and DC-link
overvoltage can damage wind turbines [8] and may lead to tripping of DFIG-WTs. The ability to ensure
continuous operation during voltage dips, as well as minimize re-synchronization problems after the
clearance of faults, is stated as low-voltage ride-through (LVRT) capability.

In the past, the penetration level of wind energy was extremely small compared with conventional
generation systems [9]. Therefore, wind turbines were allowed to disconnect from the power grid
during voltage dips to avoid overcurrent. However, with the penetration of wind energy in electrical
power systems increasing, a sudden loss of wind power during voltage dips can result in control
problems of system frequency and voltage, which leads to a system collapse in the worst case [10,11].
Hence, it is ideal to make wind turbines stay connected to the power grid and provide support during
transient periods. Therefore, the LVRT capability in wind turbines is now mandatory. With emphasis
on the LVRT capability of DFIG-WTs, many countries updated their grid code requirements (GCRs).
The German LVRT grid criteria are mostly preferred over other GCRs in practical applications [1]; they
require that (1) wind turbines shall remain connected to grid for at least 0.65 s after fault inception,
(2) the permitted fault voltage is 15% of its rated voltage, and (3) the voltage should recover to 90% of
its rated voltage within 3 s after the clearance of faults. According to the GCR for LVRT, wind turbines
should have the ability to ensure continuous operation during voltage dips, and the voltage should be
kept above the curve shown in Figure 2. In addition, most GCRs require reactive current injection
during voltage dips. The E.ON requirement for voltage support proposes that wind turbines should
provide reactive current when the voltage reaches the dead band limit, and larger reactive current
injection is needed when the voltage dips go deeper, as presented in Figure 3. The reactive current
support in response to severe voltage dips must be achieved within 20 ms of fault detection [12].
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To meet the demands of GCRs, the behavior of the DFIG during and after voltage dips should be
controlled as follows: (1) overcurrent and overvoltage in stator and rotor windings should be restrained
to avoid damaging the power converters; (2) speed of turbines and electromagnetic torques should be
properly designed to guarantee safe operation [13]; (3) DC-link voltage should be kept constant to
ensure the desirable operation of RSC and GSC [14]; (4) enough reactive power is needed to promote
grid recovery [15]. To solve these problems, various methods including external retrofit techniques
and internal control techniques were proposed to ameliorate the LVRT capability of DFIG-WTs.

The review of LVRT techniques can serve as a reference to analyze the existing control methods
and identify the prospects for further improvements in this area. In Reference [9], a comprehensive
review about the grid code regulations enforced on large wind power plants was presented. However,
the specific LVRT techniques which fulfill various grid code requirements were not covered in this
paper. A technical review of LVRT techniques applied in DFIG-WTs was discussed in Reference [4],
while a significant portion was dedicated to LVRT protection circuits and hybrid combinations. In
Reference [16], relevant literature about LVRT strategies was studied regarding when DFIG-WTs
are connected to an alternating current (AC) network or voltage source converter (VSC) based
high voltage direct current (HVDC). However, this paper mainly focused on the power surplus of
two-terminal systems and DC voltage control of multi-terminal systems. A review on LVRT techniques
for improving the transient stability of DFIG-WTs was proposed in Reference [1], where LVRT solutions
were divided into protection circuits, Flexible Alternating Current Transmission System (FACTS)
device-based methods, traditional control methods, and advanced control techniques. However, the
lack of comparative analysis results may restrict its application value.

This paper gives a comprehensive review and evaluation of the proposed LVRT techniques used
in DFIG-WTs to analyze the current level of LVRT techniques. The main contributions of this paper
are summarized as follows: firstly, this paper offers a remarkably up-to-date review of the state of
LVRT techniques applied in DFIG-WTs, especially the latest achievements in this area. Secondly,
novel classifications are proposed in this paper based on internal/external retrofits and the location
of modifications. The analysis results and discussions show the potential of LVRT techniques and
provide future research directions based on this work.

This paper is organized as follows: Section 2 presents the classification of LVRT techniques.
Section 3 gives an introduction of rotor-side external retrofit techniques. Stator-side external retrofit
techniques are described in Section 4. Section 5 introduces internal control techniques. Section 6
concludes this paper and discusses future research trends.

2. Classification of LVRT Techniques

External retrofit techniques can effectively solve these problems and enhance the LVRT capability
by installing devices to DFIG-WTs. Different device topologies and installed locations determine the
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way external retrofit techniques work. For example, the rotor-side crowbar circuit is used to restrain
rotor current increase and protect the RSC [17], while a DC-chopper can limit the overcharge during
grid voltage dips [18]. According to the above factors, external retrofit techniques are classified into
two parts: rotor-side external retrofit techniques and stator-side external retrofit techniques. Internal
control techniques are prioritized choices for new installations of wind turbines [19]. Through properly
designed control strategies, internal control techniques make full use of the DFIG’s own capability to
enhance the LVRT capability of DFIG-WTs. Thus, they are more economical by avoiding extra hardware
devices. Many advanced control techniques are proposed to provide better dynamic performances
and enhance the LVRT capability of DFIG-WTs.

3. Rotor-Side External Retrofit Techniques

Due to the coupling between stator and rotor, grid voltage dips may result in rotor overcurrent
and overvoltage. Crowbars, DC-choppers, series dynamic resistors (SDRs), and DC-link energy storage
systems (ESSs) can be installed on the rotor side to restrain the inrush current and the increasing
voltage. These extra device installations are classified as rotor-side external retrofit techniques.

3.1. Crowbar Method

The crowbar is the most prevalent LVRT protection circuit adopted in DFIG-WTs. A crowbar
circuit comprises a set of paralleled resistors installed between rotor windings and the AC-side of
the RSC [18,20], as shown in Figure 4. When rotor overcurrent or DC-link overvoltage occurs, the
crowbar is triggered and a low-resistance path is created to allow high currents to flow through. In
this operation mode, the RSC is disconnected from rotor windings via the closed crowbar switch [21]
and the damage of overcurrent can be avoided. With the crowbar circuit triggered, the DFIG-WT is
transformed into a standard induction motor and the excitation control is lost. In this case, the DFIG
consumes a large amount of reactive power from the power grid via stator windings, which may
deteriorate the terminal voltage dynamics. In general, removing the crowbar in a timely manner can
make the RSC provide reactive power to the grid as soon as possible to accelerate the grid voltage
recovery. However, more crowbar connection time is needed to ensure that the natural flux is damped
up to a desirable level so that the RSC can recover the DFIG control [22]. Therefore, the crowbar
connection time should be chosen carefully to improve the transient stability of DFIG-WTs. Another
important factor which influences the crowbar performance is the crowbar resistance. On one hand,
low crowbar resistance can lead to serious rotor overcurrent and electromagnetic torque with a large
peak [22]. On the other hand, increased crowbar resistance can lead to rotor overvoltage and DC-link
overvoltage, which may cause damage to rotor windings. Thus, an appropriate value of the crowbar
resistance should be selected to meet the aforementioned issues.
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To improve the control effect based on these important factors, many crowbar modifications
were proposed in terms of both configuration and strategy. An analytical expression for crowbar
resistance was derived in Reference [23]. By taking grid impedance into consideration, the appropriate
crowbar resistance can be calculated, which shows desirable performance in practical applications.
Crowbar resistance chosen via the traditional method is close to the margin of LVRT security region.
The parallel R-L configuration crowbar with series R-L circuit, as shown in Figure 5, was proposed in
Reference [20]. During the transient period, the parallel R-L configuration crowbar is activated and
maintains a connection to the terminal of rotor windings and the RSC. The smooth transition can be
guaranteed through the injection of the proposed circuit.
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3.2. DC Chopper

A DC-chopper is a resistance circuit connected in parallel with a DC-link capacitor between the
RSC and GSC, as shown in Figure 6. A braking resistor is used to maintain DC-link voltage by accepting
transient rotor overcurrent [24]. The insulated gate bipolar transistor (IGBT), in series with resistors,
controls the inserting and quitting time of the DC chopper circuit. Whenever grid faults occur, the rapid
increase in rotor current will lead to DC-link overvoltage by charging the DC-link capacitor. When
DC-link voltage exceeds the threshold value, the IGBT should be closed to short the link with braking
resistors [25,26]. As a result, DC-link voltage can be adjusted to an acceptable level. However, the rotor
transient overcurrent and DC-link overcurrent cannot be restrained by a conventional DC-chopper. In
this situation, the RSC switching is stopped. A modified DC-chopper was proposed not only to restrain
DC-link voltage on a desirable level, but also restrict the overcurrent on both the rotor side and the
stator side in Reference [27]. The modified DC-chopper is placed between the DC-link capacitor and
RSC, and DC chopper resistance can be inserted through three extra semiconductors. By employing
the modified DC chopper, rotor current and stator current, as well as DC-link voltage, can be controlled
without utilizing the extra fault-current-limit method and voltage sag compensation approach [27].
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3.3. Series Dynamic Resistor

The SDR is a configuration where a dynamic resistor is put in series between rotor windings and
the RSC to limit rotor overcurrent during grid voltage dips, as shown in Figure 7. The operation of the
SDR is controlled by a power electronic switch: (1) in steady-state conditions, the switch is closed and
the series resistor is bypassed; (2) during fault conditions, the switch turns open and a series resistor is
connected between the RSC and rotor windings, where rotor current flows through the resistor [28].
Due to the specific topology, the SDR can directly control the magnitude of current. Furthermore,
the limitation of rotor current can reduce the charging current to a DC-link capacitor; thus, DC-link
overvoltage can be avoided [29,30]. During voltage dips, the high rotor voltage is shared by the series
resistor, and the continuous operation of converter can be guaranteed. By maximizing the operation
time of the RSC, more reactive power can be generated from DFIG-WTs to support the terminal voltage.
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Figure 7. Series dynamic resistance (SDR) protection circuit.

A coordinated control approach which consists of a series rotor-side crowbar (SRSC), DC-link
capacitor crowbar (DCCC), and circuit breaking (CB) was proposed in Reference [31]. In this scheme,
the SRSC is in parallel with CB, and it connects in series with rotor windings and the RSC. The DCCC
is connected in parallel with the DC-link capacitor with the function of restricting DC-link overvoltage.
Figure 8 shows the configuration of the coordinated control approach. In steady-state conditions, the
rotor is connected with the RSC through CB, and the normal operation of the generator can be ensured.
During grid voltage dips, the SRSC and DCCC operate in coordination to protect the RSC and DC-link
capacitor. Furthermore, the RSC can be connected with rotor windings through the SRSC and maintain
operation to provide control efforts.
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Figure 8. Coordinated control of a series rotor-side crowbar (SRSC) and DC-link capacitor
crowbar (DCCC).

3.4. DC-Link Energy Storage System

The ESS acts as a buffer in DFIG-WTs with the function of keeping the DC-link power flow
through charging/discharging [32]. Typical DC-link ESS configurations include indirect DC-link ESSs
and direct DC-link ESSs. Figure 9 shows the topology of an indirect DC-link ESS, which comprises a
battery and a buck-boost converter acting as a DC/DC converter. The battery is connected in paralleled
with the DC-link, and the energy storage system is able to share the DC-link with the GSC when it is
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activated [33]. By applying an indirect ESS to the DC-link, DFIG-WTs have better capability to control
DC-link voltage and balance the power flow in the system [34]. Due to the specific structure, the ESS
can smooth the steady-state active power output. During transient periods, the ESS can endow the
RSC with the ability to provide enough reactive power support via additional demagnetizing current
injection. Thus, the terminal voltage dynamics can be improved. To reduce costs and increase efficiency
by avoiding converter losses, a direct DC-link ESS configuration was proposed in Reference [35]. In this
topology, the energy storage is connected in parallel with the DC-link without any extra converter.
Moreover, the direct DC-link ESS also shows the desirable capability to smooth output power during
voltage dips. However, the demagnetizing current which is injected from converters into the rotor
circuit may result in rotor overcurrent.
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An advanced auxiliary ESS control system was proposed in Reference [36], and the auxiliary
control configuration is shown in Figure 10. The operation of the ESS is controlled by power electronic
switches. During normal operation, power electronic switches SW1 and SW2 are off and the control
system is disabled. When disturbances occur in the output power, the primary control system can
participate in smoothing the output power by switching SW1 off and SW2 on. During the fault
condition, the auxiliary control system is activated by switching SW1 on and SW2 off to restrict DC
link overvoltage. This auxiliary ESS control system provides different functions based on different
conditions. Therefore, both steady-state and transient stability can be enhanced by applying this
control system.
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In the DC-link ESS, super-capacitors can replace traditional energy storages due to the function
of matching the intermittent wind energy. Super-capacitors do not have an electrochemical
reaction but have electric charge absorption and desorption during charging and discharging
periods [37]. Super-capacitors can be connected with the DC-link capacitor directly or via an
interface. By implementing a super-capacitor to the DC-link, the oscillation of stator current, stator
voltage, and DC-link voltage can be significantly restrained [38]. Although the super-capacitor imposes
a higher cost, it can enhance the transient stability of the DFIG, and the operation of the machine does
not need to be modified [39].

3.5. Comparative Results Analysis of Rotor-Side External Retrofit Techniques

Rotor-side external retrofit techniques have a desirable control effect in restraining rotor overcurrent,
controlling DC-link voltage, and improving terminal voltage dynamics. To compare the control effect
of various rotor-side external retrofit techniques, a single-machine infinite bus (SMIB) system was
established, as depicted in Figure 11. The rated active power of the wind farm was 9 MW with six
1.5 MW DFIG-WTs, and the detailed models of DFIG-WTs were provided by Matlab/Simulink R2016a.
The wind speed in the wind farm was maintained as a constant of 15 m/s. A three-phase to ground
fault with grounding resistance of 0.5 Ω occurs at the end of 25 kV feeder at 0 s, and the fault is
cleared at 0.1 s. According to the GCR for LVRT, the maximum limit of rotor current was set as 2 p.u.
Typical models of an active crowbar [20], SDR [30], ESS [36], and DC chopper [25] were implemented
in MATLAB/Simulink for simulation. The durations of the active crowbar circuit and SDR were set as
0.02 s, while the ESS and DC-chopper remained activated during grid fault. The comparative results
are shown in Figure 12.

Figure 12a shows the control effect in restricting rotor current. Since the ESS and a conventional
DC chopper may result in rotor overcurrent, they are not included. As shown in Figure 12a, the
active crowbar circuit shows better performance in restricting rotor overcurrent compared with the
SDR, because it creates a low-resistance path to allow high-current flow through during transient
periods. The desirable control effect in restricting rotor current endows the active crowbar circuit with
the ability to avoid overcharging in DC capacitors, such that the active crowbar circuit can restrain
DC-link overvoltage better than the SDR, as shown in Figure 12b. The DC-chopper can maintain
DC-link voltage in an acceptable range by quickly discharging the excess active power in the DC-link.
Figure 12c shows the comparative results of transient reactive power support. Since the SDR maximizes
the operation time of the RSC, more reactive power is generated when the SDR is applied compared
with the active crowbar circuit. The ESS offers more transient reactive power support during transient
periods, which results in better terminal voltage dynamics, as shown in Figure 12d. Since the reactive
power generation mainly depends on RSC control, the active crowbar circuit and SDR provide a similar
control effect for supporting terminal voltage. The DC-chopper has no control effect on reactive power
support and voltage dynamics improvement; thus, it is not presented in Figure 12c,d.
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4. Stator-Side External Retrofit Techniques

Due to the direct connection between the stator and power grid, grid voltage dips can lead to
stator overcurrent and voltage sags at the terminal. Series dynamic braking resistors (SDBRs), reactive
power compensation devices, fault current limiter (FCLs), and series grid-side converter (SGSCs) can
be installed on the stator side of DFIGs with the function of keeping stator current and stator voltage
on a desirable level. These external devices are classified as stator-side external retrofit techniques.

4.1. Series Dynamic Braking Resistor

The SDBR comprises a resistor and a paralleled IGBT circuit. Generally, the SDBR is applied in
series with line to restrain current during disturbances [40]. In a DFIG, the SDBR is installed between
the stator and the power grid, as shown in Figure 13. By dynamically inserting a resistor in the stator,
the SDBR can increase the terminal voltage during grid voltage dips. In addition, the destabilizing
depression of electrical torque and power can be restricted [41]. However, when a traditional SDBR is
activated, the back-to-back converter has to be disabled due to the hardship in synchronizing stator
voltage, and the variable frequency switching scheme may result in undesirable voltage quality [42].
To solve these problems, a modulated series dynamic braking resistor (MSDBR) was proposed, which
comprises a high-power braking resistor and two parallel IGBTs for each phase [43]. The MSDBR is
also connected in series with the stator and grid, and this device is controlled by the fixed frequency
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Pulse-Width Modulation (PWM) signals to dissipate excessive power and maintain the terminal voltage
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Furthermore, a configuration which combines MSDBR with a parallel integrated capacitor was
proposed in Reference [44] to improve the performance of DFIG-WTs during the transient period. Due
to the application of the proposed hybrid control scheme, the induced overvoltage in the stator will
not cause the converter system to lose control. As a result, rotor overvoltage can be limited. At the
same time, the DC-link capacitor charging current can be controlled to restrain DC-link overvoltage.

4.2. Reactive Power Compensation Device

The static var compensator (SVC) is a widely used reactive power compensation device with the
configuration comprising a thyristor-controlled reactor and thyristor-switched capacitors. By injecting
reactive power into the connected bus, the SVC can improve the transient stability of DFIG-WTs and
damp the power oscillations in transmission lines.

The static synchronous compensator (STATCOM) is a power electronic device based on the voltage
source converter principle. Generally, the STATCOM comprises a two- or three-level voltage source
converter [45], as shown in Figure 14. During steady-state conditions, this device injects reactive power
into or absorbs reactive power from the power grid to improve voltage regulation and stability. Thus,
the transfer capability can be enhanced. To provide smooth and rapid reactive power compensation
for grid voltage recovery, the STATCOM can inject the maximum reactive current into a power grid
during fault conditions [1,45,46]. Compared with thyristor-controlled static var compensators (SVCs),
the STATCOM has a similar capability in stability improvement, but a higher control bandwidth.
Furthermore, the STATCOM implemented in DFIG-WTs can compensate current without depending
on the voltage level of the connection point, which ensures the effective operation of the STATCOM
during serious fault conditions [47–49]. A GSC controller can successfully return the DC-link voltage to
a normal value with the aid of the STATCOM [50], which is a necessary condition for the RSC to restart.
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4.3. Fault Current Limiter

Fault current limiters are now commonly used in large interconnected power systems to limit
overcurrent during fault conditions. In this way, generators and transmission lines can be protected from
being damaged. Furthermore, the FCL can maintain terminal voltage regulation by injecting reasonable
resistance into a stator circuit and providing adaptive voltage compensation A superconducting fault
current limiter (SFCL) is a typical configuration in the application of superconductors. The proposed
SFCL consists of a coupling transformer (CT), a controlled switch, and a superconducting coil (SC), as
shown in Figure 15. In normal operation conditions, the controlled switch is closed and the flux between
the two CT windings can offset each other. Thus, only the CT operation impedance is implemented in
the circuit. During transient periods, the controlled switch is open, which results in the destruction of
non-inductive coupling. The superconducting coil is quenched to its high-resistance state to restrict
fault current [51]. Based on the operating principle of the SFCL, this device is generally installed on
the stator side of DFIG-WTs to provide high resistance during transient periods [52]. Therefore, the
stator overcurrent can be restrained.
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The saturated-core fault current limiter (SCFCL) is another modified FCL topology which was
proposed in Reference [8]. The SCFCL is mainly composed of a superconducting DC coil and a coupling
transformer in which AC coils are embedded in a saturated iron core. The DC coil is located between
two limbs of AC coils, as shown in Figure 16. In normal working conditions, the impedance of the
SCFCL is negligible due to the saturated iron core. After a fault occurs, abruptly increased current
flows through AC coils, resulting in the iron core becoming unsaturated. Therefore, the impedance
of AC coils increases quickly, and the fault current can be restricted. The installation of an SCFCL
on the stator side, as shown in Figure 17, provides flexibility in stator resistance. Due to the specific
characteristics of the SCFCL, its external installation has no resistance under normal conditions but
provides a high resistance during transient periods to restrain stator overcurrent and prevent voltage
dips in a DFIG [53].
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A circuit configuration combining an FCL with a superconducting magnetic energy storage
(SMES) was proposed in Reference [54] to enhance the LVRT capability of DFIG-WTs. During normal
operation, the SMES circuit is activated to smooth the output power of wind turbines. When a fault
occurs, the superconducting coil is injected into the circuit to restrain stator overcurrent. In order to
eliminate power fluctuations in power systems, the FCL resistance is reduced to its initial value during
post-fault periods, and the SMES-FCL returns to operating as an SMES [54].

4.4. Series Grid-Side Converter

The SGSC is a bidirectional power converter connected across the DC-link, as shown in Figure 18.
The SGSC has the capability to regulate DC-link voltage by controlling the active power injection or
absorption. Another function of the SGSC is to compensate for stator harmonic voltages by synthesizing
a harmonic voltage content. In order to offset the influence of negative-sequence grid voltage, the
SGSC is capable of injecting series compensation voltage to balance the stator voltage. The stator flux
can also be controlled by the series voltage injection through the SGSC [55–58].
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To improve the control effect of the SGSC, an adaptive resonant controller was proposed in
Reference [59]. Through voltage distortion and unbalance compensation, the hybrid controller
regulates the stator voltage at its rated value even under unbalanced grid voltage conditions. The
simulation results proved that this scheme could keep the stator voltage balanced and sinusoidal to
enhance the generated power quality. A unified DFIG-WT architecture comprising parallel grid-side
rectifiers (PGSRs) and an SGSC was proposed in Reference [60]. In this scheme, both the PGSR and the
SGSC are connected to the DC-link and share the same DC bus. During sub-synchronous operation,
the PGSR maintains the DC-link voltage by injecting power into the rotor circuit. The SGSC maintains
the stator flux magnitude in a desirable range to meet steady-state power requirements. The hybrid
control scheme equips the DFIG with the capability of unencumbered power processing and enhances
the LVRT capability.
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4.5. Comparative Results Analysis of Stator-Side External Retrofit Techniques

Stator-side external retrofit techniques show desirable performance in maintaining the terminal
voltage and restraining DC-link overvoltage. To compare the control effect of various stator-side
external retrofit techniques, the same test system and fault conditions as in Section 3 were adopted.
Typical models of an SDBR [44], STATCOM [50], FCL [53], and SGSC [57] were implemented in
MATLAB/Simulink, and the results are shown in Figure 19. Figure 19a shows the control effect
in maintaining terminal voltage. By providing fast and smooth reactive power compensation, the
STATCOM provided better performance in improving the terminal voltage dynamics than the SDBR.
In addition, the FCL could maintain terminal voltage regulation by injecting reasonable resistance into
the stator circuit and providing adaptive voltage compensation. The SGSC focuses on keeping terminal
voltage balanced and sinusoidal; thus, it is not presented in Figure 19a. Figure 19b shows the control
effect of maintaining DC-link voltage. By controlling the active power injection or absorption, the
SGSC can regulate DC-link voltage during grid faults. The SDBR aids the RSC and GSC in maintaining
controllability of DC-link voltage. However, more serious DC-link voltage drops occurred when the
SDBR was implemented in DFIG-WTs compared with the SGSC and STATCOM.
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5. Internal Control Techniques

In addition to implementing extra devices to enhance the LVRT capability of DFIG-WTs, the
performance of DFIG-WTs during transient periods can be improved by optimizing control strategies
and parameters. Various advanced control methods were applied in wind turbines, RSCs, or GSCs
to make full use of the DFIG’s own control capability. The application of linear control methods and
nonlinear control methods can provide support during grid voltage dips.

5.1. Wind Turbine Control

In variable-speed wind turbines, the use of blade pitch angle (BPA) control is becoming common
to control the output power and protect generators from sudden wind gusts. During normal operation,
when wind speed exceeds the threshold value, blade pitch angle controllers can modify the speed of
rotor windings to maintain tip speed ratio. In this case, output power can be kept at the rated value,
and the electrical and mechanical stress of wind turbines can be limited [61,62].

During the transient period, grid voltage dips can lead to imbalance between the high input power
from wind and the low electrical output power to the grid, which may result in overspeed. Blade pitch
controllers can protect rotor windings from overspeed and possible runaway conditions. Furthermore,
an advanced control technique was proposed to absorb the wind energy which cannot be injected to
the power grid during faults. This control scheme converts additional power to kinetic energy of wind
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turbines by reducing rotor torque, which may also lead to the rotor speed increasing during grid faults.
The blade pitch angle control is triggered once the rotor speed exceeds the threshold value. Therefore,
the hybrid control scheme can improve wind energy efficiency on the premise of safe operation.

To improve the control effect during severe disturbances and avoid the torque ripple caused by
conventional proportion integration differentiation (PID) controllers, adaptive fuzzy-PID controllers
can be utilized in variable-speed wind turbines [63]. Fuzzy-PID controllers endow blade pitch angle
controllers with the capability to maintain control even under unbalanced faults, as well as handle
situations with unstable wind power.

5.2. RSC Control

In recent years, various internal control methods were proposed from the perspective of RSC
control to enhance the LVRT capability of DFIG-WTs, as shown in Figure 20. Urd and Urq denote
the d- and q-axis RSC output voltage. RSC control methods can be classified as linear methods and
nonlinear methods.Appl. Sci. 2020, 2, x FOR PEER REVIEW  14 of 25 
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5.2.1. Linear RSC Control Methods

Vector control is the most widely used method in DFIG to achieve the independent control of
different system parameters. In vector control, the induction generator is controlled in a synchronous
reference frame to decouple electromagnetic torque and rotor excitation current [64]. Moreover, the
current vector is decomposed into components of stator active power and stator reactive power in the
stator-flux-oriented reference frame. Typical RSC proportional–integral (PI) controllers are capable of
regulating rotor speed, reactive power, and rotor current [65,66]. Particle swarm optimization (PSO)
was proposed in Reference [67] to tune the PI controller parameters, thereby improving the control
performance of PI controllers.

However, the closed-loop structure of conventional vector control may lead to complex calculation
and low dynamic response in DFIGs. To solve these problems, a combined vector and direct
power control (CVDPC) was proposed in Reference [66] to provide faster dynamic response, lower
computation, and simpler implementation.

Based on the mechanism that DC flux can be transformed into compensation current, current
compensation (CC) control was proposed in Reference [68] to improve the LVRT capability of DFIG-WTs.
As an effective RSC control method, this control technique makes use of compensation current to
counteract the DC flux caused by faults; thus, transient current and rotor voltage can be limited. To
coordinate with the current compensation control, a crowbar circuit is installed in the DC-link to
act as a release channel for extra power. The optimal active current compensation controller can
effectively improve the LVRT capability of DFIG-WTs. Due to the mechanism that reasonable active
current injection can significantly improve the small signal stability of DFIG-WTs, a novel optimal
active and reactive current proportion method was proposed in Reference [69]. The optimal active
injection current varies with the active current reference, which can be calculated from the fault position.
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Simulation and experimental results showed that the proposed scheme can effectively reduce transient
peak voltage and the voltage oscillations can be reduced during transient periods.

A feedforward transient compensation (FFTC) controller was proposed in Reference [70].
Compensation terms for DFIG stator transient voltages are feedforward injected into the current control
loop and power control loop to improve the control effect of DFIG-WTs in transient conditions. For the
current loop, complete transient voltages are injected into the rotor-current control loop by feedforward
terms to regulate the transient rotor current. For the power loop, 60- and 120-Hz components are
feedforward injected into the rotor current; thus, desired tracking of the rotor current is achieved.
In this case, an FFTC controller can improve the capability of transient rotor current control and
minimizes the DFIG control lost during both balanced and unbalanced grid faults. Therefore, the
LVRT capability of DFIG-WTs can be enhanced. There are other two feedforward control methods that
improve the transient capability of DFIG-WTs by adding feedforward terms: (1) feedforward current
reference control (FCRC) was proposed to achieve zero-error tracking for the rotor current references
after grid faults. By introducing the additional rotor current feedforward to the current loop, the
rotor current can be maintained in a balanced and sinusoidal manner [71]; (2) feed-forward transient
current control (FFTCC) was proposed to reduce transient current stress on the RSC and ensure that the
active and reactive power supply remains uninterrupted by adding the stator flux-related feedforward
components to the current loop [72].

5.2.2. Nonlinear RSC Internal Control

Since conventional PID controllers are designed based on linearized system models, they usually
show poor performance during severe grid faults. Thus, many nonlinear control methods were
proposed to provide better control effect for DFIG-WTs under large disturbances.

Sliding mode control (SMC) is an intermittent control signal-based nonlinear control method.
In Reference [73], SMC was applied in DFIG-WTs to restrict the oscillations in electromagnetic torque
and stator active power, which improved the system robustness. However, the application of SMC
may lead to the decreasing capability to generate power under large disturbances. A decentralized
nonlinear control (DNC) method was proposed in Reference [74] to improve the transient stability of
DFIG-WTs. Based on the differential geometry theory, this LVRT technique can linearize the complex
DFIG model and realize optimal control for DFIG-WTs. This exact linearization based method can
significantly improve the LVRT capability compared to the conventional PI controller. However, due to
the fluctuation in stator terminal voltage, the strict assumption of exact linearization is hard to achieve,
which limits the application of the proposed method.

Input-to-state stability (ISS)-based control was applied to DFIG-WTs in Reference [75]. Based on
the mechanism where the existence of ISS control Lyapunov functions can be used to demonstrate the
input-to-state stability of nonlinear systems, a decentralized ISS control law was proposed for the RSC
to enhance the transient stability of wind turbines. However, ISS-based controllers can only ensure the
inverse optimality, while combination with other control techniques is needed to further optimize the
ISS control parameters. By reasonably designing the state-dependent coefficient (SDC) matrices and
weighting matrices, an effective RSC control scheme based on the state-dependent Riccati equation
(SDRE) technique was proposed in Reference [19]. The implementation of the SDRE control method
can simplify control and mitigate the impact of grid voltage dips. Moreover, different selections of
SDC matrices lead to different control performance, whereas the extra freedom in selecting non-unique
SDC matrices makes the robust H∞ controller design more flexible [76].

Fuzzy control can provide desirable control performance for DFIG-WTs during severe disturbances
such as three-phase short-circuit faults and sudden changes in wind speed, while linear control schemes
cannot predict the behavior of DFIGs correctly in this case [77,78]. The fuzzy logic controller is known
for its adaptability to nonlinear systems and the function of reducing computational complexity.
In Reference [78], two fuzzy logic controllers were implemented in RSCs. One was applied to control
the direct current proportional to the generated reactive power, and the other was applied to control the
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quadrature current proportional to the generated active power. Simulation and experimental results
showed that the fuzzy logic controller has a faster and a more accurate response when compared
with PI controllers. Compared with the fuzzy logic controller, the interval type-2 fuzzy PI controller
(IT2-FPI) is generally more robust and has a smoother control surface around the steady state [79].
Thus, the IT2-FPI can also be applied in DFIGs to provide ideal capability of handling uncertainties
during grid voltage dips. The proposed strategy can provide a satisfactory performance in power
oscillation damping without the need to retune controller parameters. Furthermore, a fuzzy operator
was applied in DFIG-WTs to scale the variables of optimization including PI gains of DFIG controllers
and SFCL parameters in Reference [53]. The fuzzy operator scaled the objective functions within
the range of [0, 1], and the max-geometric mean operator aggregated the scaled objective functions.
This optimization algorithm could smooth output power and improve the LVRT capability through
multi-objective optimization.

5.3. GSC Control

The GSC is an important device with the function of controlling DC-link voltage and the reactive
power exchange with the grid. With properly designed GSC controllers, DC-link overvoltage can be
restricted during large grid voltage disturbances, as shown in Figure 21. Ugd and Ugq denote the d- and
q-axis GSC output voltage.
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In Reference [80], a coordinated control method composed of a PI controller and resonant
compensation was applied in DFIG-WTs to restrict torque and active power oscillations. Therefore, the
dynamic performance of DFIG-WTs under unbalanced conditions could be improved. In Reference [81],
a PI-DFR controller comprising a PI regulator and a dual-frequency resonant (DFR) was adopted in
DFIG-WTs. By applying this coordinated control, the DC-link voltage oscillations could be restricted,
and constant active power output could be ensured. Both the RSC and the GSC were controlled to
provide a smooth and optimized operation.

However, the linear control methods applied in GSC cannot predict the behavior of DFIG-WTs
during severe disturbances. A discrete-time inverse optimal control method based on a neural
network was proposed in Reference [82] to provide better dynamic performance for DFIG-WTs.
Due to the on-line identification property of neural networks, the real-time neural inverse optimal
(RNIO) controller design can be achieved without system parameters given, in which case the system
robustness can be improved.

Sliding mode control can also be applied in GSC internal control to alter the system dynamics.
The proposed sliding mode control can control the GSC to ensure desirable DC-link voltage and steady
active power output. In Reference [83], a nonlinear coordinated control method was applied to the
GSC of DFIG-WTs to stabilize the internal dynamics. By using the proposed method, rotor overcurrent
and DC-link overvoltage could be restrained and, thus, the LVRT capability could be enhanced.
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5.4. Comparative Results Analysis of Internal Control Techniques

Internal control techniques can be implemented in the RSC and GSC to restrain rotor current,
restrict stator voltage oscillations, and maintain DC-link voltage. To compare the control effect of
various internal control techniques, the same test system and fault conditions as in Section 3 were
adopted. Furthermore, all internal techniques adopted the same active crowbar circuits during the
initial fault period to avoid the influence of protection circuits, and the duration of the active crowbar
was set as 0.02 s. During the transient period, the simulation system applied five RSC control methods in
DFIG-WTs for comparison: conventional PI controller, SMC method [73], DNC method [74], ISS-based
controller [75], and SDRE-based controller [76]. The comparative results are shown in Figure 22. At the
initial period, the terminal voltage dropped rapidly to around 0.1 p.u. due to the severe three-phase
to ground fault, as shown in Figure 22c. Stator perturbations induced oscillations in rotor side, and
the rotor current exceeded 2 p.u., as shown in Figure 22a. In this situation, the active crowbar circuit
was activated. It can be seen from Figure 22a that the rotor current of the ISS controller and SDRE
controller could be maintained at a high value to make full use of the control capability of converters.
In Figure 22b, the wind farm with an SDRE controller could provide more reactive power support
during the transient period. Thus, better voltage dynamics could be achieved, as shown in Figure 22c.
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Since the design of RSC internal control methods pays less attention on DC-link overvoltage
restriction, the SMC method, DNC method, ISS-based controller, and SDRE-based controller are not
presented in the comparison of DC-link voltage dynamics. The conventional PI controller, fuzzy control
method [79], and coordinated control method [83] were implemented in the simulation, and the results
are shown in Figure 22d. The PI controller could effectively restrain the DC-link overvoltage in the
initial fault period, but a large voltage drop occurred later, which could influence the normal operation
of converters. Compared with the PI controller, the coordinated control method could significantly
restrict DC-link voltage drops. Through parameter optimization, the fluctuations in DC-link voltage
could be limited via the fuzzy control method during grid faults. It can be seen from Figure 22d that
fluctuations in DC-link voltage occurred after fault clearance. Thus, the fuzzy control method should
be combined with other protection circuits such as a DC-chopper to improve the control performance.

6. Conclusions and Future Trend Exploration

This paper gave a comprehensive review of the proposed LVRT solutions used in DFIG-WTs,
including the mature techniques applied in engineering practice and the latest theoretical achievements.
All LVRT solutions were classified into three categories according to their location and the ways they
work. Both advantages and disadvantages were discussed in this paper, and the modified topologies
or methods were also given.

External device installations inject specific circuits into DFIG-WTs by controlling the state of
electronic power switches during grid faults. In this way, the wind turbine configurations can be
modified to restrain stator overcurrent and rotor overcurrent, provide power support, and restrict
overvoltage, such that the LVRT capability of DFIG-WTs can be enhanced. External retrofit techniques
are widely used in pre-installed wind turbines for simplicity. However, economic concerns still act as
a major barrier for external retrofit 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 function
is necessary.

Internal control techniques apply advanced control theories to strengthen the LVRT capability
of DFIG-WTs. By making some compensations on voltage and current or improving the control
performance in nonlinear uncertain systems, 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, internal control techniques have economic advantages over external
retrofit techniques. Thus, internal control techniques are preferred in newly installed wind turbines,
and they have broad prospects for future development.

Inspired by the summary and comparative results in References [1] and [4], the above-discussed
LVRT techniques and their effects are presented in Tables 1 and 2 to indicate the functions of various
LVRT solutions. In this table,

√
indicates that the chosen LVRT technique provides effective control to

eliminate the grid fault effect, − indicates that the chosen LVRT solution has no effect on the fault, and *
indicates that the chosen LVRT technique may deteriorate the grid fault effect.
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Table 1. Influences of external LVRT techniques on low-voltage faults.
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Table 2. Influences of internal LVRT techniques on low-voltage faults. BPA—blade pitch angle; CC—capacitor crowbar; SMC—sliding mode control;
DNC—decentralized nonlinear control; ISS—input-to-state stability; SDRE—state-dependent Riccati equation; PI—proportional–integral; DFR—dual-frequency
resonant; RNIO—real-time neural inverse optimal.
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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 on-line 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-WTs.
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