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Abstract 

With the advancement of wind power technology, the penetration of wind power into power systems has 
increased significantly. Grid codes require that the wind generators remain connected for a specified 
time even under low-voltage conditions. Stricter grid code requirements are now necessary to ensure 
system stability and reliability due to the growing integration of wind power into contemporary power 
networks, which is being pushed by the quick development of wind energy technology. During low-
voltage disruptions, these regulations compel wind turbines to stay connected to the grid for a 
predetermined amount of time. However, a doubly fed induction generator (DFIG) is extremely 
vulnerable to voltage drops since its stator is directly connected to the grid. Electrical failures, thermal 
loads, and extreme mechanical stress can all be brought on by prolonged or recurrent exposure to such 
conditions. Many protection and control strategies have been created to overcome these obstacles and 
allow for efficient low-voltage ride through (LVRT) functionality in DFIG-based wind energy systems. 
The stator of a DFIG is directly connected to the grid, which makes it very sensitive to the dips in grid 
voltage. Continuous operation of DFIG for multiple dips will lead to different mechanical and electrical 
system failures. Various protection schemes are proposed by researchers to ensure the continuous and 
healthy operation of DFIG riding through low voltage (LVRT) conditions. The most recent hardware-
based LVRT augmentation methods put out in the literature are thoroughly reviewed in this work. The 
performance, cost, complexity, and dependability of various protection topologies and the control 
systems that go with them are all thoroughly examined and contrasted. To provide a comprehensive 
grasp of each approach's actual applicability, its advantages and disadvantages are emphasized. To 
help researchers and industry practitioners choose and create efficient hardware solutions for 
enhancing the LVRT capability and operational resilience of DFIG-based wind power systems, this 
paper attempts to be a useful resource. 
 
Keywords: Doubly fed induction generator (DFIG), low-voltage ride through (LVRT), fault current 
limiter, DC-chopper, crowbar, Series dynamic braking system, energy storage 

 

 

INTRODUCTION 

Conventional energy sources are expensive and have limited availability. Additionally, fossil fuels are 

a source of pollution. This has led power industries 

to focus on green and clean energy sources. 

Currently, large investments are being made in the 

present to explore solar and wind energies. 

According to the International Energy Agency 

(IEA), wind energy plays a prominent role in 

reducing dependency on conventional energy 

sources [1, 2]. 

 

Owing to features such as reduced inverter cost, 

reduced cost of filters, and improved system 

efficiency, doubly fed induction generators (DFIG) 

are superior to other wind generators [3]. The stator 

of a DFIG is connected directly to the grid, whereas 
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the rotor is connected through back-to-back converters. The rotor frequency and voltage are varied using 

a rotor side converter (RSC) to maintain a constant output voltage and frequency [4, 5]. Low-voltage 

ride through (LVRT) capability is the ability of a DFIG to remain connected to the grid for a certain 

voltage dip for the specified time as per the grid code requirements. With advancements in technology, 

a large number of wind turbines have been connected to the grid. Owing to the large power penetration 

of the grid, it is not feasible to disconnect the DFIGs during fault conditions. Otherwise, there is a huge 

power imbalance in the system, and the entire network may collapse. Furthermore, the DFIG should 

supply a certain amount of reactive power to the system to fulfill the reactive power demand to support 

the grid voltage after fault clearance [6–8]. 

 

During a voltage dip, a natural flux producing a high-back electromagnetic force is induced on the 

rotor of the DFIG, which leads to an increase in the stator and rotor currents beyond the safe limit. Due 

to a high voltage sag, the grid side converter (GSC) will not be able to supply power to the grid. This 

causes an imbalance in the converter power, leading to an increase in the DC-link voltage and damaging 

the converters [9]. An imbalance between the mechanical and electrical torques may lead to mechanical 

failure owing to rotor overspeed. Various protection schemes have been proposed to ensure safe and 

continuous operation of DFIG in such cases [10]. Various hardware solutions presented in the literature 

to address some of these problems are briefly described below. 

 

HARDWARE SOLUTION 

The hardware solution focuses on the addition of extra physical equipment with a DFIG for LVRT 

improvement. The role of the hardware is to absorb surplus power, that is, an imbalance of mechanical 

and electrical power, according to the requirements of the grid system, as shown in Figure 1. Hardware 

solutions are typically combinations of resistors, inductors, and capacitors placed in different locations 

with unique orientations. The possible locations for the placement of these hardware devices, as 

proposed by different papers, are shown in Figure 1. The roles of these components differ according to 

their locations. 

 

 
Figure 1. Possible locations of different hardware for LVRT improvement. 

 

CROWBAR 

A crowbar is a commonly proposed hardware solution for LVRT improvement of the DFIG. The 

crowbar is installed on the rotor side between the rotor winding and the RSC converters [11, 12], as 

shown in Figure 1 (L2). The crowbar limits the rotor current with the insertion of external resistance. 

In this mode, the RSC is turned off, and the DFIG works as a conventional induction machine. DFIG 

absorbs reactive power from the power system to create a magnetic field. Because of the absorption of 

reactive power, the voltage dip will be worsened [13, 14]. To meet the reactive power requirements of 
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the grid and DFIG, additional equipment is required, which adds to the cost. To overcome this problem, 

an optimized strategy for switching crowbars was proposed [15]. 

 

Improper switching and an inappropriate crowbar resistance value create an imbalance in the system. 

A high value of crowbar resistance leads to an increase in the DC-link voltage, whereas a low value 

may not be sufficient to control the transient fault current. In addition, if the crowbar activation time is 

short, the transient cannot be properly considered. If the activation time is high, the DFIG consumes 

more reactive power. The criteria for the selection of appropriate crowbar reactance values and 

switching times are provided [16, 17]. The authors concluded that an appropriate crowbar reactance 

value and switching time can improve LVRT for grid stability. However, frequent switching of the 

crowbar circuit during a voltage dip may have different impacts on the rotor circuit [18]. An adaptive 

crowbar resistor to support the dynamic reactive power was proposed [19]. 

 

SERIES DYNAMIC BRAKING RESISTOR 

To overcome this drawback, the series dynamic braking resistor (SDBR) has been operating DFIG 

as an induction generator during crowbar activation. The SDBR placed on the rotor side, shown in 

Figure 1 (L2), does not require the RSC controller to turn off. In this case, the DFIG will be prevented 

from working as a conventional induction generator. The circuit diagram of the SDBR is shown in 

Figure 2. 

 

 
Figure 2. Configuration of SDBR. 

 

During normal operation, the bypass switch is closed so that the current flows through a low-

resistance path. During a fault on the grid, the bypass switch is opened, and the current flows through a 

high-resistance path. Energy was dissipated in the resistor. The SDBR helps to balance the active power 

and boost the generator voltage during a dip [20]. The resistance was chosen according to the 

temperature limit of the resistive element. In addition, the maximum heat dissipation capacity of the 

resistive element of the SDBR must be considered [21]. 

 

An single-bridge boost rectifier (SBBR) alone will lead to a high DC-link voltage, so it is suggested 

to use a hybrid model with the addition of a DC-chopper [22]. It is shown that the placement of the 

SDBR at the stator side (Figure 1; L1) instead of the rotor side (Figure 1; L2) provides optimal 

performance. Different techniques have been used to generate control signals for SDBR switching. 

During a fault, there is a change in the bus voltage, and the DFIG responds to signals such as rotor 

current, stator current, and DC-link voltage. Using the deviation of the grid voltage to generate the 

switching signal is more effective than using the deviation of the rotor current and DC-link voltage [23]. 

For less severe fault occurrences at instances of low wind speed, the low resistance of the SDBR is 

preferred. However, for more severe faults during high wind speeds, a higher resistance value of the 

SDBR yields better performance [24]. SDBR integration with a converter control scheme generally 

provides a better performance [25]. 

 

ENERGY STORAGE SYSTEM 

If the energy lost during a low voltage can be stored, it can be returned after the clearance of the fault. 

One method to store energy is to use superconducting magnetic storage (SMES) systems. A magnetic 

energy storage device stores surplus power in the superconducting coil during a fault. Two major 
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problems faced by DFIG are the low voltage and fluctuation of the output power owing to frequent 

changes in wind speed. The SMES system was proposed [26] to address both issues simultaneously. A 

superconducting coil (SC) has the dual job of balancing the output power during normal conditions and 

limiting the overcurrent during faults. Coordinated control of power converters along with transient 

reconfiguration to support LVRT with an energy storage device (ESD) has been suggested, where a 

demagnetizing current is used to counteract the negative-sequence stator current and reactive power 

supply simultaneously [27]. A novel configuration scheme is used where proper distribution of the rotor 

current component between the RSC and energy storage converters (ESC) is carried out to optimize the 

capacity of the ESD [28]. The energy storage device-unified power quality conditioner (ESD-UPQC) 

contributes to improving the LVRT capability, regulating the output power, and limiting voltage 

oscillations [29]. The cooperative control of rotor side SMES and transient control [30], coordination 

of the active crowbar along with the battery energy storage system (BESS) [31], and flywheel as an 

energy storage system [32] are other techniques described in the literature for LVRT enhancement. The 

BESS contributes to bringing the system back to a stable state after disturbance [33, 34]. A series-

connected current source converter (CSC)-based SMES is simple in structure and easy to control for 

LVRT enhancement [35]. 

 

DC-LINK CHOPPER 

A DC-link chopper was used as the protection scheme to maintain the DC-link voltage during low-

grid-voltage conditions. During a dip, the converter will not be able to inject power in the full range to 

the output terminal because of a decrease in the terminal voltage, which leads to an increase in the DC-

link voltage. If the DC-link voltage is high beyond this limit, it may damage the converters. To 

overcome this problem, choppers are being used to protect the converters and ensure the smooth 

functioning of the DFIG during disturbance. The chopper was placed in parallel between the DC-link 

capacitors (Figure 1; L4). The DC voltage was compared with a certain reference value, and the control 

signal was generated, as shown in Figure 3 [36, 37]. 

 

The DC-chopper was implemented in a DFIG integrated power system to observe its effectiveness. 

The experimental results show that the DC-chopper performance is better than that of a crowbar [38]. 

The power absorbed by the chopper resistance during its activation is expressed as 

𝑃𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 =
𝑉𝑑𝑐
2

𝑅𝑐ℎ𝑜𝑝𝑝𝑒𝑟
 (1) 

Where, Pabsorbed is the active power absorbed by the chopper, Vdc is the DC-link voltage, and Rchopper 

is the chopper resistance. Simulation results verified that the system performance is not as good for 

large values of the chopper resistance [39]. It is suggested that quicker insertion and operation for a 

short duration yields better results. A comparative analysis of a hybrid system, that is, supplementary 

rotor current control in the RSC with chopper and SDBR, was conducted [40]. It is observed that the 

chopper with the SDBR provides better system performance despite being slightly more expensive. A 

DC-chopper was integrated with a multi-terminal high voltage direct current (HVDC) in an offshore 

wind farm for LVRT enhancement [41]. 

 

 
Figure 3. DC-chopper configuration with controller. 
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A modified DC-chopper replacing the conventional chopper was proposed [42], as shown in Figure 

4. This study uses differential control logic for switching so that it can operate as a chopper as well as 

a fault current limiter according to the system demand. An AI-based chopper crowbar protection scheme 

was proposed [43]. An adaptive neuro-fuzzy inference system (ANFIS) is used in the proposed model 

to detect faults in the system and generate control signals for hardware activation. The rotor side 

superconducting fault current limiter (SFCL) (Figure 1; L2) with a DC-link brake chopper can 

successfully maintain grid stability during disturbances [44]. The stator-side SFCL (Figure 1; L1) with 

a DC-link chopper was proposed [45] for high voltage ride through (HVRT) improvement. The 

choppers function as the primary protection to limit the DC-link voltage. The SFCL contributes to 

electromagnetic torque and overcurrent protection. 

 

 
Figure 4. Modified DC-chopper configuration. 

 

SUPERCONDUCTING FAULT CURRENT LIMITER 

An SFCL is electrical equipment that possesses negligible resistance during normal operating 

conditions and provides high resistance during a fault. If any of the parameters, such as temperature, 

current density, and magnetic field, rise above the critical values, the resistance will increase 

exponentially, limiting the fault current. The major advantages of SFCL over other hardware solutions 

are its self-quenching and self-healing properties. In protection schemes involving mechanical 

switching and control, there is a probability that the switch will fail. Such a problem can be addressed 

with the use of the SFCL, as it does not require any control action to change its state [46]. The various 

types of SFCL proposed in the literature are as follows. 

 

Resistive SFCL 

The resistive SFCL is connected in series with the power system network. The equivalent model of 

the resistive SFCL is given as [47, 48]: 

𝑅(𝑡) =

{
 
 

 
 

  

  0 𝑡 < 𝑡0

𝑅𝑚 ⌈1 − 𝑒𝑥𝑝 (−
𝑡−𝑡0

𝑇𝑓
)⌉   𝑡0 ≤ 𝑡 < 𝑡1

𝑎1(𝑡 − 𝑡1) + 𝑏1   𝑡1 ≤ 𝑡 < 𝑡2
𝑎2(𝑡 − 𝑡2) + 𝑏2   𝑡2 ≤ 𝑡 < 𝑡3

  (2) 

Here, R(t) is the SFCL resistance at different states, Rm is the maximum resistance in the quenching 

state, Tf is the time constant, t0 is the time to start quenching, t1 is the 1st recovery time, t2 is the 2nd 

recovery time, t3 is the complete recovery time, and a1, a2, b1 and b2 are the functional coefficients. The 

quenching and recovery time characteristics are shown in Figure 5. 

 

A resistive SFCL placed at the rotor side (Figure 1; L2) of the DFIG was proposed [49]. The results 

obtained show that the implemented strategy succeeds in limiting the DC-link voltage, peak value of 

the rotor current, and electromagnetic torque to a safe limit during symmetrical and unsymmetrical 

faults. The detailed structural and conceptual design of the SFCL with a refrigeration system for cooling 
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purposes [50]. The resistive SFCL is advantageous for its various features, such as rapid response, 

automatic trigger, and excellent current limiting ability [51]. 

 

 
Figure 5. Quenching and recovery characteristics of resistive SFCL. 

 

Inductive SFCL 

To improve the LVRT capability of DFIG, an inductive SFCL was proposed [52]. The system 

configuration is shown in Figure 6 (Figure 1; L2). Under normal conditions, the developed structure 

acts as a filter. When a fault occurs, the combination of the SFCL with demagnetization technology 

limits the rotor overcurrent, ensuring safe operation of the DFIG. A comparative analysis of the impact 

of resistive and inductive SFCL is presented [53]. It is observed that both systems succeed in limiting 

the fault current and maintaining the DC-link voltage along with the electromagnetic torque; however, 

the resistive SFCL is superior in terms of the current limiting ratio and restraining capacity. 

 

 
Figure 6. Inductive SFCL configuration. 

 

DC-Resistive SFCL 

A DC-resistive SFCL is a combination of a rectifier bridge and a resistive type SFCL, as shown in 

Figure 7 (Figure 1; L5). With the use of the bridge network, the AC loss in the superconductor is 

minimized, improving the system performance compared with that of the resistive SFCL. Owing to the 

self-quenching nature of the SFCL, no extra controller is required to trigger the R-SFCL during a 

 

 
Figure 7. DC-resistive SFCL configuration. 

       

      

      

                    



 

International Journal of Electrical Power and Machine Systems 

Volume 3, Issue 2 

 

 

© STM Journals 2025. All Rights Reserved 65  
 

fault [54]. During one half-cycle, the current flowed through D1-Rsc-Lsc-D3. The path for the other half-

cycle is D2-Rsc-Lsc-D4; therefore, the current flowing through the SC is unidirectional. This scheme is 

the same for the other bridge networks, as described later. 

 

Capacitive Bridge Type SFCL 

The capacitive bridge type SFCL (CB-SFCL) given in Figure 8 (Figure 1; L5) is proposed [55]. In 

this scheme, a high-temperature superconductor (HTS) coil is maintained in series with a power 

capacitor. Here, the capacitor is activated through a controller only during a fault in the system. The 

addition of a capacitor makes it superior in operation compared to the DC-resistive SFCL, as it supplies 

adequate reactive power demand and also provides capacitive compensation while maintaining the 

terminal voltage of the DFIG in the safe range. The role of the metal-oxide varistor (MOV) in the CB-

SFCL is to reduce the surge overvoltage caused by insulated gate bipolar transistor (IGBT) switching. 

 

 
Figure 8. CB-SFCL configuration. 

 

Modified Bridge Resistive SFCL 

The configuration of the modified bridge resistive type SFCL (MBR-SFCL) is shown in Figure 9 

(Figure 1; L5) [56]. It consists of a bridge, an IGBT switch for control, and a resistive SFCL. During 

normal operation, the IGBT is kept off, and the SFCL is in the superconducting state. During the fault 

current rise, Rsc increased to the peak value, limiting the current. The resistance of the MBR-SFCL was 

controlled by the duty cycle of the parallel IGBT. The expression for resistance is as follows: 

𝑅𝑀𝐵𝑅−𝑆𝐹𝐶𝐿 = (1 − 𝐷) ∗ 𝑅𝑠𝑐 (3) 

Where, D is the duty cycle of the IGBT, and Rsc is the SFCL resistance. Through controlled resistance, 
better performance is obtained compared with that of a conventional SFCL [57]. 

 

 
Figure 9. MBR-SFCL configuration. 
 
Flux-Coupling SFCL 

A modified flux-coupling-type SFCL was proposed [58]. The designed architecture of the SFCL is 
illustrated in Figure 10. During normal operation, the current flowing through the two windings is the 
same; therefore, the two inductors oppose each other. During the fault, S1 opens. The flux between the 
two windings does not cancel, and the SC is quenched to a higher resistance, limiting the overcurrent. 
The proposed scheme is analyzed by placing it in the stator (Figure 1; L1) and between the RSC and 
the DC-link capacitor (Figure 1; L3). This observation shows that when the SFCL is placed on the stator 
side, the terminal voltage sag can be improved. 
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A comparative analysis of the hybrid SFCL with a bias magnetic field (HSFCL) with SDBR and 

bridge-type fault current limiter (BFCL) was carried out. It is shown that the HSFCL performs better 

than the SDBR and BFCL. In addition, the response time of the HSFCL is much better, and it is more 

efficient [59]. A feedback non-linear control technique for controlling a flux-coupling-type SFCL has 

been proposed and demonstrated to be superior to the conventionally controlled flux-coupling SFCL 

[60, 61]. The conceptual design of the flux-coupling SFCL was carried out, and its performance was 

analyzed [62]. 

 

 
Figure 10. Flux-coupling SFCL configuration. 

 

An active SFCL with voltage compensation was proposed [63]. Active SFCL have higher 

controllability and flexibility than resistive and inductive SFCL do. It was concluded that the active 

SFCL can strengthen the power system stability by smoothing the power fluctuation of the DFIG. The 

SFCL, along with RSC control, was proposed [64]. With the proposed scheme, the terminal voltage is 

maintained sufficiently to fulfill the grid code requirements. Cooperative control of the SFCL along 

with the SMES [65] and reactive power [66] is used to limit the overcurrent, and excess power is passed 

to the SMES to balance the power in the system while maintaining stability. Cooperative control 

provides superior control and reduces the SMES capacity, thereby making the overall system 

economical. 

 

NON-SUPERCONDUCTING FCL (NSFCL) 

The various types of NSFCL described in the literature are as follows. 

 

Bridge Type FCL 

BFCL with a shunt and a bridge is proposed [67], as shown in Figure 11, installed on the grid side 

(Figure 1; L5). The bridge part consists of diodes in a bridge configuration along with a DC reactor Rdc. 

An IGBT switch was used to control the bridge operation. During normal operation, the IGBT is ON; 

therefore, the current flows through a low-resistance path. During a fault, the IGBT is off, and the 

current is forced through the shunt path, thus limiting the current [68]. The freewheeling diode (D5) 

 

 
Figure 11. BFCL configuration. 
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discharged the residual current and protected the IGBT switch from overcurrent destruction. BFCL is 

superior in performance to the SDBR, but the SDBR is more economical. The control circuit for the 

generation of IGBT pulses was described in detail [69]. 

 

Capacitive Bridge Type FCL (CB-FCL) 

With the insertion of an AC reactor in series during a fault in the BFCL, reactive power was absorbed 

from the grid. To overcome this problem, the inductor was replaced with a capacitor. In this scheme, 

reactive power is supplied to the grid, which supports the grid voltage during and after a fault [70]. The 

Fuzzy logic controller-based CB-FCL is capable of operating under different operating conditions [71]. 

The proposed scheme shown in Figure 12 was placed on the grid side (Figure 1; L5). 

 

Nonlinear Controlled Modified Bridge-Type Fault Current Limiter (NC-MBFCL) 

The modified BFCL consists of a resistor parallel to the bridge, as shown in Figure 13 (Figure 1; L5). 

Using a non-linear control system, a variable value of the effective shunt impedance is applied to the 

system instead of applying the full impedance value throughout the fault period. This observation shows 

that NC-MBFCL is very efficient for LVRT capacity enhancement of DFIG. It outperformed the 

conventionally controlled MBFCL and BFCL [72]. 

 

 
Figure 12. CB-FCL configuration. 

 

 
Figure 13. NC-MBFCL configuration. 

 

Parallel Resonance BFCL (PRFCL) 

In this scheme, the bridge of the PRFCL is the same as that of the BFCL. The shunt resonance path 

consists of a capacitor Csh and an inductor Lsh placed in parallel, as shown in Figure 14. This network 

forms an inductor–capacitor (LC) resonance circuit at the power-line frequency [73]. During the fault, 

the IGBT switch opens and current flows through a high-impedance resonating shunt path. The 

proposed scheme is located on the grid side (Figure 1; L5). It was observed that PRFCL is effective in 

improving the LVRT capacity and maintaining the mechanical torque balance in a turbine generator 

system [74]. The performance of the hybrid system (DFIG, PV, and SG) PRFCL performance is 

compared with that of BFCL. The graphical plot, along with the index value, shows that PRFCL is 
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superior [75]. Fuzzy logic control (FLC) is used to produce a duty cycle that controls the switching of 

the IGBT. With a change in the duty cycle, the shunt impedance can vary, which provides flexibility to 

the FLC-PRFCL to work efficiently for both symmetrical and unsymmetrical faults. Comparative 

analysis shows that FLC-PRFCL outperforms crowbar, BFCL, and conventional PI-PRFCL in terms of 

overall performance [76]. 

 

 
Figure 14. PRFCL configuration. 

 

Neuro-fuzzy logic controller-based PRFCL (NFLC-PRFCL) is compared with fuzzy-based PRFCL 

(FLC-PRFCL) [77]. Simulation results show that NFLC-PRFCL provides 97.10% improvement in the 

Point of Common Coupling (PCC) voltage, whereas FLC-PRFCL provides 94.45% improvement. 

 

CONCLUSION 

A review of various hardware solution approaches for LVRT capability enhancement of the DFIG 
was carried out. The working principles and configurations of various techniques have also been 
studied. A crowbar is a simple conventional trend in solutions, but it has the disadvantage of consuming 
reactive power. A SDBR can limit the rotor and stator currents; however, the DC-link voltage is not 
considered. An energy storage system is an alternative approach; however, it is not economical to 
implement large systems. The DC-link chopper works best in limiting the DC-link voltage. Different 
approaches have been adopted to combine two or more solutions to render the overall system feasible 
and economical. Artificial intelligence is also integrated into a control system so that the control signal 
can be generated more precisely and accurately. 

 
Some researchers have proposed the implementation of various superconducting and non-

superconducting FCLs. The SFCL requires no control switch owing to its self-quenching property, 
which is advantageous; however, superconductors are costly, and the cooling system is complicated to 
implement. Different linear and non-linear control strategies are currently being tested for the 
optimization of FCL these days. Optimally operated SFCLs are currently among the best solutions. 
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