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This paper presents the protection of the rotor side converter in a grid-connected doubly fed induction generator (DFIG)-based wind energy conversion system (WECS) during a symmetrical voltage dip. In order to manage rotor current and regulate DC link voltage, an efficient active crowbar protection circuit is implemented in the rotor side converter (RSC). To improve the low-voltage ride-through capability for grid-connected wind turbine systems, an integrated DFIG-based WECS role is crucial because wind turbines must remain connected to the utility grid during faults to ensure continuity and reliability of power supply. This paper aims to design and implement an efficient active crowbar protection technique to protect the RSC and avoid excessive rotor current during a symmetrical voltage dip. Therefore, the efficient active crowbar protection circuit is designed using MATLAB-Simulink software, and its performance is validated using a real-time (RT) simulator. Finally, the existing methods are compared with the proposed work outcomes, and a conclusion is made.
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1 INTRODUCTION
The depletion of non-renewable energy sources and increasing levels of environment-unfriendly emissions have raised concerns in recent times. Hence, renewable energy sources have very important roles in meeting the demand for electrical energy. Wind energy is a vital and renewable source of electrical energy (Joshuva and Sugumaran, 2020); in several countries, wind turbines are used as significant intermittent renewable energy sources to decrease energy prices and eliminate the use of fossil fuels. Power generation using wind turbines can reduce pollution and carbon dioxide emissions; hence, it is a rapidly expanding activity that will continue to improve as more nations implement power generation plants using wind turbines in the future (Ganthia and Barik, 2022). Wind turbines are categorized as horizontal- and vertical-axis types. Of these, horizontal-axis wind turbines have better market demand worldwide because of their better power efficiency compared to vertical-axis wind turbines (Ullah et al., 2017). Wind turbines contribute significantly to power generation because of their variable-speed and fixed-speed operational flexibility; however, variable-speed operation generates more wind energy than the fixed-speed operation (Hussain and Mishra, 2016).
Doubly fed induction generators (DFIGs) are the most common type of generators used in wind energy conversion systems (WECSs) owing to their numerous advantages. These advantages include the ability to operate at variable speeds, torque and power control capabilities, reduced power converter costs, maximum power tracking features, limited speed range, and partial ratings. The DFIG-based WECS is gaining popularity in the small-power wind turbine segment owing to its ability to operate at variable speeds for maximum efficiency (Hussain and Mishra, 2014b). The power converter typically transfers only 25%–30% of the rated power, while the rest is transmitted directly to the power grid. The DFIG has two connections: a stator connection that is directly fed to the grid and a rotor connection that is joined through two back-to-back power converters (Yang and Jin, 2020). Furthermore, DFIGs operate in two modes, namely, subsynchronous and hypersynchronous modes. The power transferred to and received from the grid depends on the DFIG’s rotor speed; if the rotor speed is less than the synchronous speed, the operation is in the subsynchronous mode, and power is transferred from the grid to the DFIG through a back-to-back power electronic converter. On the other hand, if the rotor speed is greater than the synchronous speed, the operation is in the hypersynchronous mode, and power is transferred from the DFIG to the utility grid (Naidu and Singh, 2016). The DFIG’s rotor is directly connected to the rotor-side converter (RSC) to control the rotor speed and transfer energy bidirectionally (Puchalapalli and Singh, 2020; Ma et al., 2020). Various investigators have evaluated the performances of WECSs during symmetrical grid voltage dips and contingencies (Yunus et al., 2020).
During and after system failures involving changes in frequency and voltage, wind turbines are required to remain connected to the utility grid. To overcome these issues, low-voltage ride-through (LVRT) capabilities have been introduced (Pathak et al., 2020; Jabbour et al., 2020). A passive crowbar circuit permits the switch to close but not open until the sudden increase in the crowbar current decreases. Contingencies occurring at the utility grid can be avoided through efficient active crowbar protection (EACP) circuitry, which are commonly employed in electronic devices to prevent high-voltage events from affecting sensitive components, such as semiconductor switches comprising diodes, insulated-gate bipolar transistors (IGBTs), and resistors. Thus, this circuit enables transfer of electricity to the utility grid during voltage dips to improve grid stability (Dhanraj et al., 2021).
The term “voltage dip” refers to a significant drop in voltage over hundreds of milliseconds. Initially, electrical grid faults were responsible for separation of the wind turbine machinery from the utility grids owing to different problems, such as symmetric grid voltage dips, asymmetric grid voltage dips, and various grid disturbances. Voltage dips can be divided into balanced and unbalanced three-phase grid voltage dips (Laafou et al., 2023). The DFIG and wind turbine condition capabilities are only investigated during balanced voltage dips. If the system experiences a sudden symmetric grid voltage dip, the DC bus voltage will decrease to its rated limit, potentially damaging the DC bus capacitor and RSC switches. Therefore, activating the EACP circuit protects the RSC and mitigates the peak rotor current and DC link capacitance. Once the voltage dip in the system is rectified, power flows in a nominal state (Zandzadeh and Vahedi, 2014). The voltage dip behaviors of the DFIG with and without EACP have been investigated, and a rising rotor current was observed. Furthermore, reactive power must be delivered to the utility grid during a symmetric voltage dip to support voltage restoration. This work discusses the design of an EACP circuit based on the rotor current flow; the goal here is to help improve system performance as well as ensure service continuity and power network connectivity during and after balanced voltage fluctuations.
The significant contributions of this study are as follows:
1. To reduce the rotor current faults.
2. To maintain steady DC link voltage across the converter.
3. To improve the rapid reaction of the terminal voltage.
4. To enhance the quick response of the DFIG.
The remainder of this paper is organized as follows. Section 2 discusses the system configuration and modeling, while Section 3 presents the design of the EACP circuit. Section 4 presents the control strategy for the EACP system, and Section 5 explains the experimental OPAL-RT real-time simulator setup. Section 6 presents the MATLAB simulations and experimental results, and Section 7 presents the conclusions and future scope of this work.
2 DFIG-BASED WIND TURBINE SYSTEM CONFIGURATION AND MODELING
A typical grid-connected DFIG-based wind turbine system is shown in Figure 1. This configuration includes a horizontal-axis wind turbine connected to a DFIG wind turbine generator through a gear system. The DFIG stator winding is directly connected to the utility grid, and the rotor winding is connected to the same grid through bidirectional power converters (Hussain and Mishra, 2014a).
[image: Figure 1]FIGURE 1 | Schematic illustration of the DFIG-based wind turbine system.
2.1 Wind turbine modeling and characteristics
The turbine of the WECS is a vital component for capturing kinetic energy from the wind and converting it into mechanical energy (Kasbi and Rahali, 2021). Wind turbines rotate when exposed to air flow and produce mechanical power as follows:
[image: image]
where [image: image] is the mechanical power generated by the turbine; [image: image] is the radius of the rotor blade (m); [image: image] is the density of air [image: image]; [image: image] is the wind speed [image: image]; [image: image] is the power coefficient, which is a function of the tip speed ratio (TSR) [image: image] and pitch angle [image: image]. According to the Betz limit, the maximum value of the power coefficient [image: image] is 0.593 (Hussain and Mishra, 2019). The TSR is defined by Equation 2:
[image: image]
where [image: image] is the angular speed of the wind turbine (rad/s). The torque generated [image: image] in the wind turbine is given by
[image: image]
[image: image] depends on the geometric characteristics of the wind turbine as
[image: image]
where
[image: image]
in which [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], and [image: image] are empirical constants. Figure 2A demonstrates the modeling of the wind turbine characteristics and extraction of the peak power with respect to the angular speed at various wind speeds. Figure 2B shows the relation between the TSR and [image: image]; the maximum value of [image: image] is 0.44 at an optimal TSR of 7.2. When the TSR is equal to the optimal TSR, [image: image] is also optimal ([image: image]), and the angular speed of the wind turbine [image: image] is equal to the optimal wind turbine angular speed ([image: image]) at which maximum power can be extracted. The maximum power can be calculated from Equations 1–5 (Yunus et al., 2020; Mousa et al., 2020). The wind turbine angular speed and torque characteristics are depicted in Figure 3.
[image: Figure 2]FIGURE 2 | (A) Modeling characteristics of the wind turbine and (B) tip speed ratio (TSR) vs. power coefficient.
[image: Figure 3]FIGURE 3 | Turbine speed vs. torque characteristics.
2.2 Modeling of the DFIG
The vector control strategy requires that the DFIG model be in a synchronous [image: image]-[image: image] axis reference frame. The dynamic modeling equations of the DFIG based on the synchronous [image: image]-[image: image] axis reference frame are as follows (Jabbour et al., 2020).
The rotating synchronous [image: image]-[image: image] frame of the stator voltage and flux is modeled by the following Equation 6:
[image: image]
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The rotating synchronous [image: image]-[image: image] frame of the rotor voltage and flux are modeled by the following Equation 7:
[image: image]
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Here, [image: image] is the synchronous speed (rad/s); [image: image] = [image: image] is the relative speed (rad/s) between the synchronous and mechanical speeds; [image: image] and [image: image] are the resistances of the rotor and stator windings, respectively; [image: image] and [image: image] are the stator and rotor inductances, respectively; [image: image] is the mutual inductance; [image: image] are the stator voltage, flux linkage, and current in the rotating [image: image]-[image: image] axis reference frame, respectively; [image: image], [image: image], and [image: image] are the rotor voltage, flux linkage, and current in the rotating [image: image]-[image: image] axis reference frame, respectively (Fateh et al., 2015).
The active and reactive power expressions of the stator and rotor in the rotating [image: image] axis reference frame are given by Equations 8–9 (Naresh et al., 2019):
[image: image]
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The electromagnetic torque is given by
[image: image]
where [image: image] is the number of pole pairs in the wind turbine generator.
3 DESIGN OF THE EACP CIRCUIT
The EACP circuit protects the RSC against overcurrents. The crowbar circuit creates a low-resistance or short-circuit condition across the generator and RSC. The EACP device circuit including the resistor, diodes, and IGBTs is shown in Figure 4. This device is activated by a current-limiting circuit in the active crowbar circuit. During a voltage dip, the rotor overcurrent destroys the power converter in a few milliseconds, so the EACP circuit is used to prevent this destruction. The EACP circuit operation uses the gate turn-on and turn-off signals of the IGBTs. The gate signals are applied to the IGBTs to protect them against overvoltages in the stator and overcurrents in the rotor (Gencer, 2018).
[image: Figure 4]FIGURE 4 | Schematic illustration of the efficient active crowbar protection (EACP) circuit.
3.1 Symmetric voltage dips
Voltage dips are defined as sudden decreases in the grid voltage ranging from a cycle to a second or a few hundred milliseconds that affect the grid voltage by up to 10% of the nominal value (called the dip voltage). The voltage drop must typically be between 1% and 90% of the nominal voltage, although any decrease in the voltage drop less than 1% is regarded as a transient interruption. In a balanced dip, the voltage is reduced equally on all lines, whereas an unbalanced dip causes unequal voltage reductions on different lines.
3.2 Stator flux analysis
Voltage dips are sudden drops in the grid voltage caused by contingencies or faults in the utility grid. This work focuses only on symmetric grid voltage dips. When the voltage dips, it is sensed immediately in the DFIG stator; the DFIG can analyze the flux within the stator to determine the faults caused by voltage dips. In such events, the flux behaviors must be investigated to understand the issues arising from dip interruptions (Garkki and Revathi, 2024). The expression in Equation 10 is used to compute the flux.
[image: image]
When the voltage dips suddenly, the flux will not reach the same final steady state as the stator voltage. Each phase flux is the sum of sinusoidal and exponential components with a time constant [image: image], and the rotor current [image: image] degrades the flux faster. The voltage magnitudes must be extremely high to maintain the DFIG rotor currents within safe limits, especially at the beginning of a voltage dip. Because of the converter constraints, these wind turbines do not perform well when a large voltage dip occurs. The DFIG rotor current [image: image] should be within certain limits without loss of control to ensure adequate protection (Abu-Rub et al., 2014).
Equation 11 is obtained from the circuit depicted in Figure 5A:
[image: image]
The rotor current depends on the stator flux, equivalent resistance, inductance, rotor voltage, and stator voltage. Hence, the space vector diagram at subsynchronous speed is as illustrated in Figure 5B. The sum of the main terms [image: image] and [image: image] must correspond approximately to [image: image]. Therefore, to avoid a sudden increase in the rotor current under steady-state operation, there should be a quick change in the DFIG’s rotor voltage when there is a sudden dip in the stator voltage.
[image: Figure 5]FIGURE 5 | (A) Equivalent circuit of the DFIG for analyzing grid voltage dips; (B) vector diagram for the subsynchronous generator mode.
4 CONTROL STRATEGY FOR THE EACP SYSTEM
The EACP system improves the LVRT capability of the WECS. When a sudden symmetric grid voltage dip occurs in the network, the rotor current increases because of magnetic coupling between the DFIG stator and rotor windings, making the stator and rotor currents more transient. Furthermore, the rotor is short-circuited by activating the EACP circuit to protect the RSC. This work aims to limit the stator and rotor currents during sudden grid voltage variations using the EACP circuit. Therefore, the control strategy for the RSC, grid-side converter (GSC), and active crowbar circuit should be designed such that the protection circuit is enabled and regulates the real and reactive powers during voltage dips.
4.1 RSC strategy
The block diagram of the RSC control strategy is depicted in Figure 6 and consists of the inner and outer loop control methods for controlling the real and reactive powers. The Clark transformation technique involves transfer from three phase to two phase (i.e., abc to [image: image]-[image: image]), and the park transformation technique involves transfer from the stationary [image: image]-[image: image] to rotating [image: image] axis frames. Moreover, the stator current is represented by a two-axis orthogonal system; thus, the stator reactive power ([image: image]) defines the [image: image] axis component, while the stator active power represents the [image: image] axis component. This control block diagram consists of two loops for the current and speed, where the current loop is faster than the speed loop. The inner loop produces a reference voltage for the space vector pulse-width modulation (PWM) technique using two proportional–integral (PI) controllers. The outer loop produces a reference current for the inner loop. The reactive power [image: image] is set to 0, which is usually adequate for reactive power compensation in wind power plants. In the power network, the dynamic model of the RSC control system in the rotating [image: image]-[image: image] reference frame at an angular speed [image: image] is given by Equation 12:
[image: image]
where [image: image] and [image: image] are the rotor-side control voltages; [image: image] is the leakage coefficient; [image: image] are the rotor resistance and inductance, respectively; [image: image] are the mutual inductance and self-inductance, respectively. Figure 7 illustrates the decoupled control scheme of the rotating synchronous [image: image] reference frame, where the [image: image] axis aligns with the stator flux space vector [image: image]. Because of this alignment q-axis flux becomes zero as given in Equation 13 (Mazouz et al., 2020),
[image: image]
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Equations 14, 15 represent the simplified forms of the exact real and reactive powers, respectively, which are exchanged between the DFIG and power grid (Abu-Rub et al., 2014).
[image: Figure 6]FIGURE 6 | Schematic strategy for rotor-side control.
[image: Figure 7]FIGURE 7 | Synchronous rotating [image: image] reference frame aligned with the stator flux space vector.
4.2 GSC strategy
The GSC control strategy is depicted in Figure 8 and regulates both the DC link voltage and reactive power (Yang and Jin, 2020). This control strategy consists of inner and outer loops, where the inner loop is faster to allow current tracking, while the outer loop is relatively slower for reactive power regulation. Here, the reactive power [image: image] is set to 0, which is generally adequate for reactive power compensation in wind power plants. To enhance the transient responses, the reference voltages [image: image] and [image: image] are as given below (Rezaei, 2018). The GSC dynamic model of the control system in the [image: image] rotating frame at an angular speed [image: image] is given by Equation 16 (Laafou et al., 2023):
[image: image]
where [image: image] are the GSC control output voltages; [image: image] and [image: image] are the grid voltages; [image: image] and [image: image] are the grid-side filter parameters. To perform decoupled control of the rotating [image: image]-[image: image] axis reference frame, the [image: image] axis of the rotating frame is oriented with the grid voltage space vector [image: image]. This alignment results into Equation 17:
[image: image]
[image: Figure 8]FIGURE 8 | Schematic control strategy for the grid-side converter (GSC).
The simplified real and reactive powers exchanged with the utility grid are as given by Equation 18 (Ali et al., 2020).
[image: image]
Thus, the rotating direct [image: image] axis current is responsible for real power control, while the quadrature [image: image] axis current regulates reactive power exchange with the utility grid. Equation 19 gives the reference DC link voltage (Blaabjerg, 2018).
[image: image]
4.3 Active crowbar circuit control strategy
This control strategy requires reactive power during the grid voltage dip to help with voltage recovery. The active crowbar circuit is a protection system commonly used in power electronics to protect components such as IGBTs, metal-oxide-semiconductor field-effect transistors, and other delicate power semiconductor devices under excess voltage conditions. Upon detecting a grid voltage dip, the crowbar circuit rapidly transfers any unused energy, thereby mitigating damage to the protected components.
The control strategy of the active crowbar circuit is depicted in Figure 9. This protection circuit is important for controlling the rotor current in the event of a sudden dip in the grid voltage. Grid voltage dips can be caused for the following reasons:
[image: image] Short circuits within the grid structure.
[image: image] Momentary interruptions in the power supply.
[image: image] High current surges when starting heavy machinery.
[image: image]The EACP circuit is important for detecting grid faults quickly, protecting the RSC when a sudden grid voltage dip occurs, and mitigating the rotor current.
The active crowbar circuit comprises an IGBT connected in series with a resistor and placed across a bridge diode. At the instant when the voltage fluctuation occurs in the grid, the active crowbar circuit control sends a PWM signal to the IGBT switch; this protects the RSC by controlling the wide variations in the rotor current. During a grid fault, the rotor current suddenly increases and may damage the RSC; then, the active crowbar circuit turns on the IGBT control switch and regulates the current to protect the converter.
[image: Figure 9]FIGURE 9 | Control strategy of the active crowbar circuit.
The IGBT is turned off when the stator voltage drops below a predetermined threshold. Next, a carefully designed process is used to restore the RSC operation quickly. The semiconductor devices switch off the active crowbar circuit when the grid voltage is at the standard level. Thereafter, the wind power system operates normally (Sreenivasulu and Hussain, 2023; Uddin et al., 2023).
During a symmetric voltage dip, the peak rotor current flows through the semiconductor devices in the EACP circuit. Thus, the IGBT in the active crowbar circuit protects the RSC and maintains the voltage as given by Equation 20 (Hussain and Mishra, 2015):
[image: image]
where [image: image] is the maximum rotor voltage and [image: image] is the turns ratio. This control strategy requires reactive power during the grid voltage dip to help with voltage recovery.
5 EXPERIMENTAL OPAL-RT SIMULATOR SETUP
The EACP circuit for the DFIG-based WECS was verified through MATLAB simulations using the real-time (RT) simulator OP5700 (RT-LAB, MSOx3014T), a field-programmable gate array (FPGA) on a VC707 board, a programmable control board (PCB), and probes for interfacing between MATLAB/Simulink and OPAL-RT simulator to provide the analog outputs and digital inputs. Figure 10 depicts the laboratory setup of the RT digital simulator. The generator and controller are retained in the OPAL-RT digital simulator so that the system operates according to its clock because of the high-speed OPAL-RT sample speed of 18 ns to a few microseconds. This timing is used for the prototype editing, building, loading, and execution stages. Table 1 summarizes the parameters of the RT digital simulator in the OPAL system.
[image: Figure 10]FIGURE 10 | Experimental real-time simulator setup.
TABLE 1 | Specifications of the real-time simulator.
[image: Table 1]6 RESULTS AND DISCUSSION
The design and implementation of the EACP circuit were discussed for a symmetric grid voltage dip. This was also simulated using MATLAB/Simulink and tested through the OPAL-RT simulator. The parameters and values of the 5-kW DFIG and wind turbine systems are listed in Tables 2, 3.
TABLE 2 | DFIG parameters and values.
[image: Table 2]TABLE 3 | Wind turbine model parameters and values.
[image: Table 3]6.1 Simulation results
The RSC is protected by the EACP circuit to improve the operation of the DFIG based on the WECS during balanced grid voltage dips. The RSC improves the reactive power requirements during grid faults and tracks the DFIG’s rotor and reference speeds in the same manner. Therefore, the power converter supports extraction of maximum power from the wind turbine.
The GSC maintains [image: image] constant, whereas the point of common coupling (PCC) maintains the same voltage. Furthermore, the GSC is responsible for adjusting the system’s reactive power requirements immediately. The EACP circuit is designed using semiconductor devices and a resistor. During a symmetric grid fault, the EACP circuit protects the stator windings and RSC against overcurrent. The DFIG’s stator voltage is also the grid voltage; as noted in this study, 90% of symmetric grid voltage dips occur between 3 and 3.5 s, and the stator voltage decreases by 38 V due to grid integration. The voltage then recovers between 3.5 and 4.17 s.
The simulation results of the DFIG-based WECS were observed without and with the protection circuit for symmetric grid voltage dips. The design is intended to not operate the protection circuit when a fault occurs in the power grid, even if the voltage at the PCC decreases to 0. The performance of the DFIG system with a balanced three-phase fault is shown in Figure 11. As shown in Figure 11A, a grid voltage fluctuation occurs at 3–3.5 s after clearing the dip, and the grid voltage recovery time is 0.67 s (3.5–4.17 s) to reach the nominal state. Figure 11B illustrates that the rotor current increases to 100 A without activating the protection circuit. Thus, the peak rotor current must be decreased to protect the RSC, and the protection circuit should be activated. The changes in the signals are shown in Figures 12A–D. Figure 12A illustrates the grid voltage during a sudden grid fault; Figure 12B shows that the crowbar current spikes to 30 A by triggering the protection circuit alone. The RSC is then isolated from the network during activation of the crowbar circuit upon occurrence of a sudden grid voltage dip. During the balance fault incident, the rotor current flowing into the crowbar circuit reaches a maximum value of 30 A, and the active crowbar circuit operates for 3–3.5 s. Following the dip, the crowbar current returns to a steady level. In the simulation, the crowbar resistance used was 0.2 Ω. Hence, when the voltage recovers over the interval of 3.5–4.17 s, the rotor current becomes steady once the voltage dip is restored. Figure 12C shows the three-phase rotor current during the balanced three-phase fault condition in which the three-phase rotor current is supplied to the power grid; when a sudden fault occurs in the system, the rotor current falls instantaneously to 25 A upon activation of the protection circuit. Figure 12D clearly illustrates the activation time of the voltage dip. Figures 13A, B show the grid voltage and corresponding bus voltage during a sudden voltage dip. Figure 13A shows the grid voltage as explained above. Figure 13B illustrates that the reference and measured voltages are the same; however, the bus voltage decreases from 560 V to 481 V, and the duration changes from 3 to 4.4 s during the grid voltage disturbance. Figure 14A shows the system grid voltage discussed in the earlier sections. Figure 14B depicts the bus voltage decrease from 560 V to 530 V and the interval of 3–4.3 s by triggering of the EACP circuit. Hence, the system is protected from overcurrents.
[image: Figure 11]FIGURE 11 | (A) Grid voltage and (B) three-phase rotor current without the crowbar circuit.
[image: Figure 12]FIGURE 12 | (A) Grid voltage; (B) crowbar current; (C) three-phase rotor current; (D) specific duration of the rotor current.
[image: Figure 13]FIGURE 13 | (A) Grid voltage and (B) bus voltage ([image: image]) without the crowbar protection circuit.
[image: Figure 14]FIGURE 14 | (A) Grid voltage and (B) bus voltage ([image: image]) with the crowbar circuit.
Table 4 compares some previous works with and without the protection circuit for the rotor current in the symmetric voltage dip analysis. Furthermore, it discusses the same grid voltage fault conditions with an active crowbar circuit; the difference in rotor currents with and without the active crowbar circuit shows that the rotor current magnitude is maximally reduced by the EACP circuit for the symmetric voltage dip. Table 5 quantitatively compares data from other works implementing the EACP control strategy. Kaloi et al. (2019) focused on enhancing the LVRT capability, and their feedback linearization controller offers only RSC protection and DC link voltage maintenance. Ganthia and Barik (2022) studied PI control techniques, and fuzzy logic controllers were used to protect the network. The proposed control strategy in this work can mitigate the rotor current while protecting the RSC circuit. Therefore, when the EACP circuit is active, the rotor current can be controlled; these effects were verified through simulations in MATLAB/Simulink and a real-time experiment using the OPAL-RT 5700 simulator with and without the protection circuit.
TABLE 4 | Conventional and designed protection circuits for rotor current (comparisons based on only the rotor current in ampere).
[image: Table 4]TABLE 5 | Quantitative data comparisons.
[image: Table 5]6.2 Experimental results
The RT digital simulations include results obtained at various wind velocities. Figure 10 shows the experimental setup demonstrating how the MATLAB model is converted to a C language program through FPGA-based prototyping to achieve RT execution. By altering the fixed-mode parameters, ode4-type solver (Runge–Kutta), and sample time of 10 µs, the DFIG-based wind turbine model and control strategy were written in C language and implemented using Simulink S-function blocks. The wind turbine emulator results were tested using MATLAB/Simulink software with specific blocks from the OPAL-RT library. These blocks are mainly used for communication and control between the simulation and RT hardware. Figure 15 illustrates the three-phase rotor current during a symmetric grid voltage dip. Figure 16 shows that the rotor current spikes to 99.6 A during the sudden grid voltage dip when the protection circuit is not activated. The RSC may be damaged in this particular interval. Thus, the EACP circuit is introduced to protect the RSC and DC link capacitor. Furthermore, from 3 to 4.17 s, the rotor current has a higher frequency and shorter period, i.e., 1.6 s, due to the grid voltage fault. We observe the rotor current frequency by expanding over a particular period, i.e., 7 s of rotor current. Figure 17 shows that the rotor current spikes to 28 A at 0.2 s upon activation of the crowbar circuit in response to the grid voltage disturbance; we also show the enlarged rotor current over a duration of 0.5 s. When the EACP circuit is activated, the increasing rotor current passes through the crowbar circuit, so the RSC is demagnetized for a few seconds to clear the fault. When the fault is resolved, the rotor current resumes a steady state; this is observed in the expanded duration of the rotor current, i.e., 1.4 s. Figure 18 depicts the measured DC link voltage change of 560 V, whose magnitude then decreases by 60 V after 0.6 s following the grid voltage dip. The reference grid voltage of 561 V and measured grid voltage are the same under normal conditions. Figure 19 illustrates that the DC link voltage decreases by a small magnitude of 35 V upon activation of the EACP circuit. Similarly, the crowbar current is observed to be 25 A at 1.2 s after the sudden grid voltage dip upon activation of the protection circuit.
[image: Figure 15]FIGURE 15 | Three-phase rotor current during a symmetric voltage dip.
[image: Figure 16]FIGURE 16 | Three-phase rotor current without the crowbar circuit.
[image: Figure 17]FIGURE 17 | Three-phase rotor current with the crowbar circuit.
[image: Figure 18]FIGURE 18 | Responses of the reference bus voltage [image: image] and measured bus voltage [image: image].
[image: Figure 19]FIGURE 19 | Crowbar current with the active crowbar protection circuit.
7 CONCLUSION AND FUTURE SCOPE
This work explores integration of DFIG wind turbines into the grid to ensure stable operation during voltage dips. Furthermore, we evaluate the performance of an improved active crowbar protection circuit to mitigate the LVRT capability of the DFIG-based WECS. The operational principle of the EACP circuit allows protecting the RSC and DC link capacitor against symmetric voltage dips. The results show that the peak rotor current and DC link voltage ripple are successfully limited by the EACP circuit while allowing real and reactive power controls. The EACP circuit performance was evaluated through simulations in MATLAB/Simulink and further validated by RT experiments on an OPAL-RT 5700 simulator. As demonstrated, the voltage dip response from 3 to 4.17 s confirms the ability of the EACP circuit to enhance the DFIG’s LVRT capability. Additional research can be conducted for applications involving further optimizations related to responses to unbalanced voltage dips as well as EACP circuit design for various grid fault situations.
This study comprehensively explores the development, implementation, and validation of protective mechanisms to protect the RSC in a DFIG-based WECS during symmetric and unsymmetric voltage dips. Future prospects for this work encompass topics concerning the essential parameters, such as overcurrent and overvoltage protection as well as improvements to the control systems using machine learning, artificial intelligence, real-time monitoring, and adherence to grid standards.
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