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Abstract

:

This paper presents an improvement to the fault ride-through (FRT) capabilities for a wind turbine that employs a switched reluctance generator (SRG) using a dynamic voltage restorer (DVR). The wind turbine may be disconnected from the grid by voltage sag, swell, and faulty line voltage in the grid. To improve the stator voltage of an SRG during grid failures, the DVR is applied to inject voltage at the point of common coupling (PCC) into the grid voltage. A control strategy for the DVR based on fuzzy logic controller (FLC) is proposed in this study to improve the FRT capability and meet the grid codes while avoiding the disconnection of the turbine from the grid. MATLAB/SIMULINK simulation validated the effectiveness and performance of this approach under three test cases: balanced sag, unbalanced sag, and a single line-to-ground fault. In addition, the total harmonic distortions utilizing different controllers were compared in sag mode. Furthermore, the simulation results exhibited significant improvement in transient and steady-state response, thus verifying the effectiveness of the control strategy compared to traditional methods.
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1. Introduction


The most important sort of renewable energy technology is wind power; therefore, scientists have started substantial research on this area to discover more practical and dependable techniques [1]. The grid may be greatly impacted by the rising penetration of wind energy, particularly conditions for low-voltage ride-through (LVRT). Moreover, in several regions, the power grid connection codes need a wind turbine (WT) to take part in steady-state grid-voltage support and stay coupled to the grid in the meantime and to keep their reliability after a short-time fault [2]. One of the more recent grid standards for wind energy is the (LVRT) capability, which allows the grid to be provided with reactive currents under transient conditions (e.g., the China GB/T 19963 [2], the Federal Energy Regulatory Commission (FERC) [2,3]).



Due to its high-power density, mechanical robustness, high fault tolerance, cheap production costs, performance at a wide range of speeds, and great efficiency, a switched reluctance generator (SRG) is studied for WT systems [4,5]. Based on SRG performance as the wind speed varies, this generator can be a suitable replacement and run more efficiently [5]. Nevertheless, since the stator is connected via the converter to the grid, SRG is highly susceptible to grid faults such as current and voltage distortion in the stator winding, which could damage the stator converter or endanger SRG normal operation. After recovery, the WT must be disconnected and reconnected automatically from and to the grid to avoid the above-mentioned problems and protect the converter.



Once the voltage falls to a specific range at the point of common coupling (PCC) because of power system failures or disturbances, LVRT WT can operate continuously while holding its grid connection [3]. The WT’s LVRT capability ensures a balanced power system and maintains a stable frequency during and after disturbances. If WTs are not equipped with LVRT capability, if a fault subsists on the grid, WTs may trip [6]. Figure 1 demonstrates the necessities for LVRT in the United States. The WTGs should guarantee unremitting working without disconnection for 0.625 s when the PCC voltage drops to 15% of the rated voltage. When the PCC voltage recovers up to 90% of its rated voltage within 3 s following a voltage drop, generators should be able to provide continuous service without disconnection [3].



FERC Order No. 661A modified the LVRT requirement, allowing WTs (behind the transitional period) to “ride through low-voltage events fall to (0) voltage level for ‘location specific’ times of clearing up to the highest of 9 cycles” [3].



The LVRT grid codes can be met using an extensive variety of devices. To increase LVRT capability, series devices such as the dynamic voltage restorer (DVR), the thyristor-controlled voltage regulator (TCVR) in a position to inject series voltage, and super-conducting fault-current limiters (SFCL) have the intended results [7,8]. Additionally, it is not cost-effective to increase this capacity using a shunt device similar the static synchronous compensator (STATCOM) [9]. Conferring to the network code curves in Figure 1, the recovery time is clearly within acceptable recovery limits.



A shunt compensation like STATCOM coupled with the PCC.STATCOM reduces clearing time for faults and provides increased decelerating torque for the generator once the voltage is restored. This results in a growth in the generator’s stability boundary but also increases the mechanical stress [10,11]. Since no additional protection circuit is required for operation, a DVR is a good solution [12].



A control technique for the enhancement of LVRT capabilities of a grid-linked wind turbine based on SRG was put forth in the literature [13]. The proportional integral (PI) controllers worked well for controlling the power circuits. Going on the rule of the Widrow–Hoff delta, the adaptation algorithm is constructed. Research has confirmed that the performance of the fault ride-through (FRT) in wind turbines can be significantly improved through controller design. In a study by the authors in [11], a DVR with combined feed-forward and feed-Back (CFFFB) control was utilized to regulate voltage using a PI controller. The voltage controller generates switching pulses of voltage source inverter (VSI) in the CFFFB scheme using the output voltage sensed by the DVR (or load voltage). The performance of the solution to repair most grid faults is determined by the control procedure employed in the DVR for the FRT competence in SRG. In several steps, DVR control is accomplished, including finding reference generation, modulation and voltage-current control [14]. The PI control technique is simple to understand and straightforward to use. Due to its fixed gains, it is also inappropriate for systems with varying operating conditions and parameters. [15].



A.D. Falehi et al. [16] introduced a novel multi-level inverter (MLI) to give a staircase sinusoidal voltage of high-level numbers and fewer switches than with the other MLIs. The held-forth MLI may work as an “Odd-nary” cascaded asymmetric-type MLI (OCAMLI) by adding capacitors of the sub-MLI, bi-directional switches, and DC sources. The enactment of the recommended DVR-OCAMLI has been checked with shallow and deep unbalanced and balanced voltage sags. The performance and accuracy of the DVR-OCAMLIs have been compared with the classical DVR. Analytical study and simulation results have corroborated the OCAMLI performance in comparison with the other MLIs. The DVR-OCAMLI has compensated shallow and deep asymmetric and symmetric voltage sags for enhancing the LVRT capability.



An innovative asymmetrical mutual E-type clamped X-type MLI was proposed by Ali D. Falehi et al. [17] for the provision of a high-step staircase sinusoidal-type voltage with a minimal number of switches. For super capacitor-based power supplies, a new, durable super-twisting sliding-type control of fractional order is introduced. This control produces a smooth and steady DC voltage. To demonstrate its capacity for step production, it was compared to recently proposed and traditional inverters. The newly added controller improved the system’s resistance to uncertainties, freedom, and nonlinearities. Smooth and steady DC voltage can be delivered. The suggested scheme has been associated with SMC, FLC, and PID controllers for validating its tracing ability. The enhancements made to the AC voltage synthesizer of the DVR have resulted in prompt and accurate improvements to both the FRT and PQ capabilities of DFIG-based WT. The DVR’s ability to be repaired has been tested under various voltage issues and compared with the traditional DVR, as well as an improved resistive limiter of series-type that uses a superconducting-based DC chopper.



J. Zhang et al. in [18] proposed an improved technique to enhance the dynamic DFIG performance under the above-mentioned scenarios with an additional cascade converter linked at the Y-point of the stator windings of the DFIG. The suggested control scheme led to an enhancement in the performance of the DFIG, LVRT, and HVRT. The theoretic investigation and the simulations using MATLAB validated the usefulness of the suggested scheme.



In [19,20] a grid-connected system of WT implementing the constant frequency (CF)-type double rotor generator (i.e., CFDRG) was proposed. The operation of the CFDRG, under stability analysis and definite disturbances, was performed for finding the safe operating limit for the machine. The assumed CFDRG under disturbances and wind gusts was investigated for finding the system’s dynamic performance. The results validated the usefulness of the suggested system.



In applications for WT systems, a technical overview of SRG has been provided. The working effectiveness of SRGs in WT systems can be increased by optimization-control techniques. A thorough summary of the core features of each SRG converter topology and control strategies was covered in [21].



The stator’s and rotor’s core materials have an impact on the size and performance of SRG. It has been discovered that using various core materials and maintaining a constant power output, SRG’s power density rose as flux density increased. Static, transient, and thermal analyses have been used to compare the performance of SRG employing different core materials in terms of inductance, produced voltage, iron loss, ohmic loss, and torque while maintaining constant dimensions [22].



The shortcomings of the PI controller under fault conditions are addressed in this paper using a DVR based on fuzzy logic control, in accordance with the analysis of the above literature. Using MATLAB/SIMULINK software 2022a, the simulation results demonstrate the feasibility of enhancing the terminal voltage of SRG using DVR during FRT.



The following are the main contributions of this paper:




	
To introduce a FRT capability enhancement using a DVR for a WT based on an SRG.



	
To improve the stator voltage of an SRG during grid failures and implement the DVR to inject voltage at the PCC.



	
To propose a control strategy using a FLC for the DVR to enhance the capability of LVRT and to accomplish the codes of the grid without disconnecting the turbine.



	
To validate the effectiveness and enactment of the suggested methodology under four test scenarios.








The remainder of the paper is structured as follows. Section 2 presents modelling of the SRG. Section 3 introduces DVR modelling. Section 4 introduces the control techniques of the DVR. The FLC strategy is explained in Section 5. Section 6 provides the simulation outcomes and discussions. The conclusion of the paper is provided in Section 7.




2. Modelling of 12/8 SRG


The stator of the SRG is comprised of a salient pole with a laminated core and concentrated windings. In addition, the rotor has a salient pole construction independent of windings or permanent magnets, resulting in cost savings and supply chain security, which are two important advantages [4,22]. There are many configurations for SRG. Figure 2a depicts the three-phase SRG’s structure for this paper, which has 12 poles on the stator and 8 poles on the rotor. Phase commutation and current regulation in 12/8 SRG are controlled by asymmetric bridge converters [4,23]. Half-bridge inverters, as depicted in Figure 2b, are a typical converter structure for this purpose.



It is possible to transform mechanical energy into electrical energy via electromechanical energy conversion, which is a bi-directional process. In wind turbines, the generator’s shaft is driven by the wind power [23]. Mechanical energy is transformed into electrical energy by controlling the phase currents through the inverter. Consequently, it is possible to adjust the output voltage and the current provided to the load [24].



When each phase is arbitrarily energized in the lowering region of the inductance profile at a specific conduction angle, a switched reluctance machine runs in the generating mode. Additionally, the electromagnetic torque equation, which depends on the inductance change rate, is used to support this [24]:


  T =  1 2   i j    2      d L  θ    d θ    



(1)




where, L is the phase inductance, which varies as a function of both the current, ij and rotor position, θ.



The SRG output power is calculated by adding the output power (Pout) of each phase in a single electric cycle [15].


   P o  =  1 T      ∑   j = 1    N s      ∫  0 T   v j     i j    d t    



(2)




where, Ns, T, vj, ij denote the number of motor phases, the conduction period of one phase, and the voltage and current of Phase j, respectively. The formula of SRG voltage is as follows:


   V j  =  i j  R +   d  λ j    d t    



(3)




where R denotes the resistance of phase, λj denotes the flux linkage of phase j owing to current ij, and t denotes the time. The λj defined as


   λ j  =  L j     i j  , θ      i j   



(4)







The performance of the SRG further down the system’s typical functionality is displayed in Figure 3 using MATLAB/SIMULINK software. It displays the output voltage, current, and power generated by SRG.




3. DVR Modeling


Basically, the DVR is a voltage-source inverter that generates AC output voltage and injects it in series with the SRG’s terminal voltage. The suggested system in this paper is shown in Figure 4a. In contrast, DVR was implemented in the system as seen in Figure 4b to mitigate the disruption [11,25].



By injecting the necessary compensation voltage, the stator-terminal voltages of the SRG are maintained constant at the proper (pre-fault) magnitude through the control of the DVR, as shown in Figure 5. The DVR controller is made up of three single-phase controllers to provide independent control of the voltage compensation of each phase. As a result, the DVR in this instance is managed using the abc coordinate system. This will also enable the SRG to overcome faults [11,25]. In the dq reference frame, the phase-locked loop (PLL) senses the angle of phase for the grid and is used for synchronization. The approach of in-phase compensation is used. DVR for wind turbine power is appreciated due to the grid codes’ requirement for full-voltage sag compensation during fault conditions [26].



The DVR power rating regulated through the approach of in-phase compensation is: [11],


   S  D V R   =   ∑   K = a , b , c    V  D V R , k   r e f   ∗  I L   



(5)







   V  D V R , k   r e f     is the RMS injected voltage of DVR in phase k and IL is the load current for RMS. Between the grid and the DVR, there is an active power reciprocation of [11]


   P  D V R   =  P L  −  P g  =   3 ∗  V L  ∗  I L  ∗ cos γ   −   ∑   K = a , b , c   [    V  D V R , k   r e f   ∗  I L  ∗ cos γ ]  



(6)






  and      V  D V R , k   r e f   =  2  ∗      V L  −  V  g , k   r e f       a n d   K = a , b , c  



(7)




where Vg is the grid voltage,  ψ  is the difference phase angle between load voltage and load current phasors, VL is the load voltage and IL load current prior sag, V’g is the grid voltage, V’L is the load voltage and I’L load current after sag, VDVR is the DVR compensation voltage [11].



The DVR structure is located between the Vg bus and the VL load bus. It acts as a PQ conditioner to enhance voltage, manage reactive power, and decrease harmonic distortion in real time [27]. The three single-phase boosting transformers’ AC sides have a number of capacitors (Cs) linked there to form the DVR. A capacitor bank is put in series with a series resistance Rs to regulate power flow [15,28].




4. Control Techniques of DVR


The detection of the beginning and conclusion of a failure case, the creation of references, the regulation of the injected voltage, both in temporary and permanent states, and the safeguarding of the equipment are encompassed within the control of DVR. The grid-side pre-sag voltage before DVR is used to estimate the voltage decrease during the fault in the feed-forward control. The feedback control monitors the SRG side’s voltage mitigation after DVR. Converter protection is controlled by the voltage of the DC link [29]. This combined control provides feedback that takes the filter-induction voltage drop and transformer into account [30,31]. The Matlab/Simulink platform of the DVR controller is presented in Figure 6.




5. Fuzzy Control Strategy


Power-system-control applications are better suited for nonlinear controllers like FLC [31]. They can adapt to a wider range of operating situations and are simple to develop and apply. Automatic membership function refinement is possible with self-organized fuzzy controllers [32]. The system is modelled linearly in traditional process-based control techniques, which makes it impossible to guarantee respectable performance across a large range of tasks. There are two steps to the fuzzy procedure: fuzzification and defuzzification. The process of turning a crisp input into a fuzzy value is called fuzzification. Utilizing the rules, the fuzzy output is created. Fuzzy control rules, which are based on FLC, employ the value of fuzzy sets typically for error and change of error and control action. Combining the findings to provide a clear output while managing the output variable is known as defuzzification [33]. With seven linguistic variables, error and its derivative are exits in FLC.



The membership functions and the partition of fuzzy subsets are depicted in Figure 7. This arrangement’s membership functions have a triangle form.




6. Results and Discussion


Simulation outcomes under LVRT by DVR are deliberated. The obtainable on the MATLAB/SIMULINK system, DVR is investigated to enhance various fault conditions for the power system illustrated in Figure 8 to control the SRG’s voltage driven by WT. The intended DVR has a power of 0.5 MVA coupled to 25 kV distribution network.



The DVR is in standby mode as part of its normal operation. The compensation voltage required by the DVR is currently being inserted and is then controlled to maintain the stator terminal voltages of the SRG at the proper (pre-fault) magnitude, as will be shown in all cases. Table 1 shows the SRG and DVR simulation parameters. To evaluate the proposed FRT control method, the PCC findings have been provided. The efficiency of the WT-LVRT will be analyzed and evaluated in the upcoming scenarios:




	
Scenario 1/Balanced sag of 0.5 p.u.



	
Scenario 2/Unbalanced sag of 0.5 p.u.



	
Scenario 3/Single line—ground fault, 1 LG.



	
Scenario 4/Analysis of harmonics spectrum.








6.1. Scenario 1: Balanced Voltage Sag


The voltage sag is the most common type of grid disturbance due to sudden switching on large inductive loads, similar to starting the motor of an electrical heater. In this case, the symmetrical voltage sag of 50% is made in the side of the grid at t = 0.2 s to 0.4 s. A similar voltage sag is produced when attaching the DVR to the PCC; the necessary compensation voltage is injected by the DVR, which is then controlled to maintain the stator terminal voltages of the SRG at the proper magnitude. The balanced sag voltage on the grid side is displayed in volts in Figure 9a. The voltage at PCC is displayed in volts in Figure 9b,c displays the voltage injected by DVR in (V).



To simulate and compare transient behaviors of the SRG in the sag mode, both FLC and PI controller control systems based on DVR-based series compensation are used. In this sag mode, the responses of the system under study are depicted in Figure 10. As shown in Figure 10a, the PCC voltage is adjusted to 1 p.u. through a slight overshoot. It is also found that by using DVR with FLC, the overshoot and oscillation can be reduced more effectively than with a PI controller. Figure 10b depicts the SRG’s output voltage in volts. After 1 cycle of oscillations, or roughly 0.016 s, a minor overshoot occurs before the voltage reaches a steady state. Figure 10c,d display the current and power delivered to the grid by SRG. These figures demonstrate the significant oscillations that occurred during the sag disturbance period without the DVR. Additionally, utilizing DVR with FLC, it is demonstrable that the current or power exhibits slight overshoots and oscillations for 0.04 s (2.5 cycles), after which it is totally damped. According to the simulation’s findings, the SRG wind turbine is successfully shielded against transient voltages and currents by the FLC-based DVR-based series compensation.




6.2. Scenario 2: Unbalanced Voltage Sag


At 0.2 s to 0.4 s, an overload occurs in phase A, and the voltage at the Vg bus is reduced to 50% phase A with respect to the reference voltage. The grid-side unbalanced sag voltage in (V) is displayed in Figure 11a. Figure 11b depicts the PCC voltage after compensation in (V), and Figure 11c displays the DVR injection voltage in (V).



As seen in Figure 11b, the DVR quickly identifies this sag state in various phases and injects the necessary voltage to keep PCC voltage in balance. Figure 12a displays the dynamic responses of the system under study for PCC voltage, Figure 12b, the output voltage of SRG, Figure 12c, current injected from SRG, and Figure 12d, output power from the SRG.



The voltage magnitude in p.u. is displayed in Figure 12a at PCC through the unbalanced sag. The voltage is thereby tightly controlled to 1 p.u. for both control systems, with a slight overshoot below the safety limits. The FLC scheme appears to be able to minimize overshooting and oscillation more successfully than the PI method. In Figure 12b, SRG output voltage in volts is displayed. A minor overshoot occurs before the voltage reaches a steady state after one cycle of oscillations, or roughly 0.016 s. The SRG WT’s current injection into the grid at PCC is shown in Figure 12c. The current rises from 230 A to 300 A in the absence of the DVR. The current is totally damped when using DVR that is FLC-based, with very minor overshoots and oscillations. Figure 12d shows the power generated by the SRG. If the DVR is not present during the unbalanced sag, the power rises to 110 kW by significant oscillations until the unbalanced sag ends. In addition to reducing overhead and oscillating active power, DVR based on FLC also responds more quickly and is unaffected by disruptions that occur on the grid side.




6.3. Scenario 3: Single Line to Ground Fault (1 LG)


At t = 0.2 s for 0.1 s (6 cycles at 60 HZ), a 1 LG occurs at the grid side during phase A. When the same fault occurs when the DVR is connected at the PCC, the suitable amount of voltage is delivered into all three phases by the DVR, resulting in an improved voltage profile at the PCC. Figure 13a displays the grid voltage in (V) with a 1 LG fault. The PCC voltage after compensation in (V) is shown in Figure 13b and the injection voltage of DVR in (V) in Figure 13c. The examined SRG wind turbine’s transient behaviors with DVR-based series compensation under a 1 LG fault are simulated and contrasted using the control strategies FLC and PI controller, respectively.



In Figure 14, the dynamic responses of the system under study during this 1 LG fault are depicted. Based on the findings illustrated in Figure 14a, it can be observed that the FLC system results in a slight overshoot before the voltage stabilizes when compared to the PI system.



The SRG voltage is depicted in (V) in Figure 14b. After 0.04 s of oscillations, or roughly 2.5 cycles using the FLC technique, the stable state is achieved when the voltage narrowly exceeds the required threshold. But using the PI scheme, the voltage reaches the steady state with high overshoot and oscillations for 0.09 s after the start of the fault and 0.1 s after the end of the fault.



The SRG current at PCC injected into the grid is depicted in Figure 14c. The current jumped from its regular level of 230 A to 300 A in the absence of the DVR, when significant oscillations were visible. Also, it can be seen that the current is regulated closely to the rated value 230 A relative to the PI system. The FLC scheme had a slight overshoot that was below the safety limits. The SRG output power at the PCC is depicted in Figure 14d. In the absence of DVR, with large oscillations, the power has increased to 130 kW. Additionally, compared to the PI scheme, it can be seen that the power is more precisely regulated to the 100 kW rated value, with just a slight overshoot below the safety limits. According to Figure 1 grid-code curves, the results of the simulation show an agreement between these standards. These values recovered within the recovery limits in a reasonable amount of time.




6.4. Scenario 4: Analysis of Harmonic Distortion


It is essential to gauge the degree of harmonic distortion in the voltage or current waveforms because total harmonic distortion (THD) has significant negative harmonics that accompany the majority of grid disturbances for the system [34,35]. The recommended DVR is used to investigate the THD values.



Figure 15 displays the THD measuring the PCC voltages and currents with sag disturbance. To demonstrate the success of the suggested DVR techniques, it is evident that utilizing DVR with FLC, the THD of the voltage and current values is greatly decreased to fall within the permitted limits specified in IEEE 519 [36].



Table 2 provides a comparison of FLC, PI, and DVR used for harmonic mitigation. It displays a noteworthy enhancement in the concert of the DVR with FLC.





7. Conclusions and Future Work


This paper examined the efficiency of DVR in SRG to achieve FRT capability and maintain normal turbine performance in the event of grid faults. During balanced sag mode, the DVR with FLC controller at the PCC mode enhanced the voltage magnitude, the current, and the power through a minor overshoot and oscillations. During unbalanced sag mode, the voltage, current and power were faithfully controlled to 1 p.u with minor overshoots and oscillations. During 1 LG fault, with a small overshoot, the voltage attains the steady state after 0.04 s of oscillations, the current is regulated closely to the rated value 230 A, and the power is regulated closely to the rated value 100 kW with a small overshoot. It is evident that in utilizing DVR with FLC, the THD is greatly decreased to fall within the permitted limits specified in IEEE 519 standards for the voltage and current values. The results of simulation using a wind turbine based on SRG with an electric grid display the good performance of DVR with the FLC for the FRT improvement.



In future work, the efficiency of DVR in SRG-based wind turbines to achieve both FRT capability and maintain normal turbine performance in the event of various grid faults must be studied with large-scale wind turbines. Generally, in the best practice, such complex compensators used in wind turbines with a large scale (more than 3 MW capacity) in terms of economical perspective will be studied. In addition, experimental validation will be studied in future work.
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	Abbreviations
	



	1 LG
	Single line to ground



	CF
	Constant frequency



	CFDRG
	Constant frequency (CF)-type double rotor generator



	CFFFB
	Combined feed-forward and feed-back



	DFIG
	Double-fed induction generator



	DVR
	Dynamic voltage restorer



	ERC
	Energy regulatory commission



	FACTS
	Series flexible ac transmission systems



	FERC
	Federal energy regulatory commission



	FLC
	Fuzzy logic controller



	HVRT
	High voltage ride-through.



	LVRT
	Low voltage ride-through.



	MLI
	Multi-level inverter



	NB
	Negative-big



	NM
	Negative-medium



	NS
	Negative-small



	OCAMLI
	Odd-nary cascaded asymmetric-type MLI



	PB
	Positive-big



	PCC
	Point of common coupling



	PI
	Proportional integral



	PLL
	Phase-locked loop



	PM
	Positive-medium



	PS
	Positive-small



	PWM
	Pulse-width modulation



	SFCL
	Super-conducting fault current limiters



	SRG
	Switched reluctance generator



	STATCOM
	Static synchronous compensator



	TCVR
	Thyristor-controlled voltage regulator



	THD
	Total harmonic distortion



	VSI
	Voltage source inverter



	WT
	Wind turbine



	ZE
	Zero



	Parameters
	



	Cs
	Series capacitor



	ij
	Current of phase j



	IL
	Load current for RMS



	IL
	Current of load prior sag



	I’L
	Load current after sag



	Lj
	Self-inductance of phase j



	Ns
	Number of motor phases



	PDVR
	DVR compensation power



	Pg
	Load active power rating



	PL
	Load active power rating



	Pout
	Output power



	R
	Winding resistance per phase



	Rs
	Series resistor with a capacitor bank



	SDVR
	DVR apparent power rating



	T
	Conduction period



	VDVR
	DVR compensation voltage



	    V  D V R , k   r e f     
	RMS injected voltage of DVR in phase k



	Vg
	Grid voltage



	V’g
	Grid voltage



	vj
	The voltage of phase j



	VL
	Voltage of load



	V’L
	Load voltage



	θ
	Position of the rotor related to the aligned position (θ = 0o).



	λj
	Flux linkage of phase j



	  ψ  
	The difference phase angle between load voltage and load current
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Figure 1. United States requirements for LVRT (FERC Order No. 661) [3]. 
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Figure 2. Overall cross-sectional view of the 12/8 SRG: (a) Structure of machine and (b) A 3-ph SRG asymmetric half-bridge converter [4]. 
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Figure 3. The performance of the SRG during regular system functioning: the output voltage, current, and power generated by SRG. 
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Figure 4. The Wind system block diagram and DVR modules: (a) Wind system block diagram with DVR and (b) DVR modules. 
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Figure 5. The DVR compensation scheme based on in-phase compensation. 
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Figure 6. Matlab simulation model of the proposed DVR controller. 
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Figure 7. Membership functions’ form and fuzzy subsets. 
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Figure 8. System simulation model created in MATLAB. 
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Figure 9. Results of simulations: Balanced sag voltage (a) voltage at G-bus in (V), (b) compensated voltage at PCC in (V), and (c) injected voltage by DVR in (V). 
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Figure 10. The responses of the system under study: (a) Voltage magnitude in p.u. (b) SRG output voltage in V (c) SRG output current in A (d) SRG output power in kW. 
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Figure 11. Results of simulations: Unbalanced sag voltage (a) voltage at G-bus in (V), (b) compensated voltage at PCC in (V), and (c) injected voltage by DVR in (V). 
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Figure 12. The responses of the system under study: (a) Voltage magnitude in p.u. (b) SRG output voltage in V (c) SRG output current in A (d) SRG output power in kW. 
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Figure 13. Results of simulations: 1 LG fault (a) voltage at G-bus in (V), (b) compensated voltage at PCC in (V), and (c) injected voltage by DVR in (V). 
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Figure 14. The responses of the system under study: (a) Voltage magnitude in p.u. (b) SRG output voltage in V (c) SRG output current in A (d) SRG output power in kW. 
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Figure 15. Voltage and current at the PCC bus using FFT: (a) THDv at VPCC with DVR-PI during sag mode, (b) THDv at VPCC with DVR-FLC during sag mode, (c) THDi with DVR-PI during sag mode, (d) THDi with DVR-FLC during sag mode. 
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Table 1. Model Parameters.
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	DVR Data [27]
	Values
	SRG Data [4]
	Values





	VDC
	2000 V
	Vr
	500 V



	R
	0.8 Ω
	T
	500 N.m



	VSI
	3 arms, 6 pulses
	Po
	110 kw



	Carrier frequency
	4500 Hz
	Ns
	12



	Shunt filter resistance
	50 Ω
	Nr
	8



	Shunt filter capacitance
	5 µF
	base speed
	1150 r.p.m



	series filter inductance
	75 mH
	Rj
	0.025 Ω



	series filter resistance
	0.9 Ω
	J
	0.04 kg.m2



	ratio of Boosting transformer
	1:1
	B
	0.03 N.m.s
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Table 2. Harmonic mitigation with DVR-PI and DVR-FLC.
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Fault Type

	
THD % Values

	
Without DVR

	
DVR-PI

	
DVR-FLC






	
Sag mode

	
PCC voltage

	
20.39%

	
5.15%

	
2.73%




	
PCC current

	
9.48%

	
7.57%

	
4.65%




	
1 LG fault

	
PCC voltage

	
30.36%

	
18.34%

	
2.38%




	
PCC current

	
21%

	
11.28%

	
3.12%
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