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Abstract

:

Low-power photovoltaic distributed generators are increasing rapidly in number by the grids of the modern era, but they also bring up the concern of grid stability. To maintain grid stability, it is essential for the network operators to update the grid codes at regular intervals due to the case of highly penetrated grid-connected photovoltaic systems (GCPVs). Integration of large-scale electrical grids with renewable energy sources, one being photovoltaic systems, faces the challenge of riding through low-voltage (LVRT) phases. As compared to the previous grid codes for power generation, recent advances require distributed generation resources to provide for such capabilities under grid faults. This work contributes to the ongoing investigation of this specified and destabilizing fault condition. Various simulations of a PV microgrid system are carried out with the ability to ride through low-voltage faults, with the help of a DC-chopper circuit to absorb DC-link over-voltage, and the current is also maintained within acceptable limits according to the required standards. The fundamental contribution of this research is a proposed neural network (NN) control framework. This framework effectively detects voltage sags, comprehends their characteristics, and provides support to the system by injecting reactive current in accordance with the demands imposed by designated grid codes. This NN control model has been systematically developed utilizing data gathered from a vast array of testing simulations conducted under different and dynamic conditions. The proposed strategy, on the other hand, is compared with the RMS fault detection method in combination with the conventional LVRT algorithm. The NN control approach showed better results as compared to the conventional methods in terms of accuracy and robustness, especially when confronted with difficult sag situations.
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1. Introduction


In the past decade or so, grid systems with distributed generation (DG) units like the photovoltaic (PV) have increased in number tremendously. This ever-increasing number is due to the fact that these integrated systems have low energy generation costs, low carbon emissions, and high reliability. PV systems preferably work in a specified voltage range to keep the entire microgrid stable and operating in normal conditions. However, due to the spasmodic nature of power generation by PV systems, the normal working of the microgrid is possibly affected [1]. Because of this, operators of such networks have to create and update the grid codes to keep the system stable. The most essential requirement of these grid codes is the process of LVRT of the PV microgrid [2]. LVRT is basically an act of control that keeps the PV power generator connected to the utility grid during a short-term voltage sag in the grid voltage. In normal operation mode, PV operates on the maximum power point (MPP) value and injects real power to the grid. However, in the case of LVRT, PV power systems have to inject reactive power in the grid for stabilizing it [3].



Voltage versus time characteristics provide the necessary description of the LVRT requirements. It is essentially the minimum time period for which a system can withstand the specific level of voltage sag. The minimum time that a system stays connected with the utility under voltage sag situations for some countries according to their grid codes is shown in Figure 1. To describe LVRT characteristics in a better and easy way, taking into account the German grid codes, the PV system should perform the ride through process from the fault of even zero voltage (100% voltage sag) for at least 0.15 s before isolating from the utility. For Taiwan and Spain, the minimum limit according to their grid codes is 0.5 s for voltage sags of 85% and 80%, respectively [2] (for this work, we take into consideration the grid code requirements specified for Germany). LVRT is an important requirement for the system to work properly and to provide for the loads without any interruptions. In a fault case, if multiple generating units disconnect, it would cause a breakdown of the system, which may eventually lead to a blackout.



In our work, the state of weak grid is also addressed as it is well-known that the inertia of a grid is dependent on the synchronously rotating generators present in the grid system [4]. Because our designed system is made up of renewable energy sources (PV, battery) that lack synchronous rotating generators, the grid is already in a weak inertial state. Two of the other major issues addressed during the voltage ride through are DC-link over-voltage and the injection of reactive power, which is an efficient way to support the grid and a good solution for voltage recovery to overcome voltage sag faults.



Various publications have focused on decreasing the DC-link over-voltage along with limiting the current amplitude of the PV inverter for protection of inverters undergoing voltage sags. The DC-link adaptive voltage control method was applied in [5] for PV inverters for quality improvement in output waveform. This control, by a variable DC-link setting of voltage, accomplished the limiting of DC-link over-voltage. In [6], the author proposed another control strategy that performed well to control over-current and also the DC-link over-voltage during the faults. A proportional-resonant (PR) current controller was implemented in [7] for the limitation of over-current, and it also provided good sinusoidal output waveform. However, all the above cited articles did not talk about the idea of injection of reactive power for the support of the grid under conditions of fault.



Identifying voltage sag events effectively is an important part of low-voltage ride through capability. Some of the recent methods for detecting voltage dips reported in the literature are the peak value detection method [8], droop-control method [9], and missing voltage method [10]. Best amongst the recently introduced methods is the root mean square (RMS) method [11]. The RMS detection method for voltage sag monitors the (  d q  ) grid voltage component’s RMS value at the phase-locked loop (PLL) stage. This technique calculates the grid voltage (  V  g p   ) at present time.



Taking into account the dynamical support of voltage (the reactive power injection), various techniques have been deployed for the betterment of the capability for microgrids to ride through the sag faults. Some of these involve the use of specialized devices, such as active crowbar systems, storage energy systems [12], flexible AC transmissions system devices (FACTS), brake choppers [13], dynamic-voltage restorers (DVR), and fault-current limiters (FCL) [14]. With a DVR, a control design of two stages for the reactive power insertion into the grid and voltage sag compensation was proposed in [15]. A combination of a supercapacitor storage energy system and a static synchronous compensator (STATCOM) is proposed in [16] for the enhancement of LVRT capability. These external devices play a significant role in the maintenance and stabilization of the microgrid system under voltage faults. However, they increase the overall cost and complexity of the system. Hence, more efforts for improvement with minimum cost are directed towards the modifications in the control algorithms or procedures. Recently, a current saturation strategy (CSS) [17] was introduced that showed improved results of riding through low voltage in grid-forming inverters. An improved particle swarm optimization (PSO) [18]-based method has also been utilized for the effective operation of LVRT in high-power applications. Advanced networks, including NN processing, are also used for optimal control of grids under dynamic conditions, and they have proved quite effective in the process. The authors in [19] presented the integration of NN controls with the conventional methods, enhancing the behavior of the grid under practical conditions, providing new ways forward for optimal control of power systems.



The primary contributions of this article encompass two key features enabled by the designed NN control model.



	
The NN control model effectively processes grid voltage data to accurately detect voltage sags and extract their distinctive characteristics. This initial feature ensures a comprehensive understanding of sag events.



	
Subsequently, the NN model leverages this sag information to provide vital grid support through the precise injection of reactive current in compliance with grid code stipulations.






The article extensively examines and validates these dual functionalities of the proposed NN control model through comprehensive testing, offering a comparative analysis against conventional methods.



The arrangement of the paper is in a way that Section 2 describes the designed system with its configurations. The ability of riding through voltages of low value of the microgrid system is elaborated in Section 3. Section 4 provides details about the proposed NN control model. The simulation results obtained through testing are explained in Section 5. Finally, conclusions are drawn in Section 6.




2. System Configuration and Modelling


The PV microgrid system designed in this paper is represented in Figure 2. The system is made up of a PV array with a technique of tracking power point of maximum value, controlled by perturb & observe (P&O) method, with the help of a boost converter connected to a battery system. A DC-chopper circuit also installed to absorb any over-voltage at the DC-link stage. A voltage source inverter (VSI) [20] of three phases is connected to a filter attached to the low-voltage side of a step-up transformer as shown. The side with medium voltage of transformer is connected to the utility grid.



2.1. PV Module’s Equivalent Circuit


The equivalent circuit of a photovoltaic module with several solar cells is illustrated in Figure 3.



Equations given in [21] describe the relationship between a PV module’s output current and voltage, where   i  p h    and   i  s a t    represent the module’s photocurrent and reverse saturation current, respectively. m stands for the diode factor in ideal state, k for the Boltzman constant, q for the electron charge, and   r p  ,   r s   for the module’s equivalent parallel and series resistance, respectively.


   i L  =  i  p h   −  i  s a t    e x p (   q  V D    m  N s  K T   ) − 1  −    i L   r S  +  v L    r P   .  



(1)







The parameters applied for the evaluation of the PV module can also be taken for the equivalent circuit and the calculations as given by Equations (2)–(4) for the general value of temperature (  T  r e f   ) and irradiation (  G  r e f   ). For any value of temperature and irradiation,   i  p h    can be calculated by the equations taken from [21,22], where   I  s c    is the short-circuit current of nominal value. G and   G  r e f    represent the actual and the nominal irradiance, with T being the temperature of PV module in kelvins, whereas   α i   is the coefficient of current–temperature.


   i  p h   =  [  I  s c   +  α i   ( T −  T  r e f   )  ]   G  G  r e f     



(2)






   I  s c   =  I  s c , r e f    (    r P  +  r S    r P   )   



(3)






   i  s a t   =    I  s c , r e f   +  α i   ( T −  T  r e f   )     e q   (   V  o c , r e f   +  α v   ( T −  T  r e f   )  /  (  N s  m K T )  − 1    



(4)







Power with current characteristics across the voltage of the PV module with a standard   T  r e f    = 25    ∘  C and   G  r e f    = 1000 W/m   2   designed in this paper generated in Simulink are presented in Figure 4.




2.2. Size of PV Array and MPPT


For modeling the PV microgrid system, values of parameters given in Table 1 are selected for each PV module that is distributed as 235 parallel strings of 16 modules. With described parameters, the calculations of an accumulative PV system can be described as in Matlab/Simulink as presented in Figure 4.



As for the maximum power point tracking (MPPT), several different techniques have been established [23,24]. However, considering simplicity and feasibility, P & O technique is used most widely. This algorithm is best explained in [22,24]. The function of this algorithm is to obtain the maximum value of power possible from the PV array by tracking the maximum voltage and current of the module with regard to the change in temperature and irradiation.




2.3. Control Strategy for Microgrid System


The conventional control method designed in this work can be observed in Figure 5. It is a three-phase (two-stage) grid-connected PV system. DC to DC converter is the first stage, which minimizes effects of shading, to a great extent, by enhancing the performance of PV array, and three-phase VSI (DC/AC converter) makes the 2nd stage of this control system.



So, the conventional control system is divided into two parts as discussed above, those being the inverter control and boost converter control. The composition of this three-phase DC/AC inverter involves DC-link voltage feedback PI controller with a power balance controller, a phase-locked loop (PLL) containing transformation module, proportional integral [25] (PI) regulators, and also coordinate DQ transformations.



2.3.1. DC Boost Converter Control


A DC boost converter’s primary purpose is typically to maximize output of the PV panels, which is often changed by variations in temperature and the quantity of irradiation. The use of the MPPT algorithm plays its role in this part of the control.



During the normal operation mode of the microgrid, the MPPT algorithm, together with the help of a proportional integral controller, utilizes the boost converter for the tracking of expected maximum power point in the process.




2.3.2. Control of the VSI


For this control, a constant predefined value is compared with the voltage at DC-link and passed from a PI controller to obtain a compensated reference value of current. This is basically the outer loop of the control. So, it is clear that the reference value of real current   (  I d *  )   is taken from the voltage loop output, whereas, on the other hand, the reference value of reactive current   (  I q *  )   is taken from LVRT algorithm, which in normal operation mode is set to zero.



For inner control loop, a current controller injects the current quality from that reference current value. There is some advanced work also being conducted for better performance of current controller based on model predictive control [26] that has better efficiency. Here, because of the fact that the implementation of a three-phase PV system can be completed in a reference frame that is synchronously rotating, also known as DQ-control, regulation of the injected current using an orthogonal signal generator is possible through a PI controller, as depicted in Figure 5. So, the injected grid current is in synchronism with the grid voltage utilizing a PLL.



For the process of simplification of each current control   (  I d *    and    I q *   )   , a decoupling strategy (feed-forward) is used to decouple them [27]. Some important parameters for this grid-connected inverter system are given in Table 2. As said earlier, a synchronous reference frame phase-locked loop (SRF-PLL) is utilized for the synchronization of phase angle and voltage of grid. This SRF-PLL generates  θ , which is used for the transformation from abc to dq0.



Voltage equations for grid inverter passing through the filter can be given as follows:


   V  i a   = L   d  i a    d t   + R  i a  +  v  g a    



(5)






   V  i b   = L   d  i b    d t   + R  i b  +  v  g b    



(6)






   V  i c   = L   d  i c    d t   + R  i c  +  v  g c ,    



(7)




where (   V  i a   ,  V  i b   ,  V  i c    ) indicate inverter voltage, whereas (   i a  ,  i b  ,  i c   ) and (   v  g a   ,  v  g b   ,  v  g c    ) denote inverter current and grid voltage, respectively. In dq reference frame, after the transformation, equations are


   V  i d   = L   d  i d    d t   + R  i d  +  v  g d    



(8)






   V  i q   = L   d  i q    d t   + R  i q  +  v  g q    



(9)






  P =  3 2   v  g d    i d   a n d  Q = −  3 2   v  g d    i q   



(10)







With the idea that, in normal operation mode, system works at power factor of unity [27], losses can be ignored. So, for real and reactive power calculation, the equations are given as above.






3. Ability of Low-Voltage Ride Through (LVRT)


Being sensitive to voltage changes or disturbances is one of the major drawbacks of VSI. For example, a sudden decline in voltage of the grid will cause an increment in the current value as part of control for keeping the DC-link voltage at constant level. As it is, most of the dips in voltage are due to the propagation of unbalanced faults in the grid. The undesirable power oscillations brought on by these unbalanced voltages have a significant impact on regulation of DC-link voltage. This causes the converter to trip for avoiding any kind of damage to the equipment that may occur by DC over-voltage.



Because of the fault, the power recieved by the grid and the power coming from the PV system are not balanced. As discussed earlier, this leads to over-voltage at the DC side and excessive AC side current [28]. Now, for the protection of electronic devices from undesired value of current and over-voltage, the technique of control comprising the circuit of a DC-chopper and fault-current limiter is utilized. The designed control also helps support voltage recovery during the fault time with the reactive power insertion according to the sag level. A simplified scheme showing the change in control modes is given in Figure 6. When a defect is discovered, the value changes from 0 to 1, indicating the normal or conventional mode of control, and then the fault control mode is turned on. Fault control mode runs for a specific time period, and, after that, the conventional control mode kicks back in. After the sag is recognized, it is observed that the chopper circuit activates to use the insufficient energy, and the current limiter regulates the aberrant current [28]. These processes keep the microgrid system in a normal state and save the power electronics equipment through the fault event.



3.1. Method of Fault Detection


The most crucial role of the LVRT control is the instant switch from normal operation mode to grid fault operation mode. Hence, it is essential to equip a fast and accurate fault detection device or method. Some of the fault detection methods identified in recent years include the droop-control method [9], missing voltage method [10], and peak value detection method [8]. Root mean square (RMS) [11] method of fault detection has proven to be much effective and most widely used method in recent years.



RMS detection method for voltage sags monitors the (  d q  ) grid voltage component’s RMS value at the PLL stage. This technique calculates the grid voltage at present time (  V  g p   ) using the following equation:


   V  g p   =    v  g d  2  +  v  g q  2     



(11)




here,   v  g d   ,   v  g q    are d and q components of the voltage of the grid, respectively.




3.2. Control of DC Over-Voltage


The electricity provided to the electric grid under a fault is significantly less than the power being produced by the PV array. This causes the accumulation of high voltage at the DC-link. The increase in DC-link voltage makes the MPP move down in the direction of open circuit voltage (  V  o c   ), causing a decrease in the array output current. This deviation in MPP during a fault event may also cause a delay in time for the values of PV current, PV voltage, and voltage at the DC-link point to come back to normal upon the clearance of the fault. To prevent this problem of over-voltage, a DC-chopper circuit [29] is utilized for this system.



A conventional DC-chopper circuit to prevent DC-link over-voltage is shown in Figure 7. A DC-chopper is basically a protection circuit that is placed with the DC-link capacitor in parallel. It consists of a resistor and an IGBT that, whenever the voltage exceeds a certain threshold value, is switched on by the fault signal. The ideal function of the resistor is for stabilizing the system by absorbing excess power generated by the PV array. Diode is also connected to the resistor in parallel for stray inductance effects when IGBT is turned off.




3.3. Limiting of Excessive AC Current


Every PV connected inverter to a grid system has a specific limit of max. AC current that it can withhold. During a fault, AC current exceeds the max. allowed limit of inverter and leads to disconnection from the grid. Now, when a fault occurs, the controller tries to keep the voltage of grid constant by reducing the real power insertion to the grid. However, as a response, d-component of the current experiences increment in SRF-PLL [1]. Because the inverter should insert reactive current during this sag situation, q-component of the current also increases. This increment in current components may cause the inverter to isolate from the system for protection purposes. A current value limiter is used to maintain current level within the allowed range for the inverter to work continuously and efficiently in order to resolve this problem.




3.4. Reactive Current Injection


To facilitate voltage restoration and provide grid support subsequent to identifying a voltage sag, an inverter must exhibit LVRT capability by injecting reactive current. As outlined by German grid regulations [30], a PV microgrid system encountering grid faults necessitates a specific quantity of reactive current, as illustrated in Figure 8. These guidelines indicate that the system operates within a normal mode when the voltage amplitude (grid voltage) falls within the range of 0.9 p.u to 1.0 p.u. In this standard mode, the inverter only injects active current. However, the inverter must seamlessly transition to LVRT mode when the grid voltage descends below 0.9 p.u, and it must have the capacity to introduce reactive current in this state.



In accordance with the designated grid regulations and with consideration for the context presented in Figure 8, the necessary reactive current injection can be represented as follows:


      i  q  *  = 0   i f   1.1 ≥  v g  > 0.9        i  q  *  = k  ( 1 −  v g  )   I n    i f   0.5 <  v g  ≤  0.9        i  q  *  =  I n    i f   0 ≤  v g  ≤ 0.5     








where   i  q  *   is the injected reactive current, k is the droop constant (  k = 2  ).   v g   and   I n   represent grid voltage and rated current, respectively.





4. Proposed NN Controller


Demanding tasks necessitate a potent, resilient, and dependable controller for their execution. For instance, intricate responsibilities like pattern recognition, system identification, classification, speech and vision processing, as well as control systems require substantial computational capability. Artificial neural networks (ANNs) have gained significant traction in tackling these multifaceted challenges and addressing diverse engineering issues [31]. ANNs emerge as a fitting choice for predicting nonlinear parameters, such as current in GCPV systems. The NN control proposed in this paper for the detection of grid fault and injection of required reactive current is shown in Figure 9. Modelling a NN that can perform both the functions of fault detection and reactive current injection involves several steps that may be divided in the following manner:




	
Data Collection and Preprocessing: The initial step in building a neural network model, involves gathering voltage, current, and relevant parameter data from the grid system, cleaning and formatting it, and then normalizing or scaling to ensure consistent input. This process also encompasses selecting pertinent features, engineering new ones, and addressing imbalances if necessary. By organizing and enhancing the dataset, the neural network can better understand and learn from the data, ultimately leading to a more accurate and reliable model for detecting grid faults and predicting required reactive current injection.



	
NN Architecture: The second step involves labeling the collected data, distinguishing between grid fault instances labeled as “fault” and normal operation as “normal”. Then, the dataset is divided into distinct training, validation, and testing subsets to facilitate model training and evaluation. Finally, the architecture of the NN is designed (Figure 10a), encompassing multiple layers for input with 2 neurons (voltage and/or current), hidden layers with 10 neurons for feature extraction, and output layer with 1 neuron for fault detection and reactive current prediction. This architecture is structured to capture intricate relationships in the data and enable the network to perform the dual functions of detecting grid faults and predicting the requisite reactive current.










[image: Energies 16 06776 g009] 





Figure 9. NN control structure. 






Figure 9. NN control structure.
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Training and Evaluation: In the third step, the designed neural network (NN) is trained using the labeled training dataset, with a focus on developing an accurate loss function that considers fault detection accuracy and reactive current prediction. The NN’s weights are adjusted through back-propagation [32], and its performance is monitored using the validation set to prevent overfitting. After evaluating the trained neural network’s performance standards, achieving high accuracy entails the correlation coefficient (R) approaching a value of 1 [33], while minimizing the mean squared error (MSE) to approach a value close to 0. Next, the trained NN is rigorously evaluated using the separate testing dataset. This involves calculating performance metrics like accuracy, precision, recall, and mean absolute error (Figure 11a) for both fault detection and reactive current prediction. The evaluation results (Figure 10b and Figure 11b) offer insights into the model’s proficiency in simultaneously detecting grid faults and accurately predicting the reactive current required for stabilization.
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Figure 10. NN. (a) Network structure; (b) regression curve. 






Figure 10. NN. (a) Network structure; (b) regression curve.



[image: Energies 16 06776 g010]







[image: Energies 16 06776 g011] 





Figure 11. Evaluation of NN. (a) MSE performance; (b) training state. 






Figure 11. Evaluation of NN. (a) MSE performance; (b) training state.
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Integration into the Grid system: In the final step, the trained NN is integrated into the actual grid system, continuously gathering real-time voltage and current data. Then, the NN is utilized to predict grid fault occurrences and reactive current injection needs based on real-time data, thus enabling timely response to grid anomalies. After that, the model’s performance is monitored and refined as needed, ensuring its reliability and effectiveness over time. Eventually, it is confirmed that the NN’s reactive current injection complies with specified grid codes and regulations, ensuring that the predictions align with the required standards and maintaining grid stability and safety.






NN-Based Control


The proposed NN control method plays a pivotal role in enhancing grid reliability during voltage sag events. By taking grid voltage (  V g  ) as input, the NN not only detects the occurrence of voltage sags but also assesses their severity and duration. Crucially, it operates in accordance with grid code regulations, having been trained to understand and adhere to these standards. This comprehensive approach allows the NN to accurately predict the required amount of reactive current injection (  i q *  ) needed to support the grid during sags while ensuring compliance with regulatory limits. The injection of this precise reactive power level stabilizes the grid, mitigates voltage sag impacts, and upholds uninterrupted power supply, thus reinforcing the resilience and reliability of the PV microgrid system in challenging grid conditions.





5. Results


The PV microgrid system presented in Figure 2 is prepared in Simulink for simulation testing of the proposed LVRT control technique. The system is provided with a utility grid having a nominal voltage of 25 kV. From the point of common coupling (PCC), instantaneous values of current and voltage are recorded. The designed system performs effectively for AC current, limiting and restricting the voltage at DC-link according to the requirements. Hence, the control manages to keep the connection of the inverter through a fault event and then injects the value of reactive current required by the process carried out through the proposed NN model. In this section, the behavior of the designed PV microgrid system through voltage sags after connection and protection of the inverter is shown, and other equipment is guaranteed. All the results are taken with the input parameters of PV being temperature (T) of 25    ∘  C and irradiation (G) of 1000 W/m   2  .



The testing is divided into three cases, with each case having a different sag scenario. The designed PV microgrid system’s response to the scenario of three phase to ground (L-L-L-G) faults in a spam of two seconds is considered under different sag values. It is confirmed that the system maintains connectivity and can endure voltage drops without experiencing any diverse changes in stability. To guarantee that the entire microgrid system functions properly, voltage at the DC-link is also controlled within allowable bounds.



5.1. Case 1


The first case involved subjecting the grid to an 85% voltage sag, allowing for a comprehensive assessment of the proposed control system’s performance. The results from Figure 12 depict the behavior of the grid voltage in per unit (pu) values during the voltage sag, clearly delineating the sag occurrence between 0.9 s and 1.05 s.



Furthermore, it also illustrates the dynamics of the DC-link voltage throughout the voltage sag. This dynamic analysis provides a deeper understanding of how the DC-chopper circuit managed the stability of the DC-link voltage in an acceptable range during the sag, a critical aspect of maintaining the system’s overall stability.



Figure 13 shows the result of comparison of fault detection accuracy between the RMS method and the proposed NN method. Despite a marginally slower convergence rate, the NN-based approach demonstrated remarkable stability, robustness, and precision in detecting faults. In contrast, the RMS method exhibited a minor delay in its response along with occasional overshoots and undershoots, highlighting the advantages of the NN method for accurate fault detection, especially during challenging scenarios.



In the analysis of reactive current injection within the simulation results shown in Figure 14, the proposed NN control method exhibited a notable advantage in terms of robustness and accuracy when contrasted with the conventional LVRT algorithm. Notably, the NN control method showcased consistent and accurate reactive current injection responses, highlighting its resilience in managing the system’s reactive power demands. Conversely, the conventional LVRT algorithm displayed a slight delay in its reactive current injection and experienced stability concerns during the operation. This disparity underscores the enhanced performance and reliability of the NN control approach in optimizing reactive current injection, making it a more effective and promising solution for maintaining grid stability.




5.2. Case 2


The second case study involves grid voltage’s response during the voltage sag, effectively illustrating the sag occurrence spanning from 0.5 s to 1.5 s. It can be seen from Figure 15 that the DC-chopper circuit is also performing well to keep the DC-link voltage as stable as possible under the changing conditions of grid voltage, or, in other words, during the fault situations occurring in the system.



Now, for the detection of voltage sag under this second scenario and with a fault of about 38%, the proposed NN control stayed consistent with its advantages of robustness and stability. From Figure 16, it can be seen that the RMS method of fault detection is experiencing some problems in the face of undershoot at the time of fault occurrence. This distorted signal of sag detection causes further instability in the system. Again, with the overshoot at the time of fault clearance, the system might show irregular behavior because of this. Some minor delay is also observed in both the instances of changing conditions. So, because of these drawbacks, the injection of required reactive current that is attached with this signal also presents instability and some of the similar drawbacks, as can be seen from Figure 17.




5.3. Case 3


In the third case study, a simulation spanning a total of 2 s was conducted to examine the system’s behavior under complex fault condition. Initially, an 18% sag fault was introduced at the 0.5 s mark, persisting until 1.5 s. Amidst this ongoing fault, a subsequent fault of significantly greater magnitude occurred, resulting in a combined fault magnitude of approximately 60% sag. This scenario of concurrent and overlapping sags was employed to assess how the proposed system responded and demonstrated resilience in the face of such challenging circumstances. Yet again, the DC-chopper circuit performed its duty and kept the DC-link voltage in check even in these dire conditions. Figure 18 shows the results of DC-link voltage along with the grid voltage during these overlapping fault conditions.



The superiority of the developed NN method for sag detection and necessary reactive current injection persisted consistently in these demanding circumstances, outperforming the RMS and conventional LVRT methods. The graphical depiction of this comparative analysis throughout the severe fault scenario is illustrated in Figure 19 and Figure 20.



Figure 21 and Figure 22 illustrate the active and reactive currents flowing through the system under the influence of these fault scenarios, utilizing both the modeled NN control and the conventional control. Additionally, the figures provide a closer examination of the curve dynamics, allowing for an observation of the transition behavior exhibited by the control methods.



In this context, the proposed NN control method once again demonstrates remarkable stability and resilience in the face of these intricate overlapping fault conditions. Notably, the proposed method effectively mitigates overshoots and undershoots, offering a smoother response compared to the less steady performance displayed by the conventional method.



Ultimately, Figure 23 showcases the resultant active and reactive power dynamics within the system, employing the two examined methods. Undoubtedly, the sustained superiority of the proposed NN control system’s outcomes is evident, emphasizing its enduring stability and resilience even in the face of such severe sag conditions.




5.4. Case 4


In case 4, we further test the ruggedness of the proposed NN-based LVRT control under harmonically polluted environments. For this test case, the harmonic disturbances were introduced into the voltage of grid (  V g  ); this is because our proposed NN-based control is majorly dependent on the measurements taken from the the grid. Figure 24 presents the results obtained under the conditions of continuous 3rd harmonic disturbance and voltage sags with the proposed NN-based LVRT control.



Figure 24 shows grid voltage (  V g  ), DC-link voltage (  V  d c   ), detection of sag voltage (  V  s a g   ), and required reactive current injection (  i q *  ) going through the conditions of fault in such a harmonically polluted environment. There is some distortion observed in the resultant signals from the test scenario, but, overall, the performance of the proposed NN control is up to the required mark, and it works well even under such dire conditions.



In Figure 25, another test scenario with a time span of 3 s is displayed. For this simulation, multiple harmonic distortion conditions were applied for three different time sections. From starting time to 1 s point, harmonic distortion of 3rd order was applied and the simulation was carried out. This simulation also carries three fault conditions, with the first starting at 0.3 s and ending at 1.2 s.



Starting at 1 s point, harmonic distortion of 5th order was introduced to the system and this ended at 2 s point. Second fault of higher value was observed in the section of 5th order harmonic, from 1.7 s to 1.85 s. A third condition of 7th order harmonic was introduced from 2 s point to 3 s point; in this period, third fault was injected and the proposed NN-based LVRT control was extensively evaluated for these multiple harmonic distorted environments. The response of the proposed control is presented figuratively in Figure 25.





6. Conclusions


Contemporary requirements for grid-connected power systems necessitate the inclusion of auxiliary services such as uninterrupted power supply and LVRT mechanisms for device protection. This paper stems from a comprehensive study that led to the creation of an LVRT control strategy, designed to effectively manage diverse grid failure scenarios and fault states. Through assessments involving the system’s immunity against DC-link over-voltage, the DC-chopper circuit was utilized. Leveraging the capabilities of the proposed NN model, the system demonstrated the capability to identify specific failure types and promptly supply the necessary reactive current injections to ensure stable and uninterrupted operations.



The seamless integration of the custom-designed NN control model brought about notable enhancements within the photovoltaic (PV) microgrid system, including refined control mechanisms, heightened resilience, augmented system stability, minimized losses, and a more adaptable system architecture. The NN control model’s proficiency in mitigating voltage disturbances and furnishing reactive power support during instances of low-voltage faults played a pivotal role in ensuring the reliable and efficient operation of the PV microgrid system. The development and evaluation of this system hinged on cutting-edge technologies, showcasing the imperative role of innovative approaches in shaping modern power systems.
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The following abbreviations are used in this manuscript:





	GCPV
	Grid-Connected Photovoltaic System



	LVRT
	Low-Voltage Ride Through



	NN
	Neural Network



	RMS
	Root Mean Square



	DG
	Distributed Generation



	MPP
	Maximum Power Point



	PCC
	Point of Common Coupling



	PR
	Proportional Resonant



	PLL
	Phase-Locked Loop



	FCL
	Fault-Current Limiters



	CSS
	Current Saturation Strategy



	PSO
	Partical Swarm Optimization



	P&O
	Perturb and Observe



	VSI
	Voltage Source Inverter



	SRF
	Synchronous Reference Frame



	ANN
	Artificial Neural Network



	MSE
	Mean Squared Error
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Figure 1. LVRT time span of various grid codes. 
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Figure 2. System configuration of PV microgrid. 
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Figure 3. Equivalent PV cell circuit. 
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Figure 4. Power and current characteristics across voltage of PV system. 
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Figure 5. PV microgrid system’s control structure. 
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Figure 6. Basic scheme of control mode. 
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Figure 7. DC-chopper circuit. 
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Figure 8. Required reactive current injection. 
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Figure 12. Grid and DC-link voltage with 85% sag. 
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Figure 13. Detection of fault (85% sag). 
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Figure 14. Reactive current injection (85% sag). 
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Figure 15. Grid and DC-link voltage with 38% sag. 
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Figure 16. Detection of fault (38% sag). 
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Figure 17. Reactive current injection (38% sag). 
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Figure 18. Grid and DC-link voltage with overlapping sag. 
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Figure 19. Detection of fault (overlapping sag). 
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Figure 20. Reactive current injection (overlapping sag). 
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Figure 21. Active and reactive currents with NN-based control (overlapping sag). 
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Figure 22. Active and reactive currents with conventional control (overlapping sag). 
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Figure 23. Active and reactive powers (overlapping sag). 
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Figure 24. Results of NN-based control under 3rd harmonic disturbance. 
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Figure 25. Results of NN-based control under multiple harmonic disturbances. 
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Table 1. PV module parameters.
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	Parameters
	Values





	Max. power voltage
	  V  m p    = 29 V



	Max. power
	  P  m a x    = 213.15 W



	Short-circuit current
	  I  s c    = 7.84 A



	Temp. coefficient of   V  o c   
	  a v   = −0.367/   ∘  C



	Max. power current
	  I  m p    = 7.35 A



	Open-circuit voltage
	  V  o c    = 36.3 V



	Cells per module
	  N  c e l l    = 60



	Temp. coefficient of   I  s c   
	  a i   = 0.102/   ∘  C










 





Table 2. System parameters.
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	Parameters
	Values





	Grid voltage
	  V g   = 25 kV



	Grid frequency
	 ω  = 50 Hz



	DC-link voltage
	  V  d c    = 600 V



	resistance of filter
	  r f   = 1.25  Ω 



	inductance of filter
	  L f   = 2.5 mH



	Current loop PI
	  K p   = 0.3,   K i   = 200



	Voltage loop PI
	  K p   = 2,   K i   = 400



	transformer
	0.38/25 kV, 50 Hz
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