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Abstract

:

In recent years, renewable energy (RE) has shown promise as a sustainable solution to the rising energy demand worldwide. Photovoltaic (PV) technology has emerged as a highly viable RE alternative. The majority of PV schemes use specific PV models with specified parameters. This study proposes a PV model with generic specifications, a PV array, a DC/DC converter, a DC/AC inverter, maximum power point tracking (MPPT), and grid synchronization using a feedback control system under the MATLAB/Simulink environment. Various MPPT techniques have been adapted to track the PV’s maximum power point (MPP); however, there are various uncertainties. To address these challenges, this paper presented a perturb and observe (P&O) strategy to track the MPP of PV systems reliably. The MPP of a PV system varies according to meteorological order, such as solar radiation and cell temperature. The MPPT primarily gathers the maximum current and voltage of the PV array and provides them to the load using a boost converter. The MPPT performance and PV array attributes are analyzed during abrupt weather changes. Finally, a feedback controller is configured to perform synchronization of the inverter with the grid. The validity and reliability of the PV module using P&O methods provide a higher efficacy of MPPT under MATLAB/simulation. Finally, the presented results endorse the strength of the proposed technique.
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1. Introduction


The rapid increase in energy demand with the variation in atmospheric conditions has intensified the importance of renewable energy resources (RERs) for sustainable development. RERs are based on natural sources such as wind, sunlight, tides, etc. These are economical and viable with less carbon emissions and can be certainly replenished [1,2,3,4]. Among several RERs, solar energy is an abundant and easily available source. Solar energy has provided many favorable avenues to solve problems in the power sector [5,6,7]. Solar energy is highly dependent on meteorological factors, including solar radiation and temperature, and as a result, it changes constantly. Due to this, solar PV energy has an intermittent character in nature [8,9].



The photovoltaic (PV) modules’ output features are influenced by solar radiation and the temperature of cells, and are enlightened in [10]. The nonlinear electrical attributes of PV modules make PV modelling essential in designing and simulating PV systems. To increase the efficiency and adaptability of PV systems, several models have been proposed [11]. R. Falinirina presented a system emphasizing PV systems, the modelling and simulation of PV arrays, maximum power point tracking (MPPT) control, and DC/DC converters [7,12]. The operating potential of the studied system was analyzed and evaluated using MATLAB. However, synchronization with the grid is yet to be considered. Lipika et al. presented an optimized perturb and observer (P&O) technique using a buck–boost converter to analyze PV module tracking performance [13,14]. In [13], the presented control system adjusted the voltage level by using small amounts from the PV array and power measures; if the power increases, further adjustments in that direction are tried until there is no longer an increase in power. However, optimization regarding system efficiency was performed using a P&O algorithm via adopting a buck–boost converter and changing the duty cycle of the boost–buck. The source impedance was matched by adjusting the impedance of the load to enhance system performance. In addition, a MATLAB/Simulink-based model was used to adapt the PV energy case study. The authors implemented two types of MPPT controllers to compare the effectiveness of both controllers for PV systems. The proposed system has numerous advantages, it is simple, reliable, permits the simulation of cells, etc., and it also analyses incompatible panels which operate under different conditions [15].



The world is looking towards harnessing its solar resources as an alternative energy source to overcome the continuous power shortages and unreliable power supply. To achieve maximum power output, optimizing the system components of the photovoltaic system is essential. Further, the P&O technique still contains several drawbacks in the MPPT of solar PV installation. These include sustained oscillation around the MPP, a tradeoff between fast tracking and instability, and the requirement for users to define constants beforehand. The major limitation of the P&O method is the potential for oscillations, which can occur when the process overshoots the MPP and then corrects itself in the opposite direction. In addition, steady-state oscillations occur during fast-varying environmental conditions and due to the difficulty of step size control. These oscillations can result in a fluctuating output power that can decrease the system’s overall efficiency. These limitations can be erased by using data analytic algorithms with a feedback loop strategy.



Another limitation of the P&O method is its sensitivity to step size. The step size determines the amount of change in the operating point at each iteration, and if the step size is too large, it can lead to oscillations or even failure to converge to the MPP. On the other hand, if the step size is too small, it can lead to slow convergence and increased computational time of the system.



Several modifications have been proposed to address these limitations to improve the performance of the P&O method. One approach is to use a modified P&O strategy that includes a hysteresis band to prevent oscillations. This technique adjusts the reference voltage only when the PV module output power exceeds a specific range of values; otherwise, it maintains the previous reference voltage to maintain constant operation.



The basic premise of this study is to propose a PV model incorporating a PV module with broad parameters, a PV array, a P&O-algorithm-based MPPT, a DC/DC converter, a DC/AC inverter, and synchronization with the grid using a feedback controller under MATLAB/Simulink software. MATLAB/Simulink provides an intelligent, modular, and graphical simulation environment for the constantly varying scrutiny of power systems. It also helps in the design and simulation of the power system. This study presents an improved PV system compared to the work using an artificial neural network studied in [16]. This paper includes PV modeling with generic parameters. The generic PV model provides a user-friendly interface to define various PV parameters. This capability enables the users to analyze the PV system using any type of PV module.



Considering the subject under study, the primary purpose of this study is to present a simple and adaptive way to meet maximum output in the solar cell in various environmental conditions using the P&O algorithm. The prototype should be simple with high efficiency. The proposed method offers a generalized approach to tracking the MPP in photovoltaic systems adaptively. It eliminates steady-state oscillations around the MPP and does not necessitate system-dependent constants. As a result, this technique provides a general foundation for designing various types of PV systems with MPPT using a space vector pulse width modulation (SVPWM). This paper includes PV modeling with generic parameters. The generic PV model offers a user-friendly interface to define different PV parameters. This capability enables the users to analyze the PV system with any PV module. In parallel, a DC/DC converter, along with the MPPT controller, has been implemented. The results illustrate that MPPT in the PV module effectively tracks the MPPT in terms of the current and voltage of the PV array under sudden deviations in solar irradiance, temperature, and variable load events. The second significant contribution of this study is the implementation of PV system synchronization with the primary grid [17]. This study implemented a three-phase inverter and synchronized it with the grid, adapting a feedback SVPWM technique.



The organization of this paper is as follows: Section 2 describes the proposed system model with the implemented algorithm. The presented system simulation model is presented in Section 3. The test system simulation results and discussion are provided in Section 4. Finally, the conclusion is drawn in Section 5. A short version of this study has been published as a conference paper in [18].




2. The Proposed Model


This section is dedicated to details of the studied generalized PV system. The implemented system comprises five major subsystems, including a PV system model, a DC/DC converter, an MPPT controller, a DC/AC inverter, and a grid synchronization module. The synchronization module comprises SVPWM, phase-locked loop (PLL), and voltage measurement modules. The structural outline of the proposed logic is described in Figure 1. The PV panel utilizes solar irradiance and temperature as inputs and generates outputs in the form of a current (I) and voltage (V). The MPPT controller tracks the MPP of the PV panel using the P&O algorithm. Parallel to this, the DC/DC converter boosts the output DC voltage and feeds it to a DC/AC inverter, which renovates the DC output into AC. The grid synchronization module is designed to integrate the DC/AC inverter output with the grid. The PLL block generates a reference signal with the same frequency and angle as the grid and provides them to the SVPWM system as input. SVPWM is a modulation technique that generates controlled gating signals for the inverter by operating as a feedback loop system [19].



2.1. Modelling of the Solar PV System


The modeling of a PV cell includes a p-n diode of a semiconductor device that efficiently converts sun energy into DC current using PV effects. A sizeable number of PV cubicles are coupled in series and parallel arrangements corresponding to energy requisites. This alignment resultingly forms a PV module. However, the combination of various PV modules interconnected in a series improves the reliability of increasing the voltage level of the array, and parallel connections effects reasonably intensify the current in the array as well [2,11,20]. The corresponding circuit model of a PV cell encompasses a current source of (    I   P V    ) connected in parallel with a reversed diode (    I   D    ), a parallel shunt resistor (    R   p    ), and a series resistor (    R   S    ), as depicted in Figure 2 [13,21].



A shunt resistor (    R   P    ) characterizes the leakage current of diode and series resistance (    R   S    ), which exemplifies inner losses as a consequence of current flow. The achievement of PV cells is contingent on two main elements, i.e., temperature and solar luminance. The following Equations (1)–(4) represent the behaviors of PV devices [18,22]:


  I =   I   P V   −   I   D    



(1)




where


    I   D   =   I   0   [   exp  ⁡      q ∗ v   a ∗ k ∗ t       − 1 ]  



(2)







So,


  I =   I   p v   −   I   0   [   exp  ⁡      q ∗ v   a ∗ k ∗ t       − 1 ]  



(3)






  I =   I   p v   −   I   0       exp  ⁡      V +   R   s     a ∗   V   t           −     V +   1 R   s       R   p        



(4)




where, in the above equations, “I” indicates the solar cell current (A),     I   p v     presents the current created by the light incident (A),     I   D     represents diode current, q is the charge on electron, and “K” indicates the Boltzmann constant. T[K] represents the temperature of P-N junction. “a” is the diode constant,     V   t     indicates the thermal voltage of array,     R   s     is the equivalent resistance in the series connection,     R   p     highlights the parallel connected resistance, and     I   0     shows the diode saturation current (A).



The complete system schematic depicted in Figure 1 has been modeled in Simulink, MATLAB R2012a. Various modules of the proposed PV system are discussed in the subsequent sections. The solar PV module connected with irradiance, temperature, and panel voltage measurements is shown in Figure 3, where temperature (T) and solar irradiation (G) are the inputs of solar PV panels [18,22]. To make the nature of the PV panel generic, it is necessary to create a mask of the module for user inputs. The mask created for this purpose is shown in Table 1. The parameter influences on the performance of the PV module depend on the following: where     N   S     represents the number of cells in series arrangement,     N   p p     indicates the number of parallel connected modules, and     N   S S     represents the series-connected module numbers. Further, a diode constant “a” is 1.3977,     I   s c n     is the short-circuit nominal current,     K   p     indicates the short-circuit voltage/temperature constant,     K   I     represents the current/temperature coefficient,     V   m p     represents the maximum voltage power at STC, and     I   m p     is the current at the maximum power at STC of generalized PV systems. Additionally, the mask shown in Table 2 demonstrates the parameters for the BP MSX 120 array PV model; parameters are taken from its datasheet [18,23]. However, modifying these parameters for any additional PV panel is possible.




2.2. DC/DC Boost Converter


The primary function of the PV-connected DC/DC boost converter is to momentarily store input power from the solar panel and then deliver it by discharging the energy to the connected load side, ensuring that distinctive levels of maximum power have been transferred in the form of voltage and current [24]. A non-reversing buck–boost converter is, in effect, a tumbled arrangement of a buck converter tailed by the operating boost converter in the system. This study applied a single inductor and capacitors, which are adopted efficiently to implement both converters. The adopted power converters utilize two active switches designed by cascading buck and boost converters. This generates a minimal or elevated output voltage compared to the input voltage due to the buck–boost nature of the power converters used in the energy sector [18]. In this paper, a boost converter studied in [25,26,27] has been implemented, as shown in Figure 4.




2.3. MPPT Control Algorithm


The PV system’s power generation typically depends on various environmental conditions, such as temperature and solar irradiance. However, solar PV systems’ minimum efficacy and cost effectivity demand that the PV system be operated at a maximum power point (MPP). The MPP of a solar PV system varies according to the varying atmospheric conditions or load fluctuations in the PV-connected system. The typical PV panel converts about 30–40% of instance solar radiation into electrical energy to operate stably [28]. For this purpose, different MPPT control algorithms have been cultivated and instigated to upsurge/improve the operational efficiency of PV systems. Moreover, the non-linear output features of the PV model are effectively altered with variations in solar irradiance and the cell temperature.



Furthermore, uncertain behaviors of solar irradiation affect the MPP of the designed PV module. Thus, a robust MPPT control algorithm becomes vital to the function of the PV module in its MPP operation. To overcome this issue, various MPPT controllers are adopted; however, the most prevalent approaches are studied using the P&O algorithm. Further, machine-learning-based artificial neural network techniques for MPPT control have been studied for PV systems. In [17,29], the authors presented a fuzzy-logic-based controller and incremental conductance method presented for the MPPT of solar PV modules [30,31].



This paper presents the most frequently used P&O MPPT algorithm for a generalized PV system based on a laid-back execution process and requiring less economic factors. The studied P&O algorithm efficiently operates by adjusting the operating voltage of the PV array and examining the PV output power more quickly. The algorithm functions as the power varies with the variation in voltage when moving towards the right of the MPP. Additionally, when moving on the right of the MPP, the variation in power increases with the variation in voltage relations.



Consequently, if the system detects rises in power, the sequential perturbation maintains the identical value to obtain the MPP, the increase (decrease) in power increases with the decrease (increase) in voltage relations. Consequently, if the system detects rises in power, the sequential perturbation maintains the identical value to obtain the MPP. Similarly, if there is a drop in power, the perturbation operates in reverse. The flowchart of the studied P&O algorithm for an MPPT of a generalized PV module is depicted in Figure 5. However, this implemented algorithms must involve two key measurements, i.e., voltage (    V   P V    ) and current (    I   P V    ) [13]. The MPPT model implemented in this study is depicted in Figure 6.




2.4. The DC/AC Power Inverter


It is an electronic device that transforms the DC power to AC [1,5]. AC power can be obtained at any rating; AC power is adjusted by its frequency using suitable transistor switching, by gates or through timers via generating clock signals. For stepping down or stepping up the voltage to the required level, transformer rating is used. Figure 7a shows the Simulink model for the three-phase inverter. As it is a three-phase inverter, six ideal switches were used. To generate the pulse width modulation (PWM) signal of the inverter, the pulse generator block from Simulink was used. Figure 7b shows the internal values for the pulse generator that were used.



SVPWM Technique


Space vector modulation (SVM) is the modulation technique that was established as a vector approach to PWM signal generators. It was developed to be used in three-phase inverters as a feedback controller. This technique generates a pure sinusoidal sine waveform that has a lower total harmonic distortion (THD) and produces high voltage. This quality makes it the best to use in power electronics. The main objective of the SVPWM modulation approach is to obtain maximum variable output with minimum harmonics [32]. In the context of the deep learning technique, consider a three-phase half-bridge voltage source inverter [33], three voltages, each phase to the center-tap voltages can have only two possible values, namely +    V   d c    /2 or −    V   d c    /2, respectively. The three IGBT switches correspond to three phases, so at any time instant the inverter has eight possible states. If the upper switch of the leg is on, it is indicated by state 1. Similarly, if the lower switch of a particular leg is on, it is indicated by state 0. As there are three legs, there are eight possible switching combinations. The line to neutral voltages can be found using the following three equations:


     V   a n     = [ 2   V   a o   −   V   c o   −   V   b o   ] / 3   



(5)






     V   b n     = [ 2   V   b o   −   V   a o   −   V   c o   ] / 3   



(6)






     V   c n     = [ 2   V   c o   −   V   a o   −   V   b o   ] / 3   



(7)







The summary of these states and lines to the neutral voltage applied accordingly is shown in Table 2, studied by [5,8,33].



So, there are six active states of the inverter and the remaining two are zero states. The line to neutral voltages, i.e.,     V   a n    ,     V   b n    , and     V   c n    , are 120° apart. Two phase equivalents of the line to neutral voltages are written as follows:


     V   r e f    =    V   d s    +  j   V   q s     



(8)







By using Clark’s transformation, the values of     V   d s     and     V   q s     are obtained. From Equation (8), the magnitude and phase of the voltage     V   r e f     can be determined. When plotting the magnitude and phase, the space vector magnitude and position corresponding to each switching state are determined as shown in Figure 8. Each of the vectors, such as V100, V110, etc., shown in the diagram represent six voltage steps developed by the inverter with zero voltages, V000 and V111, located at origin. The inverter switches are in a steady state at each of these states. A switching pattern must be devised that produces a voltage which transitions in between these states, and not only at the six vector states, in order to develop a sine wave at the motor. This effectively produces a continuous rotating vector     V   r e f    , which transitions smoothly from state to state.



A vector is produced that transitions smoothly between sectors using the appropriate PWM signals, and hence provides sinusoidal line to line voltages which are equivalent to the input reference voltage. Thus, by using the space vector modulation technique, the output voltages of the inverter are almost equal to the input reference voltages. The reference voltage is sampled at a particular frequency to obtain such output voltages. The output voltage will be closer to the reference voltage if the sampling frequency is greater, but as the sampling frequency increases, the switching frequency also increases, which further results in increased switching loss. So, an optimum sampling frequency should be selected to overcome this problem. A formula must be derived to obtain the PWM time intervals for each sector. By sampling the reference voltages, the time in which active vectors are switched and the sector in which these vectors are switched are obtained. The time and sector can be found from the magnitude and the position of reference voltages. The symbols T1 and T2, respectively, represent the time periods in which the active vector along the lagging edge and the leading edge are switched in order to understand the reference voltage space vector in a given sampling period. Ts is the symbol that represents the sampling time period. The times T1 and T2 can be obtained by applying volt-sec balance in vector form. The volt-sec balance along the     d   s     and     q   s     axis is written as follows from Equation (8):


Vref ∗ Ts ∗ cos(α) = [(V1 ∗ T1 ∗ cos(0)) + (V2 ∗ T2 ∗ cos(60))]



(9)






Vref ∗ Ts ∗ sin(α) = [(V1 ∗ T1 ∗ sin(0)) + (V2 ∗ T2 ∗ sin(60))]



(10)




where     V   s     is the magnitude of the reference voltage and V1 and V2 are the magnitudes of the sector voltages that are equal to the DC link voltage,     V   d c    . The “α” is the position of the reference vector in accordance with the beginning of the sector, where the reference vector’s tip lies. Rearranging Equations (8) and (9), the switching time T1 and T2 are found and is stated as follows:


T1 = {[Vs ∗ Ts ∗ sin(60 − α)]/(Vdc ∗ sin(60))}



(11)






T2 = {[Vs ∗ Ts ∗ sinα]/(Vdc ∗ sin(60))}



(12)







The sampling time is as follows:


Ts = (T1 + T2 + T0)



(13)







In Equation (13), T0 is the time at which the null vectors (0 and 7) are switched on.





2.5. The Inverter Connected to Grid


For grid-connected systems, it is important to synchronize the inverter’s voltage and frequency with the grid. For this purpose, synchronization between the inverter and the grid was performed via a feedback system. A built-in SIMULINK PLL block was used. The purpose of the PLL block is to generate the grid’s frequency, voltages, and phase angle, which are then fed into the SVPWM block. The SVPWM block generates a signal for the inverter, hence the output is synchronized with the grid. The SVPWM block was designed based on the model presented in [11,26]. The model under a mask of the SVPWM block is shown in Figure 9. The inputs of this block are the output from the PLL block and the current from the inverter. It generates the switching signal that is again fed to the inverter. This is how this model for the feedback system works in grid-connected mode.





3. The Studied System Simulation Model


The model simulations of the PV array connected with the boost converter and the synchronization of the inverter with the grid performed efficiently. Moreover, the presented system successfully performs operations with any PV array model by consigning the specific parameters in the mask illustrated in Figure 4. This study adopted the BP MSX 120 PV model for simulation. The proposed system as a whole Simulink implementation is depicted in Figure 10. Moreover, the temperature, irradiance, and connected load were fluctuated during system operation to evaluate the potential of the MPPT controller to track the MPP under sudden variations in environmental conditions and unpredictable load.




4. Simulation Results and Discussion


Table 3 demonstrates the key attributes of the BP MSX 120 PV model at an STC of about 25 °C [17]. In addition, to design the generalized PV array model BP MSX 120, modules were interconnected in series or in parallel arrangement. In this study, the 12 KW PV array module was developed through the connection of ten modules in both series and parallel arrangements to perform the MPPT control operation. The primary features of this array module to perform stable operation are already illustrated in Figure 3.



4.1. The PV Array Features under Erratic Temperature and Radiation


In the studied system, the primary features of the PV array model as a function of varying temperature (T) and solar irradiance (G) provide the relational characteristics curves of the power–voltage (P-V) and voltage–current (V-I) relations, as presented in Figure 11 and Figure 12. These curvatures, i.e., P-V and I-V, are significantly non-linear and dependent on system temperature and solar irradiation. Moreover, under different values of irradiance (G), the obtained P-V and I-V characteristic curves in the studied system are depicted in Figure 12. From the figure, the direct relation between irradiance and the current features can potentially be observed. By increasing the solar irradiation, the current also increases, which is slightly higher in comparison with the voltage level and maximizes the MPP features as well. Figure 11 illustrates that the P (W) to V (Volts) and I (A) to V (Volts) feature curvatures of the studied PV array model with different values of temperature in the system. From the figure, it is logical to conclude that increasing the temperature results in a reduction in the power and PV array voltage level; however, the system’s current remains constant. Thus, the variation in temperature shows zero effect on the current features.




4.2. The PV System Performance during Hasty Solar Radiation (G) Variance


The performance of the PV system during sudden variations in solar irradiance (G), temperature (T), and fluctuating load was examined to scrutinize the effectiveness of the proposed system under MATLAB/simulation. For this purpose, the analysis of the presented system was carried out by step variation in irradiation (G) and by holding the cell temperature constant at about 25 °C. Initially, the solar irradiation (G) value set was 800 [W  /   m   2    ] during the operation, then at a time (t = 1 s) a sudden change in irradiation to 600 [W  /   m   2    ] was applied. The effects of abrupt variations in radiation (G) on the PV system’s output power (P), voltage (V), and current (I) are presented in Figure 13. The obtained result illustrates that PV output power suddenly changes from 9566 W to 7098 W due to step fluctuations in irradiance (G). Moreover, PV voltage is independent of irradiance (G); thus, a gradual variation in irradiance presents practically zero effect on the system’s voltage value. From Figure 14, it can be observed that the output voltage of the PV system fluctuates near the maximum power following the applied P&O control algorithm. However, an abrupt variation in solar irradiance (G) from 800 to 600 [W  /   m   2    ] affects the current value of the PV system, and a resulting reduction in the current value from about 28.5 A to 21.3 A is observed. The obtained results are identical to the features curves of the PV array model result presented in Figure 11 and Figure 12, respectively. The obtained result effectively authenticates the MPP operation of the studied PV scheme during sudden fluctuations in solar radiation (G). Moreover, a similar simulation was conducted to investigate the connected boost converter performance. The output voltage, current, and power of the system-connected boost converter are depicted in Figure 14. The presented results demonstrate that the boost converter’s output power is almost equal to the input power [11]. The adopted boost converter maximizes the voltage range from 338 to 560.8 V and minimizes the current values from 28.5 A to 15.32 A. Under step variation, the voltage decreases to 495 V, and the reduction in the current is found to be 13.6 A, which contributes to the approximate output power nearly identical to the input power. These obtained results demonstrate the capability of the boost converter to reach the MPP of the presented PV system during sudden variations in irradiation (G).




4.3. The PV System Performance during Sudden Variation in Temperature


The effectiveness of the studied PV system is obtained under sudden variations in temperature while maintaining solar irradiance. The simulation was carried out to analyze the performance of the PV system via changing the system temperature (T) from about 50 °C to 25 °C, while letting the solar irradiation (G) remain constant at G = 800 [W  /   m   2    ]. During the execution, the process temperature of the system was fixed at 25 °C. However, at time t = 1 s, sudden variations in temperature happened from 50 °C to 25 °C under this situation; the subsequent output power (P), current (I), and voltage (V) of the adopted PV system are provided in Figure 15. From Figure 16, it can be observed that the PV output power increased in a range from 10,979.2 W to 12,028.5 W at system temperature variations of about 25 °C to 50 °C. This demonstrates that the presented PV system is operating at its MPP during the sudden variation in temperature. In addition, variation in temperature from 25 °C to 50 °C effectively maximizes the output voltage of the PV system from 307 V to 339 V. These obtained results are equivalent to the PV system feature graphs depicted in Figure 11 and Figure 12, which authenticates that the performance of the PV system under abrupt variations in temperature functions at the MPP of the system. Further, MATLAB/simulation was conducted to investigate the performance of the applied boost converter. The effect of temperature change on the boost converter’s output voltage, power, and current is illustrated in Figure 17. The boost converter enhances the voltage from 307 to 607 V, and a reduction in current is observed up to 28.4–16.64 A, while the output power remains identical to the input power as demonstrated in Figure 16; this significantly ensures the robust tracking of MPP by the studied boost converter.




4.4. The PV System Performance with Variation in Load


The test simulation was carried out to analyze the PV array and the implemented MPPT control system’s performance during load fluctuation. During the execution phase, the resistant loads of 20 Ω were associated at the boost converter terminal. However, the temperature (T) and solar irradiation (G) of the PV system were fixed at about 25 °C and 800 (W  /   m   2    ), respectively, resulting in PV output voltage, current, and power in relation to time, as presented in Figure 17. The results evidently revealed that the total output power obtained was about 12,029 W, the output current was about 35.72 A, and the voltage was about 340 V in the studied generalized PV system. Further, to identify the impact of load variation on the performance of the PV system, the load was maximized to double the initial load, i.e., 40 Ω connected with the system; however, the temperature and irradiance were kept constant during the double load events. Thus, with variable load, the output voltage, power, and current remain the same, reflecting the nearby zero effect of load variation on the studied PV system as depicted in Figure 18. The boost converter study cycle is varied to gain the maximum power and to deliver power to the connected load. The test result indicates the PV array provides the maximum voltage, power, and current self-regulation of load. The duty cycle can be regulated by using boost converters and MPPT control algorithms.




4.5. Three-Phase Inverter Connected to PV


The three-phase DC/AC inverter model is adopted to execute the designed PV system with 10 Ω of load connected with every single phase. However, the attribute of frequency carrier of 5 kHz and sampling time of about 5.14 × 10−6 s was created in the system following the study presented in [18]. The three-phase inverter operates to deliver a three-phase current to the connected load. A sinusoidal load current waveform for phase “a” is shown in Figure 19. Moreover, the PV system-generated DC voltage is converted to AC by the power inverter. Figure 20 and Figure 21 show the test system simulation outcomes of a three-phase power inverter output voltage regarding phase–ground and phase–phase, respectively.




4.6. Test Simulation Results of Inverter Synchronization


The SVPWM modulation technique and the PLL block are employed to achieve the system’s primary objective. The gate signal control adopted an inverter in the studied PV system through the SVPWM-based feedback controller. As shown by the simulation results, when the input voltage of 220 V and the frequency of 50 Hz are applied to the grid, the voltage is passed to the PLL block, generating the output frequency, angle, and sinusoidal signals after processing. Figure 22 demonstrates the angle graph obtained from the PLL block.



The PLL block gives the output of the pure sine wave, which is the input for the SVPWM along with the inverter current. SVPWM is a type of pulse width modulation. It generates the signals that proceed into the inverter. This is how the voltages of the inverter and grid are synchronized through this implemented feedback system. Figure 23 and Figure 24 show the final results of synchronization. The grid provided 220 V. After synchronization, the results show that the inverter block gives the three-phase voltages, which are approximately 220 V and 120° apart.



Figure 25 presents the current for the inverter after synchronization. The value of the current is 45 A. As a result of grid synchronization, the PV system output provides reductions of up to 218 V and a maximized current value of up to 45 A, resultingly providing an output power of 9800 W.





5. Conclusions and Future Implications


This study investigated a generalized PV system with an MPPT controller algorithm constructed using the P&O technique; however, DC/DC converter, DC/AC inverter, and synchronized grid components were applied. The proposed system considers the variable resistive load to examine the consequence of load fluctuation on the PV system’s output power, voltage, and current under MATLAB/Simulink software. Firstly, this paper developed a generalized PV module that resembles the parameters specified in the mask for any PV module of interest. Secondly, the PV array BP MSX 120 array simulations revealed that the suggested system is meticulous because the current–voltage spectra are identical to the datasheet. The same PV array with a boost converter was examined with sudden changes in irradiance, temperature, and variable resistive load. The presented simulation results indicate that the PV output power, voltage, and current are affected by temperature and solar radiation deviations. However, the alteration in load fails to agitate the PV array’s result. Furthermore, the presented results demonstrate that the P&O-based MPPT controller accurately tracks the MPP of PVs during variable climate conditions. Finally, this study successfully synchronized the proposed model with the grid. The following are recommendations from this study to be adopted in the future:




	
The methodology is simple and adaptive; therefore, it is economical for future use.



	
The maximum power point can be tracked in varying environmental conditions; thus, it is quite appropriate to the areas where the environmental conditions vary abruptly.



	
This technique is highly efficient compared to others; therefore, it is quite helpful for developing countries. Incorporating energy management strategies using advanced tools is essential when developing MPPT algorithms for photovoltaic systems.



	
In the future, another recommended method is to use a variable step size using an advanced machine learning method and data analytics that adjusts the step size based on the difference between the PV output power and the reference power. This strategy increases the step size when the difference is significant and decreases it when the difference is slight, which can improve the convergence rate and reduce oscillations.



	
Furthermore, advanced control techniques, such as model predictive control (MPC) and fuzzy logic control (FLC), have been suggested to enhance the performance of the P&O method. These methods use a mathematical model of the PV system and a feedback loop to adjust the operating point, which can improve the accuracy and stability of the control.



	
In conclusion, while the P&O method is an effective and widely used algorithm for tracking the MPP of a PV system, it does have limitations that can affect its performance. These limitations can be addressed in future research by introducing modifications and advanced control techniques that can improve the accuracy, stability, and efficiency of the control.



	
The technique is user-friendly as it is simple, thus it is quite appropriate for future use.



	
Intelligent MPPT tracking models effectively analyze the system’s behavior under various conditions. This allows the identification of optimal settings for the MPPT algorithm and energy management strategies to maximize energy efficiency and minimize losses.



	
Another essential tool is data analytics, which can provide insights into energy consumption patterns and enable predictive maintenance to reduce downtime and optimize performance. Additionally, integrating energy storage systems, such as batteries, can provide backup power and increase the system’s overall efficiency. By utilizing these advanced tools and strategies, developers can design MPPT algorithms that effectively manage energy and improve the performance and reliability of photovoltaic systems in the tech world.
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Figure 1. Block Diagram of Solar PV System. 
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Figure 2. The single-diode circuit model of a PV device. 
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Figure 3. The schematic block diagram of PV module. 
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Figure 4. The circuit diagram of DC/DC converter. 
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Figure 5. The flowchart diagram of the studied P&O algorithm. 
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Figure 6. The Simulink model of the studied MPPT for a generalized PV system. 
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Figure 7. The three-phase inverter (a) and (b) parameters for PWM pulse generator. 
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Figure 8. Space Vector Corresponding to Each Switching State [23]. 
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Figure 9. Internal structure of studied VPWM block. 
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Figure 10. The proposed PV system. 
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Figure 11. The feature graphs of studied PV array BP MSX 120 as a function of varying solar irradiation (G). 
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Figure 12. The feature curves of PV array BP MSX 120 as a function of temperature (T). 
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Figure 13. The PV output current, power, and voltage (V) under step variations in irradiation (G). 
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Figure 14. The output current (A), power (W), and voltage (V) of boost converter during sudden variations in irradiation (G). 
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Figure 15. The effect of temperature (T) variation on PV output current, power, and voltage (V). 
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Figure 16. Output power (W), current (A), and voltage (V) of boost converter for step change in temperature (T). 
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Figure 17. The test system result with load of 20 Ω: PV output power, voltage, and current (A). 
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Figure 18. The studied PV system output power, current, and voltage under 40 Ω loads. 
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Figure 19. Three-phase power inverter output current waveform. 
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Figure 20. The waveform of three-phase inverter phase to ground output voltage. 
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Figure 21. Three-phase inverter phase to phase output voltage signal. 
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Figure 22. The inverter and grid output voltage (angle from PLL block). 
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Figure 23. The synchronized voltages. 
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Figure 24. Three-phase voltages after synchronization with grid. 
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Figure 25. The output currents of three-phase inverter. 
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Table 1. The studied generalized PV module mask.
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	System Parameters
	Values





	No of cells in series (    N   S    )
	10



	No of cells in series (    N   P P    )
	10



	Diode constant (a)
	1.3



	Boltzmann constant (K)
	1.38 × 10−23



	Short-circuit current/temp coefficient (    K   I    )
	0.0032



	Nominal temperature (    T   n    )
	298.15



	Nominal irradiance (    G   n    )
	1000



	Electron charge (q)
	1.602 × 10−19



	Nominal current (    I   p v n    )
	3.8



	Nominal voltage of open circuit (    V   o c n    )
	42.1



	Open-circuit voltage/temp coefficient (    K   v    )
	−0.123



	Nominal short-circuit current (    I   S c n    )
	3.8



	Series resistance (    R   S    )
	0.473



	Parallel resistance (    R   P    )
	1367
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Table 2. The switching state illustration of three-phase inverter.
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	States
	ON Switches
	Van
	Vbn
	Vcn
	Space Voltage Vectors





	0
	462
	0
	0
	0
	V0 (000)



	1
	162
	2(VDC/3)
	−(VDC/3)
	−(VDC/3)
	V1 (100)



	2
	132
	(VDC/3)
	(VDC/3)
	−2(VDC/3)
	V2 (110)



	3
	432
	−(VDC/3)
	2(VDC/3)
	−(VDC/3)
	V3 (010)



	4
	435
	−2(VDC/3)
	(VDC/3)
	(VDC/3)
	V4 (011)



	5
	465
	−(VDC/3)
	−(VDC/3)
	2(VDC/3)
	V5 (001)



	6
	165
	(VDC/3)
	−2(VDC/3)
	(VDC/3)
	V6 (101)



	7
	135
	0
	0
	0
	V7 (111)
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Table 3. The test system parameters of studied BP MSX 120 PV system.
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	BP MSX 120 (Components)
	System Values and SI Units





	Short-circuit current
	3.56 (A)



	Current at MPP
	3.87 (A)



	Voltage at MPP
	33.7 (V)



	Open circuit voltage
	42.1 (V)



	Number of cells in series
	72
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