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Abstract

:

The key goal of this effort is to develop an efficient control system for a three-phase cascaded H-bridge multilevel inverter powered by the photovoltaic (PV) system. The power for the system is generated through the use of PV modules, which serve as DC inputs for the cascaded H-bridge multilevel inverter. The authors aim to achieve a nearly sinusoidal signal at the voltage level and are specifically focused on minimizing the total harmonic distortion (THD) to the smallest possible value. Hence, an advanced N-level space vector modulation (SVM) is developed to ensure an appropriate control for the cascaded inverter. The aim is to design an effective control strategy to increase inverter efficacy and, thus, supply the best output quality. In addition, a robust approach to the maximum power point (MPP) tracking (MPPT) technique is developed based on an adaptive perturb and observe (P&O) algorithm to ensure superior tracking of the MPP. The developed algorithm eliminates 90% of the power curve area in the search space process and only maintains 10% of the area that includes the MPP. Each PV system employs its own improved MPPT control. The numerical results confirm that the enhanced P&O algorithm attains a precise response with superior efficiency and a fast response under the fast alteration of environmental conditions. Hence, the energy loss is reduced. The simulation results validate the effectiveness of this study, highlighting the high efficiency of the control strategy and the enhanced performance of the proposed scheme with lesser THD values.
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1. Introduction


Recently, the use of traditional energies for industries has presented danger to the world, so looking for an alternative solution is obligatory to preserve the environment. The use of Res (renewable energies) in industry is a natural and environmentally friendly solution. This type of energy production is renewable because these resources are naturally and continuously replenished, unlike finite fossil fuels. The aim of using REs is to reduce dependence on non-renewable sources and to lower the negative impact of energy production on the environment. The most important RE is PV energy, which is an energy that does not go away and can be obtained from sunlight [1].



Regarding the published report by the IEA, in recent years, RE resources have imposed new records, principally because of solar PV placement around the world, research in power control and transfer strategies, production cost reduction, and government policy support. Recently, as of 2021, the global solar PV capacity was estimated to be over 550 GW. This capacity is expected to continue to grow in the coming years as many countries target significant increases in their RE capacities. The expansion of solar PV capacity will have a significant impact on reducing greenhouse gas emissions and addressing the challenges posed by climate change [2]. The important usage and contributions from the available natural energy sources have increased. Some research is being achieved on power converters that connect RE sources to the main grid. MLI is essentially employed to interface RE sources with the main electrical grid. Solar PV production systems are employed to transform the most natural energy sources owing to the sharp cost reduction, rapid technological development, stable system, easy maintenance, and help in creating a pollution-free environment [3,4].



Usually, PV system topologies can be categorized into four axes: (a) central inverter, (b) module-integrated inverter, (c) string inverter, and (d) multistring inverter [5,6,7,8]. In the topology of the central inverter, many PV strings are linked (PV panels associated in series) in parallel with a blocking diode per branch to consist of a single DC link, and they are linked to the grid part through a central inverter. The mentioned structure topology features a straightforward design, a low initial cost, and effective control. It is a large-scale setup, where all the solar panels are connected to a central inverter that converts the DC electricity generated by the panels into AC electricity for use or storage. For a PV system interfaced to the electricity grid, a double-stage contains both a DC–DC converter and a DC–AC converter, while a single-stage merely needs a DC–AC converter, as reported in the literature [9,10,11,12].



It is obvious from the literature review that attention has grown, with many performed works offering new topologies for inverters or improving the old ones. The main reason is to enhance the quality of the power energy that is obtainable at the inverter outputs. Several multilevel structures have been developed in recent years and investigated in the literature such as a flying capacitor [13], a diode clamped converter [14], and an H-bridge inverter. Due to its high harmonics distortion amount in the classical bipolar inverter and ideal high-power energy including its reliability, CHB MLI is considered the best appropriate structure for PV system application, which is used as a more competent functionality to ensure grid connection. Due to its modular structure, it was selected as one of the most excellent accessible MLI structures. The multistring PV plant practically supplies the separated DC power for each individual bridge of the CHB structure [15].



Currently, the topologies of CHBMLI are receiving attention from several researchers for robust PV system employment [16,17,18,19,20]. The cascaded structure allows for the generation of high-quality sinusoidal output waveforms with reduced harmonic content, which improves the power quality and reduces the need for filters and other corrective measures, and, further, it is essential for grid-connected PV systems. It is characterized by the connection of multiple H-bridge inverters per phase in a cascade configuration. The system structure can be a single-phase configuration or even a three-phase configuration, according to the system power rating. Moreover, to achieve the design of one converter per PV panel, each H-bridge inverter is directly connected to a single PV panel on the DC side. It is feasible in this case to accomplish the robust scheme-based control by each H-bridge inverter independently, which significantly enhances the power produced by the PV panels.



Owing to the improved power quality, higher performance of the voltage, lower near-sinusoidal waves, universal mode voltages, and number of switches, the design of an MLI with modulation algorithms has a very significant task in improving the quality of the grid current and output voltage profile together with their harmonic contents for a grid-integrated PV system [21]. PWM techniques are mostly grouped into three different classifications according to the applied switching frequency, such as a fundamental switching frequency PWM, as in [22], where the authors proposed a modified PWM for an MLI that is applied to a grid-integrated PV system. This modulation technique depends on virtual loop checking, to accomplish functional capacitor voltage balance all the way that is devoid of the inserting of an extended compensation signal. The researchers in [23] proposed a three-phase grid connected to an MLI structure with a robust switching strategy. The MLI was adopted to link a microgrid from the RE sources while it was investigated and commanded via a PWM technique, simply needing a few switching states. A high switching frequency PWM such as an adaptive and robust sliding mode (SM) control was suggested in [24] for a grid-connected PV system based on a cascaded two-level inverter. A PWM method was employed in favor of the procedure of the suggested regulator. In [25], power quality enhancement approaches were employed with respect to a variety of modulation approaches for a solar PV inverter. An inverter structure with harmonic diminution methods was adopted. The harmonics elimination was treated by appropriate switching states applied to the inverter switches. A PWM was investigated in a single-chip regulator. The authors of [26] employed a synchronization scheme through a carrier-based sinusoidal phase-shifted PWM technique, named PSPWM, for the topologies of a CHB multilevel inverter. A particular carrier was applied through PSPWM process for individual H-bridge. The carriers’ signals were commonly phase-shifted from each other by specified degrees intended for a unipolar PWM. For a variable switching frequency PWM [27], various special sequential switching modulation schemes were proposed and contrasted for cascaded MLI. These modulation strategies, which are called MSPWM strategies, characterized the hybridization of the principal switching frequency and multilevel sinusoidal modulation.



On the other hand, SVM mainly becomes promising because of all the switching algorithms suggested in the literature for multilevel converters. SVM gave an excellent ability in enhancing the switching pattern conception as well as having a great flexibility for digital implementation, and the control scheme of the algorithm can operate with a high switching frequency and produce the required voltage of the load for each switching bound [28]. Control strategies for three-phase grid-connected PV systems were investigated in [29]. The proposed control was based on two separated strings of PV panels to feed two-level three-phase voltage. SVM control was applied to supply a suitable multilevel waveform and, further, to practically implement it. In [30], the study depended on a technique to directly compensate the reactive power to the power grid’s integrated inverter to contract under different operating conditions. The control strategy was applied via SVM with a PR regulator. In [31], an SVM control technique was suggested to raise the efficiency of the CHB MLIs under faulty conditions, in case one or various power cells were not employed.



One of the advantages of integrating and installing PV panels is that they are easy to operate and cheap to maintain, which is easy and simple but is related to the intensity of the temperature and solar irradiation. For this reason, the operating point of the PV panel does not always correspond to the MPP. Hence, it is essential to employ a mechanism, known as MPPT, that enables the identification and continuous tracking of the MPP [32]. One of the most important advantages of MPPT controllers is that they continuously provide maximum power, depending on temperature and weather conditions, and increase the voltage and flexibility of the system by connecting the PV modules in series. With the low cost of the transmission wire needed to build a PV system [33], various MPPT algorithms, including current feedback, voltage feedback, hill climbing, incremental conductance (INC), P&O, neural network, and fuzzy logic were discussed [34]. It was developed with many techniques, which differ in terms of popularity, hardware implementation, complexity, convergence speed, required sensors, cost, and other aspects. This made it difficult to identify and choose the appropriate and most suitable method for a particular PV system [35,36].



In this paper, control of a three-phase CHB MLI for the grid integration of a PV generation system is proposed, where the PV arrays are connected at the DC side of each individual phase. This work aims to provide the best possible control strategy to produce high quality by implementing a robust SVM with an N-level (N-SVM) among different successive H-bridge levels, of three, five, and seven levels, and compares the results with significant explanation. The suggested cascaded MLI under the designed N-SVM generates a multilevel output voltage waveform with minimum voltage of the THD. Hence, a higher harmonics distortion amount is minimized. In addition, an effective approach of the MPPT techniques is used. An adaptive P&O algorithm is studied and implemented to ensure the MPP. The suggested P&O algorithm employs the decomposition of the power-voltage curve into three main areas. Consequently, Area 1 represents the left portion, and Area 3 represents the right portion of the power-voltage curve with respect to the MPP. Area 2 presents the intermediate part of the power-voltage curve comprising 10% of the total area in which the MPP occurs. The search space limitation of the algorithm plays a vibrant role in decreasing the step response time toward the MPP and the steady-state disturbance at the same point. For each PV panel, the MPPT-based control can be separately employed to avoid the influence of partial shading and mismatch, thus increasing the supplied power contrary to the system equipped with the centralized MPPT-based control.



This paper focuses on improving control strategies based on the following points: (i) The main purpose of the study is to develop the efficient control of a three-phase CHB MLI supplied by a PV system, where the power generation is derived from PV modules, which serve as the DC inputs for the inverter. (ii) An advanced N-level SVM is developed to obtain a near-sinusoidal signal with the smallest value of THD and increase inverter efficiency and output quality. (iii) A robust MPPT technique based on an adaptive P&O algorithm is developed for superior MPP tracking. (iv) The developed algorithm reduces energy loss by eliminating 90% of the power curve in the search space process, and each PV system has its own improved MPPT control. (v) The numerical results validate the effectiveness of the proposed control scheme and its high effectiveness under fast-changing environmental conditions. Also, the simulation results demonstrate the efficiency of the designed scheme and its superior performance.



The organization of this paper is as enumerated. Following the introduction in Section 1, Section 2 presents the system modeling performed in this study. Section 3 presents the suggested control strategies. Section 4 presents the simulation results and interpretation. Section 5 presents the general conclusion and perspectives.




2. Modeling and Design of System


2.1. System Description


A three-phase, 3.3 kV, 1.48 MW, and 50 Hz power frequency grid-connected solar PV system is prominently investigated in this work, as given in [37]. The main block diagram of the CHB configuration of the grid-connected PV system is shown in Figure 1a. The circuit diagram of the H-bridge is revealed in Figure 1b. A MPPT controller in conjunction with a DC–DC converter is implemented to regulate the input voltage of the inverter at a fixed value. Despite variations in environmental conditions, a DC–DC converter is utilized to provide a nearly constant output voltage, which is then supplied to the CHB MLI for connection to the grid system. The boost converters are separately employed to increase the PV voltage for the independent PV sources per the inverter input’s need. These converters are designed with the individual MPPT technique in favor of the duty cycle control. The capacitor of the DC link aims to regulate the DC-link voltage of a grid-connected power system, which appears in a rise in the voltage supplied into the power system grid. The system grid is directly associated with the designed N-level inverter, which can produce maximum energy throughout the day. The mentioned outcomes can be obtained by an effective converter, inverter, and optimal control circuit on the way to improving the overall power system efficiency. Figure 1 illustrates the configuration of the mentioned system, which consists of an N-level CHB inverter regulated by a multilevel SVM and supplied by a PV application.



One of the MLI component’s limitations is the bidirectional switch employment that attains an additional cost besides the voltage source’s absence. Moreover, the designed topology ensures a simpler and better modular form compared to the symmetrical MLI. This topology also permits transistor switches to link with each other by supplying parallel diodes, as presented in Figure 1. The important inverter characteristics are the capability to be employed across a large bound of voltages, voltage control, output frequency, and providing AC power with the best power quality. The excellent scheme design is the grid connection of a proposed N-level inverter by means of SPV systems.



A SunPower E20/435 solar panel is utilized in this study for the modeling and simulation of a 1.48 MW three-phase 3.3 kV grid-integrated PV system. The main task is to simulate the performance of this 1.48 MW three-phase PV-fed power grid using N-level H-bridge inverters. The total number of levels in the cascaded MLI has a value of     2 ×  number   of   H − bridge   per   phase  + 1     [37]. For instance, a seven-level inverter contains nine H-bridges, so three H-bridges per phase, which are fed by the independent PV array. A separate MPPT approach should be employed for each PV array.



The DC-link voltage is the voltage that is stored in a capacitor in the DC-link circuit and is employed as the reference voltage for the H-bridge inverters. The DC-link voltage   (   V   dc   )   can be obtained for each separate H-bridge associated with the PV array with N number of level inverters, which is given in [38,39].


    V   r m s   = 0.621 × ( N − 1 ) ×   V   dc    



(1)







Consequently, the single-phase power of the grid is 493.3 kW, with a line-to-line voltage and frequency of 3.3 kV and 50 Hz, respectively. The peak voltage value of the single phase can be obtained as follows:


    V   p m   =     V   r m s      3     2  =   3.3    3     2  =  2.6944   kV   



(2)







The needed power rating of each PV array of the nine PV arrays for a seven-level CHB converter with a power grid of 1.48 MW is formulated as follows:


    P   m m p   =   P  ower   rating   of   system     total   number   of   PV   array    = 1.48  MW / 9 = 164.44  kW  



(3)







With augmentation of the environment temperature, the maximum power voltage notably reduces, and then, to ensure the needed output grid voltage, the string voltage of the standard test conditions (STC) must have a satisfactory magnitude. Also, a decrease in the PV output power relates to an increase in the cell operating temperature and a reduction in the solar irradiation. Here, to achieve a     V   dc     of 905 V and a PV array with 164.44 kW power, the total number of PV modules is determined for the parallel and series connections based on the following selection criteria:


    N   s   =   V   dc   /   V   mmp   = 30  



(4)






    N   p   =   P   mmp   / (   N   s   ×   I   mmp   ×   V   mmp   ) = 23  



(5)







The calculation of the DC-link voltage     V   dc     for each H-bridge associated with the PV array, in accordance with the fundamental principle of energy conservation, can be performed by considering a     V   dc     recovery time   ( t )   of 5 ms and an overloading factor   ( a )   of 1.2, as follows:


   1 / 2 ×   C   dc   (   V   dc   2   −   V    dc 1    2   ) =   K   1   × 3 × V × a × I × t      C   dc   =   0.1 × 164,444 × 0.005   0.5 ×   90   5   2   −   898.7   2            C   dc   = 14,471.5    μ F    



(6)




where     V    dc 1      denotes the lower value of the DC-link voltage level.   V   means the phase voltage.   I   is the phase current. It should be declared that the     C   dc     value is chosen during this study as   14  ,  500      μ F .   




2.2. Model of Photovoltaic Cell


A solar PV cell with the Sun-facing part as negative and the rear part as positive is made using semiconductor materials. Practically, the sunlight projection on the PV side produces electrons in the external circuit, called a photocurrent [40,41,42,43,44] or a short-circuit current, which is explained by (7). It is presented by means of the current source in the PV cell model, as shown in Figure 2. In case of it being open-circuited, a voltage emerges at the output terminal, known as an open-circuit voltage   (   V   o c   )  , as obtained by (8). The mentioned voltage produces a current via the P-N junction, which is operated like a diode. The current source   (   I   p h   )   and the diode are in parallel, as shown in Figure 2. The flow of the photo-generated current causes the recombination of the few electron holes that decrease the fundamentally produced electrons. This current loss is denoted by a shunt resistance   (   R   s h   )  . The series resistance   (   R   s   )   presents the resistance of the current flow via the bulk material. This structure is the single-diode model (SDM) which provides a useful tool for modeling and analyzing the performance of a PV cell or module under different operating conditions, such as variations in the temperature and solar irradiance. By accurately modeling the behavior of the PV cell, the SDM can be used to optimize the performance of a PV system and predict its energy output. Figure 2 depicts the SDM of the solar PV cell.



The generated photocurrent depends on the solar irradiation, per the subsequent equation:


    I   s c   =   G   1000       I   s c r   +   K   i       T   c   −   T   r        



(7)




where     I   s c     is the photocurrent;   G   presents the solar irradiance;     I   s c r     denotes the reverse saturation current;     T   c     and     T   r     are known as the cell temperature and reference temperature, respectively; and     K   i     defines the temperature coefficient.



The open circuit voltage   (   V   o c   )  , as produced at the SDM output, is defined by (8):


    V   o c   =   ln  ⁡        I   s c       I   o     + 1         n k   T   c     q      



(8)




where   k   denotes Boltzmann constant,   n   presents the ideality factor, and   q   is the electron charge.



The relation between the current and voltage is given in (9) [40,41,42] (refer to Figure 2).


  I =   I   p h   −   I   s       exp  ⁡      q V   n k   T   c         − 1   −   I   p    



(9)







In PV systems, the DC–DC conversion is essential, since the voltage produced by means of the PV modules does not meet the load needs. Moreover, the DC–DC conversion stage also helps to maximize the power output of the PV modules by tracking the MPP of the modules. This is accomplished by continuously monitoring the voltage and current produced by the modules and adjusting the operating point of the MPP. This leads to increased energy conversion efficiency and overall system performance. For this reason, it is very important to use a boost converter to augment the PV system voltage. This is important because the inverter, which is the next stage in the PV system, requires a certain minimum DC voltage to effectively operate. The DC–DC boost converter attains the maximum power value for the designed N-level inverter using this process.





3. Proposed Control Strategies


3.1. MPPT-Based Technique


3.1.1. Conventional P&O Algorithm


MPPT is a technique used in PV systems to continuously adjust the operating point of the system to the point of the maximum power output. The MPPT algorithm compares the output power of the PV system to the input power from the panels and adjusts the operating point of the system to optimize the power conversion efficiency. MPPT’s goal is to obtain the maximum available power from the PV panels with varying environmental situations, such as changes in the temperature and solar insolation and panel aging. By continuously tracking the MPP, MPPT can increase the overall energy yield of a PV system, compared to fixed voltage or current operating points.



The standard P&O algorithm has been broadly utilized owing to it being favored for employment. The algorithm process starts with observation and perturbation operations and ends with the operating point converging at the maximum power value. This method contrasts the voltages and power of time   ( K )   with the sample at a time   ( K − 1 )   and estimates the time to reach the MPP. If the power variation has a positive sign, a slight disturbance of the voltage alters the solar panel power, and a continuation of the voltage perturbation is kept on a similar track, as a Modified MPPT. If the power variation has a positive sign, the maximum power value is distant, and the perturbation is augmented to the amount of the MPP.



This approach has many disadvantages such as the severe oscillations and slow following of the MPP, making its efficiency incomplete for harsh, changing operating points. Under a large search space, the MPP value is somewhat slowly reached, and the energy loss caused by perturbation augments, especially in the steady-state phase. In the next subsection, we deal with the conventional P&O approach’s drawbacks by inserting some efficient operations into it. Overall, the choice of MPPT algorithm depends on the specific requirements of the system and the operating conditions.




3.1.2. Improved P&O Algorithm


The modified P&O algorithm differs from the standard P&O algorithm in that it includes additional features to improve performance and stability, such as a perturbation step that periodically adjusts the operating voltage and a control mechanism that ensures the operating voltage does not deviate too far from the MPP. Recently, several MPPT approaches were implemented and constantly enhanced. The P&O approach is extensively employed in the MPPT-based regulator owing to its easy implementation and simplicity. In this work, the proposed improvement of MPPT can eliminate the problems confronted in the standard technique, as mentioned above. The search space of the designed algorithm identifies only 10% of the total area of the power curve. This step can reduce the steady-state oscillations and diminish the response time. The boundaries of the areas are shown in Table 1. The power curve, including Area 1 and Area 3, represents 90% of the total space that was eliminated from the search area. The MPP dwells in Area 2, comprising a part restricted to 10% of the power curve, as shown in Figure 3. In Area 2, the enhanced algorithm merely operates the search of the MPP by minimizing the step response time and damping the oscillations toward the MPP.



Profoundly, the MPP is attained and preserved in a few perturbations. In the case of uniform atmospheric conditions/weather conditions, it operates under the MPP, while, as the irradiance varies, it searches the other local maxima in a similar manner for the stable irradiance and then preserves it. A flowchart of the modified P&O algorithm is presented in Figure 4. To find the MPP-comprising region, it measures the two voltages, V1 and V2, to enclose the operating point into Area 2 and then begins the process of perturbation and observation.





3.2. Proposed Multi-SVM Conception


SVM is a suitable technique used in several control applications to control the output voltage or current of a power inverter. It provides more efficient use of the voltage space vector compared to other PWM techniques and, therefore, leads to a reduction in the harmonic distortion in the output waveform. In SVM, the modulation is performed by switching the voltage vectors in sequence to produce the desired output voltage waveform. It is a technique that uses a set of discrete voltage vectors, selected from a two-dimensional voltage space vector, to synthesize the desired output voltage waveform. The selection of the voltage vectors is made in such a way to minimize the harmonic distortion and improve the overall efficiency of the control system.



The multilevel SVM control ensures the output power is optimized for specific conditions, such as changes in the temperature, irradiance, and load. In a multilevel SVM system, the output voltage waveform is generated by selecting and combining several voltage vectors from a predefined set of voltage vectors, known as the voltage vector space. This allows for more precise control of the output voltage waveform, which results in improved output voltage quality and reduced harmonic distortion. In the next part, we deal with the proposed multilevel SVM applied in the mentioned system.



The initial stage in the approach is to convert the reference vector     V   r e f     into two-dimensional axes [45,46,47,48,49]. Figure 5 depicts the complete set of commutation vectors for the N-level inverter in the   ( g , h )   axes.


      V  →    r e f   ( g , h ) = T ·     V  →    r e f   (   v   a b   ,   v   b c   ,   v   c a   )  



(10)




with


          V   a           V   b           V   c         = T ·         sin  ⁡  w     t         sin  ⁡  w     t −   2 π   3           sin  ⁡  w     t +   2 π   3         , T =   1   3     N − 1   2   ·       2 − 1 − 1       − 12 − 1        



(11)







The outcome of the conversion matrix transform     d , q   → t o   g , h     is as follows:


      v  →    r e f   ( g , h ) =   T   1   ·     v  →    r e f   ( d , q )  



(12)






    T   1   =   3   2     N − 1   2   ·       1   − 1    3          0   2    3           



(13)







3.2.1. Detection of the Nearest Three Vectors (NTV)


It is evident that the four vectors closest to the reference vector can be readily recognized. The coordinated vectors are the grouping of the rounded amounts that are lower and greater than the reference vector number. They can be calculated as follows [45]:


      V   l u    →  ≤     v  →    r e f   ( g , h ) ≤     V   u l    →   



(14)




where     V   l u     represents the rounded upper value of     V   r e f    , and     V   u l     indicates the rounded lower value of     V   r e f    .



The diagonal connecting the vectors       V   u l    →    divides the endpoints of the four nearest vectors into two equilateral triangles. These are constantly two of the NTV. On the same part of the diagonal, the third-nearest vector considers one of the two existing vectors that is chosen as a reference vector. Accordingly, the third-nearest vector can be achieved by assessing the expression sign:


  D =   V   r e f g   +   V   r e f h   −     V   u l g   +   V   u l h      



(15)







In the case of  D  being considered positive, it is followed by the vector Vuu that denotes the third-nearest vector. It can be said that the vector Vll represents the third-nearest vector. The mentioned process determines the NTV identification in favor of the N-level inverters. Figure 6 clarifies the process to attain the third-nearest vector.




3.2.2. Determining the Switching Times of the Switches


To combine the reference voltage vector, it is necessary to utilize the three nearest vectors as follows:


      V   r e f    ⃑  =   d   1       V   1    ⃑  +   d   2       V   2    ⃑  +   d   3       V   3    ⃑   



(16)







With the subsequent supplementary constraint on the conduction times:


    d   1   +   d   2   +   d   3   = 1  



(17)







By solving Equations (18) and (19), the switching times can be obtained when the TVP is specified.


            V   1    →  =     V   u l    →            V   2    →  =     V   l u    →            V   3    →  =     V   u    →         



(18)






            V   1    →  =     V   u l    →            V   2    →  =     V   l u    →            V   3    →  =     V   u u    →         



(19)







The solutions consider the partial divisions of the coordinates:


  I f       V   3    →  =     V   u    →    t h e n           d   u l   =   V   r e f g   −   V   u g           d   l u   =   V   r e f h   −   V   u h           d   u   = 1 −   d   u l   −   d   l u          



(20)






  I f       V   3    →  =     V   u u    →    t h e n           d   u l   = − (   V   r e f h   −   V   u u h   )         d   l u   = − (   V   r e f g   −   V   u u g   )         d   u   = 1 −   d   u l   −   d   l u          



(21)










4. Simulation Results and Discussion


4.1. Simulation Results of the Proposed Improved P&O


In this part, to evaluate the performance of the enhanced MPPT technique at low power levels, the solar module of a KC200GT panel is investigated to perform the PV module. At STC (i.e., 25 °C and 1 kW/m2), the solar module supplies 200.1 W under a     V   M P P      of    26.3 V   and an     I   M P P      of    7.61   A   [50,51]. The evaluation can be accomplished by comparing the performance of the enhanced MPPT technique with that of the traditional MPPT technique and measuring the amount of power that can be extracted from the system at low power levels. The evaluation can be conducted under various conditions that can then be used to determine the effectiveness of the enhanced MPPT technique in low-power applications. Figure 7a,b illustrates the characteristics curves of the module employed in this study. They are used to determine the operating point of the module and to ensure that it operates within its safe operating limits. The characteristics of the PV module ensure a distinctive operating condition. Their accurate measurement and analysis are essential for optimal system performance, where the module attains superior performance and the maximum power for different irradiance values at 25 °C. The solar irradiance and temperature are two significant factors that always identify this maximum power.



Keeping in mind that the temperature and irradiation can rapidly vary, owing to passing clouds or environment situations, for substantiating the effectiveness of the proposed modified P&O algorithm, the MPPT approach was developed and implemented by utilizing flowchart coding that made it simple to implement and realize the enhancement in the conventional approach. The PV system is employed under fluctuating weather conditions such as irradiance and temperature. In this part of the study, the irradiance is varied from   1   k W /   m   2      to    0.6   k W /   m   2     in various stages under six steps of signals, whereas the temperature is kept as STC 25 °C during the irradiation change. The profile used for this test case is visualized in Figure 8.



As illustrated before, to exhibit the applicability of the recommended technique, a PV system model is investigated, as described in this part. In this subsection, a simulated PV module is implemented according to the characteristic modeling of the solar cell. By utilizing the process shown in the flowchart, the mentioned technique that makes it simple to design and carry out improvements to the standard algorithm is developed.



Figure 9, Figure 10 and Figure 11 illustrate the PV outputs under varying amounts of solar irradiance using MPPT by INC, conventional P&O, and modified P&O, respectively. The power profile exhibits a similar pattern according to the irradiance changes. A diminution in the oscillations under a fluctuating weather condition can be noticed in the power profile. According to the obtained results, the main contributions of this part of the study are the diminution of the ripple, the response time, and the overshoot as well as the superior aptitude of the suggested Modified MPPT approach to suit the MPP point, particularly in the case of environment conditions under rapid variation, which appears with an overall diminution in lost energy. Profoundly, the modified algorithm can quickly damp the steady-state oscillations and admit a minimum error. This is contrary to the other used algorithms, which offer a harsh oscillation and, as a result, cause an energy loss. On the other hand, when the irradiation level is suddenly augmented, standard algorithms lead the power signal to deviate far from the new position of the MPP. In the same way, the system needs a long time to accomplish the new position of the MPP due to the incorrect choice made by the standard algorithms, whereas the modified P&O algorithm attains superior tracking of the MPP compared to the ordinary P&O algorithm. Also, the improvement in the standard algorithm ensures the oscillations’ damping at the MPP and reduces the step response time. It is capable of tendering the least change from its best power position and adapt to such a dynamic operating condition.



The circled parts in the power profile illustrate the excellent tracking via the improved approach, when compared to the standard P&O and INC algorithms’ tracking. It can be noticed that the recovered energy is very significant with the suggested approach compared to that of the conventional P&O algorithm, particularly in the case of rapid changing conditions. From the side of gained power, the lost energy is clearly recovered. It is observed that the recovered lost energy, which is obtained by employing the designed approach, is achieved only under one variation case of the transient period. This attains a major scheme about the achieved energy that is recovered, including the variation nature of the insulation and weather situations.



It may be prominently observed that the MPPT point race in different areas is less essential for the designed approach compared to the other approaches. This can be explained by the instability and fluctuation of the conventional P&O and INC approaches, particularly around the MPPT’s place. The accuracy of our approach is visibly substantiated. It can be concluded that the proposed modification in the P&O algorithm causes an improvement in the classical algorithm, since it identifies the search space bounds of the approach, which leads to decreasing the complexity and ameliorating the efficacy of the traditional algorithm under changing operating conditions. It may be useful to mention that the suitability of applying the modified P&O algorithm is not yet tested under shading, which defines the future extension of this current effort.




4.2. Simulation Results of the Proposed Multi-SVM


The three-phase cascaded H-bridge PV system model depicted in Figure 1 is utilized with PV panels per phase. In this model, it is assumed that each separate H-bridge inverter is linked to the PV panels. The parameters of the PV panel are determined according to the specific model of the PV panel with predefined nominal output power. Table 2 presents the parameters utilized in the simulation model. At this point, the results illustrate the steady-state efficiency of the system, in which the extracted power from the PV system side is fed into the power grid. In this work, the simulations are carried out on an N-level CHB-MLI to verify the proposed scheme. The proposed control strategy is employed for the inverter to emphasize its straightforwardness and flexibility implementation.



The suggested control scheme is implemented in MATLAB/Simulink to examine its performance and assess its response. In order to accommodate the various H-bridges, N-level-shifted carriers are necessary for this specific SVM design. In this study, we focus on applying three, five, and seven levels of three-phase-based voltage and comparing the obtained results. N3-level vectors are used, so three level, five level, or seven level implies 27 vectors, 125 vectors, or 343 vectors, respectively, are employed to individually regulate the three-phase cascaded H-bridge inverter. The reference voltage vector is obtained from the calculated output voltage vector and base voltage vectors. The H-bridge that applies the output voltage vector is switched via a specified switching frequency when the suggested SVM is implemented. Therefore, the output voltage vector could be employed by each individual H-bridge for the same period to guarantee an equal switching frequency for all H-bridges.



It can be observed from the calculated results that the SVM algorithm clearly demonstrates its superior performance to achieve a suitable signal quality, and then it can be efficiently applied to an MLI with any number of levels. The algorithm-based control guarantees the stable signal of the voltage and decreases the output voltage drop to the lowest level.



Figure 12, Figure 13 and Figure 14 show the waveform and THD analysis of the line voltage and inverter line voltage with different levels of CHB. The THD amount of the designed structure is compared between different levels of SVM to control the mentioned inverter. From Figure 12a, Figure 13a and Figure 14a, it is evident that our proposed high-level-based control for the H-bridge exhibits a superior THD profile. In addition to this, the inverter line voltage using a three-level CHB gives a THD of 27.27%. Furthermore, it is noticeable that as the number of levels in the cascaded H-bridge decreases, there is an increase in the THD value. Therefore, with this particular topology, the voltage output exhibits a higher THD value. Again, the configuration with the inverter line voltage using a five-level CHB attains a THD value of 13.91%. It is obviously depicted that for a seven-level configuration of this topology, the CHB level is increased while the THD is decreased to 9.35%, which proves the applicability of the proposed scheme.



The THDs resulted in different levels for the line voltages that are somewhat distant to each other. The proposed SVM approach with a high level improves the signal quality of the system responses. Also, the obtained results with multilevel inverters including 7-SVM is greatly simplified compared to the SVM based on a low level. Furthermore, the designed SVM approach could be simply expanded into any desirable level of inverter. However, there is significant variation between the THDs of the line voltage waveform, while the THD results for both the five-level and the three-level SVM approach have a high value than that achieved with the seven-level SVM approach, as shown in Figure 12b, Figure 13b and Figure 14b, respectively. It can be concluded that the main reason is the principal difference between the level numbers of the SVM approach.



It is observed that there is a vast difference between the frequency spectrums of the voltage responses’ results among the SVM approach based on different levels. This is becasue the high order of the level is applied on the phase waves. The proposed control approach is based on the increasing level order, which overcomes the disadvantages of the traditional SVM with a low-level order. It notably simplifies the SVM approach when the inverter has more than one level. The increased number of steps in the output MLI’s voltage waveform of the higher-level inverter leads to an improved power quality compared to the lower-level inverter. Lastly, CHB-MLI based on the proposed technique effectively reduces the output voltage drop to the minimum value and guarantees the desirable signal of the voltage system.





5. Conclusions


In this work, the control of a three-phase CHB-MLI supplied by a PV system was proposed. A robust N-level SVM was implemented to make a suitable control strategy in favor of the cascaded inverter. The simulation results validated the functionality and efficiency of the proposed control scheme. The mentioned control strategy is attributed to the diminution in THD value and the decrease in filter components’ dimension plus power quality improvement. An inductive filter is only utilized for a filtrate system, which supplementary appears in the overall cost diminution. On the other hand, the modified P&O approach results in the enhancement of the standard approach. This improvement confines the overall search space of the approach to increase the performance and to decrease the complexity of the standard approach under different weather conditions. The elimination of the oscillations in the steady-state stage of the MPP and the diminution in energy loss verified the enhancement of the classical P&O approach. The numerical simulation results demonstrated the high effectiveness of this part of the study, which signified the best functionality of the control and the superior performance of the designed scheme.



To broaden the research study presented in this paper, future research work can be achieved in the following ways: (i) The suggested investigations can be extended to employ the inverter, by inserting RE resources such as wind energy, PV cells, fuel cells, etc. (ii) A real-time examination can be performed to authenticate the analytically obtained results of the suggested scheme. (iii) A performance evaluation can be performed by injecting reactive power into the grid, which further enhances the inverter efficiency. (iv) The efficiency assessment of the MLI can be performed based on the fault-tolerance capability. (v) The consideration of power generation in PV systems under variable partial shade conditions can be explored in future research.
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Figure 1. Schematic diagram of designed grid-connected SPV system. (a) Overall block diagram; (b) circuit of H-bridge. 






Figure 1. Schematic diagram of designed grid-connected SPV system. (a) Overall block diagram; (b) circuit of H-bridge.



[image: Sustainability 15 09633 g001]







[image: Sustainability 15 09633 g002 550] 





Figure 2. Single-diode model of PV module. 
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Figure 3. The limitations on the area of the power curve in the search process. 
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Figure 4. Flowchart of improved P&O algorithm. 
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Figure 5. Commutation vectors in the (g, h) axes for N-level inverter. 
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Figure 6. Position of two dissimilar situations of the reference vector location for the same four nearest vectors. 
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Figure 7. Principal characteristics of solar module. (a) I-V characteristics. (b) P-V characteristics. 
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Figure 8. Profile of solar irradiance variation. 
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Figure 9. Simulation result of the INC algorithm. 
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Figure 10. Simulation result of the P&O algorithm. 
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Figure 11. Simulation result of the modified P&O algorithm. 
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Figure 12. Waveform and THD analysis of (a) line voltage and (b) inverter line voltage with 7-level CHB. 
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Figure 13. Waveform and THD analysis of (a) line voltage and (b) inverter line voltage with 5-level CHB. 
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Figure 14. Waveform and THD analysis of (a) line voltage and (b) inverter line voltage with 3-level CHB. 
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Table 1. Power curve with region distribution.
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	Region
	Starting Limit (% of Voc)
	Ending Limit (% of Voc)
	Total Region (% of Voc)





	Area 1
	0
	70
	70



	Area 2
	70
	80
	10



	Area 3
	80
	100
	20
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Table 2. Parameters of component specifications.
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	Component
	Value





	Power
	1.48 MW



	Voltage (Vrms)
	3.3 kV



	Inductor (L)
	5.4 mH



	Frequency
	50 Hz



	No. of parallel paths in SPV array (Np)
	23



	No. of series paths in SPV array (Ns)
	30



	DC-link voltage (    V   dc    )
	905 V



	DC-link capacitor (    C   dc    )
	14,500    μ F   
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Module current (A)
N

n

Module power (W)
2
8

@
3

®

o

—e—1 kW/m®
- * 0.8kW/m®
4= 0.6 kW/m®

o

0 10 20 30
Module volage (V)

(a)

200 2
—O— 1 kW/m’

= * -0.8kW/m®
0.6 kW/m?®

@
3

0 10 20 30
Module voltage (V)
(b)





media/file4.png
Irriadiance Iph

Stld






media/file18.png
250

200

Power (W)
o
o

N
o
o

50

Time (S)

142J‘ ” " [MMMMM
A 135
v 046  0.48
)
00
190 183
\Ad
180 152
L 002 003 179 122 1/ .
162
175
161 0.3 0.32 0.34 120 149
160
10 "8 0.8 0.85
= 022 0.24 0.6 0.62 0.64 0.66 0.68 -
| | | | | | | |
0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9





media/file21.jpg
220

.

o8 o7

09





media/file26.png
5000

2000
1000

Vabce (V)
o

-1000

-2000

1 1 ! -5000 I
0.53 0.54 0.55 0.56 0.57 0.58 0.59 0.5 0.54 0.55 0.56 0.57 0.58 0.59
Time (s) Time (s)

-

[=]

o
—
o
o

I I T I T T T T T T
Fundamental (50Hz) = 2690 , THD= 0.61% Fundamental (50Hz) = 5379 , THD= 13.91%

Mag (% of Fundamental)
(¢
o
T
|
Mag (% of Fundamental)
[3)]
o
T

1 1 1 | 1 | A A n n A

o
o

o
o
N
N
»

1
2 4 6 8 10 12 14 16 18 20 8 10 12 14 16 18 20
Harmonic order Harmonic order

(a) (b)

o





media/file27.jpg





media/file3.jpg
Irriadiance





media/file22.png
250

200

Power (W)
o
o

-
o
o

50

Time (S)

142
140 -
38
(A 45 046 047 048 0.49
205 A
M
200 U
185
95 o . 153
0.02 0.025 0.03 0.035 180
152 .
161.5 175 122
- 0.3 0.32 0.34 151
121 08 082 084 086
161
120
0.6 062 0.64 0.66 0.68 _|
160.5
0.21 022 023 024
| | | | | | | |
0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9





media/file19.jpg
Time (S)





media/file7.jpg
Find: /1 and /2

Neasue: V4 and V> fom panel
Caleulae: P(§) = (k) (k)

PO PN
W -Vik-1)

Cwpind) (o-owiad) (sosiis)

(aenemm]






media/file28.png
~—~

Vabce (V

Mag (% of Fundamental)

2000

1000

-1000

-2000

-
o
o

[0}
o

[+
o

N
o

N
o

o

0.53

0.54 0.55 0.56 0.57 0.58
Time (s)

0.59

Fundamental (50Hz) = 2689 , THD= 0.75%

o

4 6 8 10 12 14 16 18
Harmonic order

(a)

20

Mag (% of Fundamental)

Harmonic order

(b)

0.53 0.54 0.55 0.56 0.57 0.58 0.59
Time (s)
100 T T T T T T T

80 - Fundamental (50Hz) = 5348 , THD= 27.67%
60 - T
40 - .
20 T

0 L L L 1 L L L L L

0 2 4 6 8 10 12 14 16 18 20





media/file10.png
q

NN

AVAVAVAVAVAVAVA
WAVAAVAV/VAVAVAVAS

VAVAVAVAVAY
AVAVAVANAY i s B
JAVAVAVANRVAY/-S4VAVAVAVA
\VAVAVAVAVAVAVAVAVAVAVAV /S
NAVAVAVATAVAVAVAVAVAVAR,

Nl
O






media/file14.png
oo

<
26
L
E
5 41
£ —e— | kW/m’
Sol = * 0.8 kW/m’
~4=0.6 kW/m”
0 i 1 .
0 10 20 30
Module voltage (V)
(a)
200 ,
—©&—1 kW/m
&> —e - 2
Z 450F ° 708 kW/m2
5 ~4=0.6 kW/m" 2
2100}
L
=
g
s 90F
N

10 20 30
Module voltage (V)
(b)






media/file11.jpg
viw

D=V Vg~ Vg + Vi) >0 D=V +V o~V + Vi) <0





media/file6.png
¢ BAIY

A 7 BV

MPP

[ BoAY

A

(A\) oMo

Voc

V1
Voltage (V)





media/file15.jpg
oo,

1000

§

§ 8

(i) souspes

3

o7

3

05

o4

03

02

o1

Time (8)





nav.xhtml


  sustainability-15-09633


  
    		
      sustainability-15-09633
    


  




  





media/file16.png
1100

1000

900 —

I I
o o
o o
e o) N~

ANE;B aouelped|

600 -

500 -

400

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

Time (S)





media/file2.png
la

Phase C

_

A2 A2 AlLLL

a3pLIQ-H

||

IddN %
2d/Od

RE-NRE-FLREY!

o3pLIg-H

- =
A

LddN %
oI/OA

- = |-
o,

Phase B

A LIIAUL

98pLIq-H

L1ddIN %
2a/Od

d9penul

o3pLIg-H

Phase A

| =~
A

IddIN%®
/OA

>
oy

JDLIDA UL

d3pLig-H

A LIGALLL

o3pLig-H

1ddN %
23d/0d

- >
A,

LddIN %
2d/0d

- = |
o

Adlidnul

93p1Iq-H

IddIN %
2/Od

- = |
~

| T %

JdAIALLL

93p1Iq-H

1ddIN %
2/OAd

- = |-
oy

dILIIALLL

23pLq-H

LddIN %
2d/2d

- = |—
o

~~
<
~—

AC

DC

(b)





media/file20.png
N
[6)]
o

Power (W)

-
o
o

142

138

[\ _

.45 0.46 0.47 0.48 0.49

134

7\

v
200
190 185

w
H 0.02 0.025 0.03 0.035 122 I 150 B
175
0.3 0.32 0.34
162 148

120
08 082 084 0.86

160

118
0.6 062 064 0.66 0.68 I

158
0.21 022 023 0.24

[ [ [ | [ [ | [
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9
Time (S)






media/file23.jpg





media/file5.jpg
mppP

(A\) 19mog

Voltage (V)





media/file24.png
2000

1000

Vabe (V)

-1000

-2000

0.53

0.54 0.55 0.56 0.57 0.58
Time (s)

0.56 0.57 0.58
Time (s)

-
o
o

Mag (% of Fundamental)
(4]
o
|

I I I I I
Fundamental (50Hz) = 2694 , THD= 0.57%

(4]
(=]

I I I I I
Fundamental (50Hz) = 5388 , THD= 9.35%

| L | | 1

Mag (% of Fundamental)

o

o
o

4 6 8 10 12 14 16 18
Harmonic order

(a)

o

10 12 14 16 18
Harmonic order

(b)






media/file1.jpg





media/file25.jpg
.,..“ um. g‘: ¥

I






media/file12.png
Vi / Vie (Vo s Vas)
v 4
i

L= qug refh _(Vulg +Vn) <0





media/file9.jpg
q
AVAVAV#VAVAVA
\VAVAVAVAV,

\/ VAN
AR

vvv 3-Level
9 AQA'A A N-Level

SR

(R
JAVAVAVAVAVAVAVAVAVA
RELO

NOOXXXXY






media/file0.png





media/file8.png
y
[ Find: V1 and }2 ]

v

Measure: V1 and V> from panel
Calculate: P(k)=V(k)xI(k)

'

dP = P(k)—P(k—1)
dv =V (k)-V(k-1)

V (k)< V1

Yes

| bk =ptk-n+ap| [ Dky=Dk-1)-aD | | py=Dtk-1y-an | [ D)=Dk-1)+aD ]






media/file17.jpg
250

Time (S)





