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Abstract

:

When a photovoltaic (PV) system is exposed to physical objects and cloud coverage and connected to bypass diodes, a partial shading condition (PSC) occurs, which causes a global maximum power point (GMPP) and numerous local maximum power points (LMPPs) on the power-voltage (P-V) curve. Unlike conventional MPPT techniques that search for multiple LMPPs on the P-V curve, it is possible to track GMPP straightaway by designing a simple but robust MPPT technique that results in faster tracking speed and low power oscillations. Hence, in this study, an improved proportional-integral (PI) coordinated Maximum Power Point Tracking (MPPT) algorithm is designed to enhance the conversion efficiency of a PV system under PSC with fast-tracking speed and reduced power oscillations. Here, PI controllers are used to mitigating the steady-state errors of output voltage and current of PV system that later on passed through an incremental conductance (INC) algorithm to regulate the duty cycle of a dc–dc boost converter in order to ensure fast MPPT process. The PV system is integrated with the grid through an H-bridge inverter, which is controlled by a synchronous reference frame (SRF) controller. Tracking speed and steady-state oscillations of the proposed MPPT are evaluated in the MATLAB/Simulink environment and validated via a laboratory experimental setup using Agilent solar simulator and dSPACE (DS1104) controller. Results show that the proposed MPPT technique reduces the power fluctuations of PV array significantly and the tracking speed of the proposed method is 13% and 11% faster than the conventional INC and perturb and observe (P&O) methods respectively under PSCs.
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1. Introduction


The demand for renewable energy as an alternative source of conventional power generation is increasing because of a decrease in its production expenses, zero carbon emissions, and economical tariffs [1]. Renewable energy production is predicted to increase by 6.7% by 2030 [2]. The report of the Joint Research Center revealed that the global installation of PV plants was 315 GW in 2016, with a cumulative increase of 40% annual production over the last 15 years. Therefore, 133.7 billion USD was invested in 2016 alone to produce PV energy, comprising 55% of gross renewable energy cost [3]. Nevertheless, solar energy is harnessed from a PV module that is viable, sustainable, eco-friendly, efficient, cost-effective, renewable, and non-polluting [4]. Solar cells that made of Gallium Arsenide (GaAs) are widely used in space technologies and objects, which can be operated efficiently at any weather conditions and dynamic operating conditions [5]. The GaAs solar cells are integrated with modern iridium satellite constellation. These types of solar cells consist of high resistive materials against radiation effect and other external disturbances [6].



The grid-connected PV system combined with solar converters is designed to harness energy from the PV modules and delivers surplus energy to a power grid, which reduces household electricity bills, and meets electricity demands [7]. Recently, a substantial number of PV systems are integrated with the utility grid because of its increasing demands and reliable operations compared with other renewable sources [8].



The Power versus Voltage (P-V) and Current versus Voltage (I-V) characteristics curves of the modules are nonlinear, especially when a PV system is operated under dynamic weather conditions, variable loads, and inconsistent temperature [9]. Cloud cover, trees, buildings, and bypass diodes cause a partial shading condition (PSC) with numerous power peaks on the PV string [10]. The location of an operating point and maximum power points (MPPs) is dynamically changeable when the PSC condition occurs on the PV module. Hence, an online Maximum Power Point Tracking (MPPT) algorithm is required to harness the maximum energy from a PV panel by driving the operating point toward the nearest global MPP (GMPP) region [11]. The increased perturbation size of a converter duty cycle increases the tracking speed and power oscillations around the GMPP and vice versa. Because of this unforeseen relationship, a variable step perturbation of the duty cycle should be applied to achieve higher efficiency in PV MPPT design [12].



Conventional MPPT algorithms (see simulation codes in Appendix A) are mostly designed to track the GMPP under uniform environmental conditions where the P-V curve generates only one MPP [9]. An operating point at the steady-state condition of the conventional perturb and observe (P&O), and incremental conductance (INC) MPPT techniques under PSCs revolves around a GMPP or LMPP, and generates low tracking speed, resulting in continuous power oscillations equal to changes in a predetermined perturbation size [11]. Power oscillations can be extreme since the conventional algorithms continue to search for the operating point on the P-V curve at steady-state condition (SSC), although the MPP is tracked earlier [13]. A PI-based P&O algorithm was developed to maintain the output reference voltage of the converter and tracking the MPP of the PV array with reduced power oscillations [14]. A P&O-based voltage regulation loop is designed with a PID controller to increase the tracking speed of the MPP and regulate the output reference voltage faster than the conventional P&O algorithm [15]. A PI-based INC-MPPT algorithm was designed to remove the dilemma of choosing the step size of the converter duty cycle under abruptly changing solar irradiance and temperature [16]. An improved hill-climbing double closed-loop algorithm was deployed nearer to the MPP to reduce steady-state oscillations and a rise time when solar insolation is in dynamic condition [17]. An adaptive PID controller with the P&O MPPT algorithm for a PV system is proposed in [18] to improve tracking time and reduce oscillation around MPP. In [19], PID-integrated P&O MPPT is proposed for a grid-connected PV system. The main constraints of these developed MPPT schemes are in making delays in the tracking of MPP and generating greater power oscillations because their operating points are lost to the local MPPs (LMPPs) under PSCs [20].



By taking into account the drawbacks of the previously developed MPPT techniques, in this present study, a PI-based coordinated MPPT technique is proposed for a grid-tied PV system to improve tracking speed and reduce oscillations in PV output power under PSCs [21]. To make zero steady-state errors of the output voltage and current of the PV system, PI controllers are used whose outputs are sent through an incremental conductance (INC) algorithm to regulate the dc–dc converter duty cycle. The advantage of the proposed PI coordinated MPPT method is it can track the GMPP directly instead of looking for multiple LMPPs on the P-V curve, which results in faster tracking speed and low steady-state power oscillations of the PV system. An H-bridge voltage source inverter (VSI) is deployed between a DC/DC converter and utility grid to inject a sinusoidal grid current of 50 Hz with zero steady-state error (SSE), and least total harmonic distortion (THD). A proportional resonant (PR) controller is used instead of a PI compensator in the inverter control system to eliminate the SSE of the referenced grid current, and voltage [22] and sinusoidal pulse width modulation (SPWM) is used to generate control signals. The performance of the proposed MPPT technique is validated in the MATLAB/Simulink platform for different PSCs and a laboratory setup is developed to experimentally validate the performance of the proposed MPPT algorithm. Finally, to prove the effectiveness of the proposed MPPT technique, its performance is compared with conventional INC and perturb and observe (P&O) methods.




2. Structure of the Grid-Connected PV System


Figure 1 shows a designed topology for a PV array. The topology comprises five interconnected branches: PV panel, MPPT controllers with PI controllers, a DC/DC boost converter, a 1-φ DC/AC bridge inverter and a low-pass filter (LCL), and a utility grid.



A continuous mode boost converter and the inverter are designed to increase the DC output voltage and PV system integration with the grid network respectively. The LCL filter is connected between the output of the inverter and grid system by introducing a bulk filter capacitor to reduce ripple components of the grid parameters.



The proposed MPPT controller is used to track GMPP and generate constant DC-bias voltage at the output of the boost converter. A phase-locked loop (PLL) is used in the VSI control system to synchronize the phase of the grid voltage and current with the measured inverter waveforms. The PLL controls the measured grid voltage by converting its fixed reference frame (αβ-components) into a synchronous reference frame (dq-components).



A PR controller is selected over the PI controller to completely remove the SSE from the grid current and generate the smooth sine pulse with modulation (SPWM) pulses. The use of infinite gain in the PR controller assures high efficiency because it overcomes disturbances and realizes sinusoidal reference waveforms.



2.1. PV System Modeling


A model of the PV panel has been developed under several patterns of solar insolation conditions to compute the actual power of the PV system and robust MPPT schemes [23]. Choosing accurate variables in modeling procedures is challenging for matching simulation outcomes and PV nonlinear waveforms under PSCs [24]. Figure 2 shows an internal circuit diagram of a PV cell that includes series and shunt resistance, cell currents, and other parameters of the PV module. Equation (1) depicts the current of a PV cell with other related parameters. Figure 3 demonstrates different shapes of P-V and I-V curves at the standard test condition (STC), and changing temperature and solar insolation.
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where,



	Ipv:
	Photovoltaic cell current



	Npar:
	Parallel-connected modules per string



	Nser:
	Series-connected modules per string



	Voc:
	Open-circuit voltage



	Vmp:
	MPP Voltage



	Imp:
	MPP Current



	Pmp:
	MPP Power



	Isc:
	Short-circuit current



	Rs:
	Series resistance of a single diode model



	Rsh:
	Shunt resistance of a single diode model



	Io:
	Reverse saturation current of a diode



	Vt:
	Thermal Voltage of a PV array








Figure 3 demonstrates different shapes of P-V and I-V curves at the standard test condition (STC), and changing temperature and solar insolation.




2.2. PV System under Partial Shading Conditions


A PV array is modeled using a combination of series and parallel solar panels to generate expected power for the system design [26]. Each designed PV module does not receive an equal amount of solar insolation because of exposure to cloudy weather, bird droppings, dust, tall objects, and bypass diodes [27].



This unequal distribution of solar irradiance between the PV modules is called PSC. Thus, a shaded module overheats, creating power losses, and could damage the entire PV array. The hotspot condition from a specific module can be eliminated by connecting a bypass diode in parallel with each PV module. Figure 4 shows two uniform weather and six shaded conditions to help readers understand the real scenario of the PSC. Figure 4a–d and Figure 4e,f show shading patterns for the simulation and experiment, respectively. In each PV string, a blocking-diode denoted in red color is used to control the flow of reverse current and protect the battery from damage. These eight different irradiance profiles are used to test the tracking performance of the MPPT algorithms. The maximum power (213.6 W) of a PV model for experimental analysis is approximately seven times less than the power (1497 W) of the simulation system, because of the limited power supply from the Agilent solar simulator.



Table 1 shows the power, voltage, and current of the MPP and GMPP points of the eight patterns, which were calculated from the PV characteristic waveforms of the PV strings. GMPPr, GMPPm, and GMPPl are represented as the right, middle, and left GMPP locations, respectively, from the different shading patterns. The maximum power is uneven and reduced because of the PSCs at each shaded P-V curve.




2.3. Boost Converter Design and Control


MPPT schemes drive an operating point at maximum power peak to maximize the tracking and power efficiency of a PV system. The operating point is maintained close proximity to the GMPP by adjusting the duty cycle and switching behavior of the boost converter [28]. A continuous conduction mode (CCM) boost converter was designed because it has no power degradation in its circuit elements. The CCM converter boosts up the output voltage from the PV module voltage based on the duty cycle perturbation value. The duty cycle is fed by the pulse width modulation (PWM) comparator to generate pulses for switching a MOSFET or IGBT OFF and ON [29]. Equation (2) shows that the output voltage is larger than the input voltage whenever the duty cycle step size is regulated from 0.2 to 0.9 [30]. Figure 5a shows a simplified network of the boost converter. Figure 5b,c show the ON and OFF states of the boost converter configurations respectively. A state-space model is derived from the equivalent circuits of the converter to find a transfer function.



The nonlinear averaged state-space equations are obtained by ignoring the terms formed by the product of two small signal quantities. The derived equations are Equations (2)–(5).
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These sets of equations represent the averaged steady-state model for the boost converter linearized around an operating point (D, X10 and X20). A lower equivalent series resistance Rc compared with R is considered. Equations (5)–(9) present the standard state-space model as follows:


   x ·  = Ax + Bd ,    Y  = Cx + Ed  



(5)
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Equation (11) gives the state-space system transfer function for the small signal from control   d ^   to output   y ^  . The input voltage, output voltage, desired switching frequency, and inductor ripple current are denoted as Vin, Vout, fsw and ΔIL respectively [28]. A closed-loop boost converter with a 10 kHz PWM switching signal is designed to step up the voltage of a PV array from 184 to 325 V DC and the constant output voltage using PI controllers. The duty cycle is tuned dynamically to operate the converter at the maximum power available in the nonlinear PV curve. Equation (12) gives the critical inductance value of the boost converter [29]. The current supplied to the output circuit is discontinuous. Therefore, to limit the output ripple voltage, a large filter capacitor is required, as given by Equation (12). Here, the output minimum capacitance (Cout (min)), the output ripple voltage (ΔVout), switching frequency (fsw) in kHz, maximum output current (Iout (max)) and the duty cycle (D) are represented in the Equation (12).


   C   out      max     =        D ∗   I     out      max         ∆      V    out      ∗   f    sw      



(12)








2.4. H-Bridge VSI Design and Control


To implement the traditional automatic synchronization technique, the VSI inverter should have a similar line voltage and current with a matched phase and frequency similar to those of the grid system [32]. Robust control methods are applied in synchronization to quickly identify the frequent changes in voltage, phase, and frequency magnitudes, and maintain the status quo of the grid [33]. The grid synchronization method is advantageous in two major ways. Firstly, a grid synchronizer not only reproduces a filtered signal that is in phase with grid voltage but also emulates an orthogonal component of the grid voltage, which can be used to generate reactive power reference to the inverter. Therefore, the inverter gains the ability to control the reactive power flow compared to the conventional inverters that only transfer active power due to their inability to produce an orthogonal component of the current reference. Secondly, to lock on the phase of the grid voltage, SRE-PLL would need a zero-voltage crossing detection to reset the integrator and the d-q transformations used, which would need sine and cosine calculations. A 1-ϕ feedback current loop is used to regulate the grid current. A proportional resonant (PR) compensator is used to track a sinusoidal current reference signal. To remove harmonic components, obtain balanced conditions, and maintain the same phase of the input and output signals of the grid, a synchronous reference frame (SRF)-PLL is deployed in the VSI control technique. A PR controller in the SRF-PLL method is applied for a faster and more robust process than that of others because it does not need decoupling and intermittent operations shown in Figure 6.



Table 2 gives the VSI and LCL filter specifications A simple bipolar SPWM modulation technique is chosen to generate the complementary pulses at the same switching frequency of the VSI [34]. In the bipolar SPWM control, the switch pairs, S1-S4 and S2-S3 of the VSI, are turned ON and OFF, respectively. The amplitudes at the positive and negative sides of the generated square pulses of the SPWM method are equal in magnitude with opposite polarity. The output voltage shifts between +VDC and −VDC voltage levels. The frequency of the carrier wave is chosen as 10 kHz and the frequency of the sine wave is 50 Hz (fundamental frequency). In the bipolar control technique, the two switching signals are shown in Figure 7.





3. Proposed Coordinated MPPT Algorithm


The conventional P&O and INC MPPT methods make a control variable increase or decrease for dragging an operating point toward the expected GMPP region. However, they cannot predict the accurate step size of a control value closest to the reference value under adverse weather conditions and shading patterns that occurred on the PV plant.



If a smaller step size of a control parameter is chosen near the GMPP, power losses on the P-V curve decrease with an exceptionally low tracking speed. The proposed coordinated MPPT algorithm can address the speed-oscillation tradeoff while the operating point almost tracks the GMPP in terms of dynamics. The PI controllers are dedicated to controlling both the current and voltage of the boost converter in cooperation with the proposed MPPT algorithm. Furthermore, the proposed coordinated MPPT method is an improved algorithm deployed in a closed-loop PV array to harness maximum energy at any dynamic weather conditions (exhibiting numerous multiple power peaks on the P-V curves), unlike a conventional open-loop PV system. Nevertheless, the proposed MPPT technique is much superior to the traditional MPP trackers in terms of convergence speed, tracking speed, and power oscillations around the GMPP location.



This study uses a trial and error approach to predict PI gain parameters. By tuning the PI controllers and realizing a closed-loop response, the optimum tuned parameters Kp and Ki are obtained. Then, an INC algorithm is applied to control the duty cycle of the boost converter [35]. The parameters of PI controllers are presented in Table 3. Thus, the optimum PI-tuning parameters necessary for minimizing the oscillations around the MPP can be found. The input current and output voltage of the boost converter are controlled by controlling the duty cycle on a switching device to obtain the output characteristics of the solar cell. The proposed algorithm takes the feedback voltage and current from the PV array as input and generates the optimal duty cycle to track the MPP. The duty cycle addition increases the output voltage of the PV module and decreases the output current of the module. The output power is not directly related to the duty cycle on the switching device; instead, it is directly related to the output current and output voltage of the PV module.



This proposed method finds a true GMPP of the PV modules by iteratively perturbing the converter input current and output voltage, and comparing the power (Ppv) generated by the PV module with the output power of the boost converter (Po) (Figure 8). The voltage and current perturbations are achieved through the changes in the duty cycle D. The error sign (ΔP = Ppv − Po) is used to determine the direction of the perturbation. The voltage error (ΔV) is the difference between the output reference voltage (Vo,ref) and the measured voltage (Vo) of the boost converter. If the power and voltage differences together are greater or equal to zero (ΔP ≥ 0 and ΔV ≥ 0), PI-1 is activated to reduce an error e1. Then, PI-2 is operated to minimize e2 error (ΔI = Pref − Ipv) and the duty cycle should be increased to produce a constant output power of the converter. The input reference current (Iref) and output reference voltage (Vo,ref) of the boost converter are chosen to be 8.14 A and 325 V for simulation work, respectively. This algorithm can reverse the perturbation when power decreases, and this process repeats until the MPP of the PV module is reached. If the system reaches GMPP, the algorithm produces a steady value of the duty cycle. To increase stability, the oscillation around the MPP of the PV module must be zero, thus the duty cycle perturbation is stopped when ΔP is zero or equal to a present smallest value.



The main improvement in this newly proposed method over conventional ones is its convergence and tracking speeds, and power oscillations. The initial input of the PI controllers is the reference voltage (Vo,ref) at which the system is set to work. Hence, to achieve maximum power at the output, the MPP voltage must be equal to the initial input voltage at which the system must operate. When the system reaches GMPP, the control algorithm maintains the operation of the PV array at this point until there is a change in the operation of the system. The change can cause a change in the output current due to unstable atmospheric conditions and the MPP. This control algorithm is operated to either increase or decrease the reference voltage, to track the new GMPP.




4. Simulation Results


The simulation results from different contingency analyses are presented investigating different parts of the designed system and verifying the proposed topology in a MATLAB simulation environment. In the first stage, the PV module is simulated at STC and three PSCs with multiple peaks (LMMPs and GMPP). In the second stage, the proposed system, which consists of the converter, controllers, and MPPTs, is verified using the simulation results. The INC-MPPT, P&O-MPPT, and proposed MPPT are compared to investigate their performance and robustness to interference. Results show that the proposed MPPT system is a more robust and highly efficient technique for the PV system than the two other MPPT techniques. The solar irradiation patterns are kept similar for the three algorithms. First, simulation results are obtained using the algorithms in the STC at 1000 W/m2 and 25 °C. The sampling time and simulation time for the MPPT controller are selected as 0.02 s and 1 s, respectively. The switching frequency of the converters is chosen as 10 kHz. The step size of the duty cycle in both the conventional algorithms and the proposed algorithm is 0.0001.



4.1. P-V and I-V Characteristics Curves for Uniform and Shading Pattern 1, 2, and 3


Figure 9 shows the characteristic curves of a PV panel under an acute and three PSCs containing three peaks on each PV curve. A detailed explanation of the chosen shading patterns and corresponding waveforms given below:




	
Figure 9a: P-V and I-V characteristics curves generated from the pattern 4a at STC weather condition (1000 W/m2 and 25 °C). This uniform weather condition generates a single MPP coordinate (183.9 V, 1497 W) on the linear curves.



	
Figure 9b: Three PV modules; M1, M2, and M3 are exposed to 1000, 900, and 800 W/m2 irradiances to generate a GMPPr (1.28 V and 0.144 kW) and other two LMPPs (LMPPa and LMPPb).



	
Figure 9c: The M1, M2, and M3 PV modules are responsible for 1, 0.3, and 0.9 kW/m2 with the GMPPm value being 0.924 kW. The connected bypass diodes along with each PV module enable bypassing the maximum current flow generated by non-shaded modules. Therefore, two more local MPPs (GMPPc and GMPPd) occurred on the P-V graph.



	
Figure 9d: PV modules; M1, M2, and M3 are designed to receive 1, 0.2, and 0.4 kW/m2 with an approximate value of GMPPl being 0.488 kW. Other than the GMPPs, two LMPPs (LMPPe and LMPPf) occurred on the P-V curve because of an unequal current flow across each PV module.








Conventional MPPT schemes are inefficient for locating the GMPP smoothly because of multiple power peaks on the same P-V wave shape (Figure 9b–d). The PV system is highly degraded because of the wrong tracking direction of an operating point under the three discussed PSCs, especially when conventional and evolutionary algorithms are used to realize the GMPP.




4.2. Acute Weather Condition


Figure 10b shows the simulation of power waveforms for conventional INC, P&O, and proposed algorithms under uniform solar insolation on the PV array. In this dynamic weather condition, the maximum power of the PV array is measured at 1497 W. Power oscillations considered in both the INC and P&O algorithms are much higher than the proposed MPPT scheme (zero oscillation). The power fluctuation in the former two algorithms during the steady-state condition is approximately 30 W and 25 W, respectively, whereas no considerable power loss was found in the proposed algorithm. The percentage of MPPT capability is 98.2%, 98.3%, and 99.99% in the INC, P&O, and proposed algorithms, respectively, indicating that the proposed algorithm is superior in terms of tracking performance.



Similarly, no oscillation occurred in the current and voltage graphs and running of the proposed algorithm under this condition, as demonstrated in Figure 10c,d. Coordinated PI-MPPT achieved 0.13 and 0.11 s faster tracking speed than the conventional INC and P&O techniques. Figure 10e shows how the step change of the duty cycle occurs during the simulation time (from 0 to 1 s). A decreasing and increasing trend of the duty cycle appeared until 0.14 s of the simulation time in the INC, P&O, and the proposed algorithms. It is estimated that the proposed algorithm stops the iterations of the duty cycle after passing transient time (0.15 s) and tracks GMPP whereas the other algorithms continue the perturbation to the next level. The changes in the duty cycle perturbation during the SSC observed in the INC and P&O algorithms are 0.01 and 0.02, respectively, whereas that for the proposed system has a constant value.




4.3. Shading Pattern 1


Figure 11b–e show the results of comparative analyses of power, voltages, currents, and duty cycles between the MPPT methods. These waveforms are drawn from the shading pattern 1 in which the GMPP location is on the right side of the PV curve. The proposed technique tracks the right GMPP because the searching process enables the rapid convergence of the operating point toward GMPP.



The duty cycle (0.458) also converges to the best location of the GMPP in the proposed algorithm, whereas the HC MPPT schemes cannot stop the fluctuation of the duty cycle values even after tracing the path of the GMPP locus. Power fluctuations under SSC in both the INC and P&O algorithms in this shading condition are 117 and 125 W, respectively, compared with the zero power loss in the proposed coordinated techniques (Figure 11a).



To track the GMPP, the proposed technique requires a 0.13 s tracking speed. Figure 12b shows no occurrence of voltage oscillation in the proposed algorithm, whereas the INC and P&O consist of 24.5 V and 27.9 V oscillations around GMPP.



Figure 11c depicts a comparative analysis of the PV currents of different algorithms. The steady-state oscillations in PV currents are measured at 0.462 and 0.518 A in both the former and latter conventional MPPT techniques. However, the proposed MPPT scheme removed the current fluctuation when its operating point converged toward the GMPP.



Nevertheless, the accuracy of the proposed system improved because no noticeable perturbation was observed in the duty cycle at the GMPP location. The proposed method acquired 0.45% and 0.27% tracking efficiencies higher than those of the INC and P&O MPPT techniques, respectively.




4.4. Shading Pattern 2


Figure 12b demonstrates the power waveforms of the PV configurations designed for two conventional techniques and the proposed one for shading pattern 2 (middle GMPP case). Power oscillations more than approximately 100 and 84 W were measured in the conventional INC and P&O MPPTs, respectively, than in the proposed technique.



This shows that conventional MPPT algorithms are stuck at one of the local MPPs instead of tracking true GMPP on the PV curve, resulting in greater power losses in the algorithms. Therefore, the tracking accuracy of the proposed algorithm is higher than that of the traditional algorithms by 36.7% and 36.5%, respectively. Similarly, a substantial number of oscillations are drawn in the voltage and current waveforms in conventional techniques; (20.5 V and 1.5 A) associated with the INC, and (15.6 V and 1.54 A) with P&O (Figure 12c,d). Moreover, the tracking speed (0.22 s) of the proposed technique is much faster than those of the conventional ones (0.29 and 0.3 s), as the operating point converges the duty cycle rapidly toward the GMPP. The proposed algorithm requires only a few duty cycle perturbations to reach the GMPP, resulting in substantial improvements in tracking speed and convergence time.



Figure 12e shows the waveforms of the duty cycle perturbation in different algorithms. The duty cycle of the GMPP location is calculated as 0.647, which is satisfied by the proposed technique under SSC for shading pattern 2. However, a fluctuation of 0.02 in the duty cycle step size is found in the conventional HC MPPT algorithms, whereas the constant duty cycle is operated in the proposed scheme under SSC.




4.5. Shading Pattern 3


Figure 13b–e show the comparative PV curves of the INC, P&O, and coordinated PI-MPPT algorithms. Oscillations in power, voltage, and current are calculated after converging the operating point to the SSC. In the proposed MPPT technique, no power oscillation appeared at SSC, whereas the others show extensive power losses even after pretending to track GMPP location. Power oscillations in the former and latter conventional algorithms are exposed at 31 and 22 W, respectively. The proposed method remains on the GMPP at 0.825 duty cycle of the boost converter after perturbing 0.4, 0.55, 0.47, and 0.51 consecutively. Consequently, the tracking performance of the proposed algorithm is much higher than that of the conventional techniques by 24.56% and 23.06%, respectively. Therefore, it achieved 99.86% power efficiency at SSC.




4.6. Performance of H-Bridge VSI


The H-bridge VSI is controlled by PLL, PR, SPWM pulses, and PI controller to produce a constant grid voltage and frequency (250 V and 50 Hz, respectively).



Figure 14a shows the steady-state response of the grid voltage (249.5 V) and current (10.48 A) waveforms of the proposed algorithm under uniform weather condition at a power of 1497 W. Note that the waveforms are in phase and no ripple components appeared in them. Figure 14b illustrates the current and voltage waveforms from the unity power factor operation of the utility grid at shading pattern 1. The peak value of the current injected into the grid decreases, maintaining the same phase and unity power factor. Thus, ripple-less grid voltage and current are measured as 251 V and 7.2 A. Figure 14c depicts the grid voltage and current applying shading pattern 2, which are synchronized with the grid phase and frequency because of the correct use of synchronization techniques and controllers. The designed control system on the grid-side tracks the grid sinusoidal parameters with a frequency of 50 Hz and eliminated the SSE by the PR controller. Figure 14d illustrates the voltage and current waveforms of the grid load with an accurate demonstration of their phase and frequency synchronization with the grid. The voltage and current are 250.2 V and 3.1 A, respectively, when the VSI is operating under shading pattern 3.





5. Experimental Validation


To validate the analysis of the model design, experimental work was conducted for four types of solar insolation profiles and shading patterns. The proposed topology was run to a series of experimental works by investigating the performance of the conventional and proposed MPPT algorithms.



To analyze the tracking speed, convergence time, and power oscillations against the shaded illumination levels, a series-connected PV module (Model Atlantis Energy Systems SS125LM) was used to build the PV array in both the solar array simulator (SAS) and table modes of Agilent solar simulator. A low-power (213.33 W at STC) PV module was chosen because of a limitation in the power configuration of the simulator. A dSPACE board, MATLAB software, and the solar simulator were interfaced with the proposed topology to generate a PWM signal in controlling converter switch at 10 kHz frequency. The dSPACE controller was also used to sense current and voltage from the boost converter through the analog-to-digital (ADC) converter ports, triggering the waveforms. Figure 15 shows a scaled-down prototype of an experimental setup comprising a digital oscilloscope (LeCroy), DC power supply units, DC/DC boost converter, DSP dSPACE board, gate drives, sensors, filter circuits, solar simulator interface, and load. Furthermore, the hardware schematic and design parameters were analyzed through the experimental setup under uniform and shaded conditions. These results were then compared with PI-P&O and PI-INC algorithms. The conventional and proposed MPPT schemes were evaluated for shading pattern 1 (five modules per string in each series-connected panel at 1, 0.8, and 0.6 kW/m2), pattern 2 (five modules per string in each series-connected panel at 1, 0.5, and 0.2 kW/m2), and pattern 3 (five modules per string in each series-connected panel at 1, 0.1 and 0.3 kW/m2).



A modular SAS (E4360A, Agilent Technologies) was used to obtain different levels of solar irradiance curves (uniform and partial shading patterns). Initially, uniform and partially shaded PV curves were transformed into comma-delimited value (CSV) files in a MATLAB Simulink environment. These CSV files comprised P-V and I-V curve values, which generated MPPs and GMPPs at the uniform, right, middle, and left sides of the waveforms. The files were uploaded and implemented in the solar simulator interfaced with a laptop to display the graphical user interface (GUI) on the screen. To operate the simulator, Keysight Connection Expert 2018 software and Web User Interface (WUI) were used to select and run the partial shading patterns and designed modules. The solar simulator supplies different power schemes produced from the partially shaded PV array to the input side of the boost converter. To sense the current and voltage from the PV output curves, two sensors (LV-25P and LA-25NP) were used as the transducers in this experimental analysis. The dSPACE hardware board reads the sensed values of the voltage and current to implement the algorithms with the proper selection of gain parameters. To measure the current and voltage of the sensors in experimental analysis, the same value of the sampling time is used as in the simulation environment. Therefore, the input of the converter was connected to the output of the sensors.



5.1. P-V and I-V Characteristics Curves for Unifrom and Shading Pattern 1, 2, and 3


Figure 16 shows the characteristic curves of a PV panel under an acute and PSCs containing multiple peaks on each PV curves. The power of these selected irradiance profiles is approximately 7 times less than the simulation patterns since Agilent solar simulator cannot support more than 350 W.



Figure 16a shows the P-V and I-V characteristics curves in which each PV module is operated to STC weather (1000 W/m2 and 25 °C) condition. Hence, the PV array generates a single MPP coordinate (43.5 V, 213.6 W) on the P-V curve. Figure 16b demonstrates a GMPPr (0.144 kW) and two corresponding LMPPs (LMPPa and LMPPb) occurred on the P-V curve at shading pattern 1. Figure 16c depicts P-V and I-V graphs for shading pattern 2, consisting of a GMPPm (0.078 kW) and two other local MPPs (LMPPc and LMPPd). Figure 16d shows an approximate value of GMPPl being 0.064 kW, and two LMPPs (LMPPe and LMPPf) that occurred on the P-V curve because of an unequal current flow across each PV array. These uniform and shading patterns are regenerated in the solar simulator to verify the performance of the MPPT algorithms in the experimental environment.




5.2. Experimental Result for Uniform Weather Condition


Figure 17a–c shows the tracking outcomes of the conventional P&O, incremental conductance, and proposed MPPT schemes under no partially shaded condition. Figure 17a represents the power, voltage, and current waveforms of the conventional incremental conductance algorithm. This algorithm tracks MPP within 0.3 s. However, it contains numerous power oscillations (210.5–212.66 W) under STC. Instead, of a duty-cycle perturbation at SSC, this algorithm moves the operating point based on the range of the duty cycle (0.273–0.278).



Hence, the average tracking efficiency is 99.59% by considering the highest peak of the power curve. Similarly, MPPT efficiency is found at 99.88% using the P&O algorithm (Figure 17b). The P&O MPT took 0.28 s to reach MPP under this condition while experiencing power fluctuations (211–213.29 W). Figure 17c shows the line graphs of the tracking GMPP and P-V characteristic curves of the proposed algorithm. The operating point of this algorithm starts propagating from a higher voltage location to a lower one to find GMPP on the power curve. After completing some iterations of the duty cycle, the proposed algorithm achieves a faster GMPP location, which is 0.17 s. This algorithm terminates the searching process while confirming GMPP at the right place during the SSC. Therefore, oscillations in power, voltage, and current graphs are negligible because no perturbation is required, and a constant duty cycle (0.273) of the boost converter was maintained at GMPP. The proposed algorithm is found more efficient (99.99%) than the conventional MPPT techniques. Because more changes occurred in the conventional algorithms at the GMPP location, the duty cycle of the converter was inconsistent under the SSC. However, these constraints were overcome by the proposed technique with rapid tracking and convergence speeds.




5.3. Experimental Result for Shading Pattern 1


Figure 18 shows the experimental results for shading pattern 1 (1, 0.8, and 0.6 kW/m2) in which the GMPP is located at the right side of the PV curve. The powers of GMPP and two local MPPs are 143.6, 118.7, and 64.52 W, respectively.



Figure 18a depicts the power, voltage, and duty cycle graphs obtained using the incremental conductance MPPT algorithm. Here, the conventional INC can track GMPP under SSC after some perturbations of the duty cycle. The power fluctuation (137.676–140.98 W) around GMPP under SSC is also not high. Consequently, 99.59% of power efficiency is obtained from shading pattern 1. The INC scheme requires at least 0.18 s to converge the operating point toward the GMPP location with duty cycle changes from 0.181 to 0.22. Conversely, the conventional P&O algorithm can track the GMPP location within 0.2 s with duty cycle changes between 0.2 and 0.218 (Figure 18b). The P&O MPPT experiences a lesser amount of power oscillation around GMPP (139.8–143.06 W) than the INC. Hence, the P&O algorithm achieves a similar amount of tracking efficiency (99.62%) as the INC algorithm. Figure 18c shows the PV characteristic waveforms and tracking results of the proposed MPPT technique. The operating point of the PV array is rapidly driven and adjusted toward the GMPP location, requiring only 0.12 s tracking speed, where the proposed algorithm is satisfied and verified with the simulation test. Having a certain number of iterations in the duty cycle perturbation, the proposed method stops the operating point at the GMPP and maintains a 0.223 duty cycle under SSC. As comparison under this shading pattern 1, both conventional INC and P&O failed to remove power oscillations under the steady-state condition, whereas the proposed method experienced no power fluctuations. Nevertheless, the proposed scheme showed 99.92% power efficiency during the GMPP tracking period under SSC.




5.4. Experimental Result for Shading Pattern 2


Figure 19a–c shows the results of the MPPT schemes applied in PSC 2. The conventional INC and P&O techniques failed to track the true GMPP location for this partially shaded pattern, as they canceled the searching process after reaching an LMPP on the PV curve (Figure 19a,b).



The power of the LMPP tracked by both conventional MPPT schemes continuously oscillates between 48 and 50 W, indicating that the operating point moves around the local MPP (49.12 W). Thus, the methods provide lower tracking efficiency (62.1%) and require more time (0.23 s) to track the LMPP instead of the GMPP locus. Moreover, they never stop duty cycle perturbation (0.152–0.187), although one of the LMPPs is tracked under SSC. Therefore, both conventional MPPTs degrade severely and prevent the operating point to move closer to the GMPP area in this shading pattern. Figure 19c shows that the experimental results of the proposed coordinated algorithm in shading pattern 2 are satisfied with the simulation outputs on a similar PV curve. The operating point of the converter is first located nearer to an LMPP point (50.25 V, 49.12 W) and then slides back to track the GMPP point (30.71 V, 77.72 W). After tracking the GMPP within 0.18 s, the proposed algorithm stops searching for the MPP and is stuck at a duty cycle of 0.489 under SSC. Hence, the proposed algorithm ensures a tracking efficiency of 37.22% more than both conventional techniques and can track the GMPP rapidly with no power loss under the SSC on the PV curve with 99.87% power efficiency. Therefore, only the proposed algorithm can manage this worsening weather condition and enables the operating point to always be in the GMPP region.




5.5. Experimental Result for Shading Pattern 3


Figure 20a–c illustrates the experimental results of the conventional and proposed MPPT schemes for shading pattern 3. In this shading pattern, GMPP, LMPP1, and LMPP2 comprise 64.34, 47.63, and 25.08 W in descending order, while voltages are held at 13.18, 31.31, and 48.98 V, respectively.



As depicted in Figure 20a, the conventional INC algorithm failed to reach nearer to the GMPP location while experiencing this environmental condition. The INC algorithm starts searching for a local MPP location throughout the PV curve and ends up tracking a local MPP point, which exerts power oscillation (46.52–48.53 W) and duty cycle perturbations (0.451–0.471) at that MPP point. Therefore, only 73.67% power efficiency is confirmed and 0.42 s is required to reach closer to the LMPP coordinate (31.31 V, 47.63 W). Similarly, the ordinary P&O algorithm failed to track GMPP and located the same LMPP location with different power oscillations (48.415–48.3 W) (Figure 20b). A continuous duty cycle perturbation occurred from 0.474 to 0.477 in the P&O technique under SSC. Thus, this algorithm is unreliable for tracking GMPP in the shading pattern 3, because of low tracking efficiency (73.51%) and slow tracking speed (0.51 s). However, GMPP is tracked accurately within 0.25 s when using the proposed algorithm under this shading condition (Figure 20c). Dragging the operating point to the stage of SSC and reaching the GMPP, requires only 0.25 s in the proposed method. In this method, the perturbation of the duty cycle starts from the right side of the PV curve to search for the MPP and stops at the left side GMPP (13.18 V, 64.2 W) and the maximum power efficiency (99.83%) is confirmed. However, one disadvantage of tracking the GMPP using the proposed technique is that MPPT should be operated at a constant duty cycle of 0.778 under SSC. Comparatively, the proposed technique is two times more efficient than conventional techniques.




5.6. Experimental Results for the VSI


Figure 21a–c show the voltage and current waveforms of the unity-powered utility grid when DC power is fed by the VSI in the uniform, right, middle, and left shaded P-V curves. These waveforms are directly interfaced with the scaled-down power grid because they do not show unexpected ripple components and THD.



The sinusoidal grid current and voltage waveforms are taken from the SSC by neglecting the transient period of the system. Figure 21a shows the grid current (Ig) is in phase with grid voltage (Vg), maintaining unity power factor and supplying power to the grid with 3.56 A at uniform weather condition. Figure 21b shows the output power of the VSI reduces at shading pattern 1, because of the current decreases by 1.17 A, and maintaining the grid voltage of 59.7 V. Similarly, Figure 21c–d show the grid currents and voltages are 59.3 V and 58.7 V, and 1.29 A and 1.07 A, respectively, under the shading patterns 2 and 3. The experimental and simulation outcomes of the VSI are verified because the same phase and frequency of the grid parameters are obtained from both comparative studies.





6. Comparison with Previous MPPT Techniques


The tracking speeds in INC, P&O, and coordinated PI-MPPT algorithms were calculated as 0.39, 0.5, and 0.17, respectively. Hence, the proposed algorithm can track GMPP almost two times faster than the traditional schemes under this partially shaded condition (shading pattern 3). As illustrated in Table 4, the coordinated MPPT algorithm is evaluated under non-shading and three shading patterns (right, middle, and left GMPP shading conditions). The proposed algorithm responds faster and can track GMPP within 0.15, 0.35, 0.22, and 0.17 s against normal and shading patterns 1, 2, and 3, respectively.



This section highlights the simulation and experimental results with different contingency analyses of the proposed and HC techniques (Table 4 and Table 5). All algorithms can track MPP efficiently (above 99% efficiency) when applied to uniform weather conditions. However, both the conventional techniques still provide some power oscillations and duty cycle perturbations after tracking the MPP location. Tracking and convergence speeds are both higher in the proposed technique than the conventional ones under the uniform weather condition. The conventional techniques cause enormous power loss and provide wrong perturbation size for shading patterns 2 and 3, though a reliable tracking operation assured for the uniform weather and shading pattern 1 conditions. The overall performance of the MPPT techniques is found similar between the simulation and experimental studies. Additionally, it does not exhibit steady-state oscillation, resulting in zero power loss. The tracking efficiencies, by considering uniform and the three shading patterns, are manipulated to 83.89%, 84.38%, and 99.96% in the INC, P&O, and the proposed MPPT schemes. Hence, the proposed MPPT technique exhibits much higher efficiency than conventional algorithms.



Tracking deviation and power loss are overcome in the proposed MPPT scheme with more than 99% power efficiency under all four analyzed weather conditions. Consequently, the proposed technique is more robust, dependable, and efficient than traditional MPPT algorithms under uniform and shading conditions of the PV curve.




7. Conclusions


In this study, an improved PI coordinated MPPT algorithm for the PV system under uniform weather condition and PSCs is proposed to enhance the tracking speed and mitigate steady-state oscillations in the PV power. The performance of the proposed MPPT method is validated both in the simulation platform and experimentally. Experimental and simulation results demonstrate that the coordinated PI-MPPT algorithm tracks the GMPPr (right GMPP), GMPPm (middle GMPP), and GMPPl (left GMPP)faster and is more reliable for the three shade-oriented patterns than conventional MPPT techniques in terms of the tracking of a correct MPP region and identifying the true GMPP faster. The results also show that the proposed MPPT method is faster, more robust, sustainable, and reliable than conventional MPPT schemes when its PV modules incorporated with bypass diodes and multiple MPPs. The robustness of the proposed MPPT technique is obtained by achieving a faster convergence speed and tracking speed as well as zero oscillations around the GMPP under SSC, resulting in negligible energy loss. The tracking efficiency of the proposed algorithm is 99.99%, 99.93%, 99.96%, and 99.86% under uniform weather and shading patterns 1, 2, and 3, respectively.



To proof the effectiveness of the proposed MPPT technique its performance is compared with conventional INC and P&O methods. From the comparison results it is observed that the tracking speed of the proposed method is found to be 13% and 11% faster compared to the conventional INC and perturb and observe (P&O) methods respectively. Also, the steady-state oscillations on the PV output power are observed very low compared to the other two methods.
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Appendix A


The simulation codes represent the fundamental of MPPT algorithm are shown below.
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Figure A1. Fundamental MPPT codes of the grid-connected PV system. 
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Figure 1. Topology of single-phase grid-connected photovoltaic system. 
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Figure 2. Diagram of photovoltaic cell [25]. 
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Figure 3. P-V and I-V waveforms at different solar insolation levels. 
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Figure 4. Patterns for uniform and partial shading conditions are listed as: (a–d) Shading patterns for PV array of Isoltech 1STH-250-WH; (e–h) Shading patterns for Atlantis Energy System SS125LM. 
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Figure 5. A DC/DC boost converter and its functionality: (a) boost converter configuration; (b) ON state of the converter; (c) OFF state of the converter [31]. 
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Figure 6. A Complete closed-loop control system for the voltage-sourced inverter (VSI). 
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Figure 7. Bipolar SPWM control complementary pulses. 
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Figure 8. Proposed PI coordinated MPPT algorithm. 
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Figure 9. P-V and I-V characteristic curves of the four weather conditions are showed as: (a) uniform weather; (b) shading pattern 1; (c) shading pattern 2; and (d) shading pattern 3. 
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Figure 10. Simulation results of INC, P&O, and Coordinated PI-MPPT algorithms at STC are listed as: (a) STC waveforms; (b) power; (c) voltage (d); current; and (e) duty cycle waveforms. 
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Figure 11. Simulation results of INC, P&O, and Coordinated PI-MPPT algorithms at shading pattern 1, are listed as: (a) pattern 1; (b) power; (c) voltage; (d) current; and (e) duty cycle characteristics curves. 
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Figure 12. Simulation results of INC, P&O, and Coordinated PI-MPPT algorithms at shading pattern 2, are listed as: (a) pattern 2; (b) power; (c) voltage; (d) current; and (e) duty cycle. 
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Figure 13. Simulation results of INC, P&O, and Coordinated PI-MPPT algorithms at shading pattern 3. are listed as: (a) shading 3; (b) power; (c) voltage; (d) current; and (e) duty cycle characteristics. 
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Figure 14. Simulation results of the proposed VSI: (a) uniform weather; (b) shading pattern 1; (c) shading pattern 2; and (d) shading pattern 3. 
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Figure 15. Experimental setup. 
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Figure 16. Characteristic curves of the four irradiance profiles for experimental test are showed as: (a) uniform weather; (b) shading pattern 1; (c) shading pattern 2; and (d) shading pattern 3. 
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Figure 17. Experimental results under STC: (a) INC-MPPT; (b) P&O-MPPT; and (c) proposed MPPT. 
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Figure 18. Experimental comparison of three MPPT techniques at the right GMPP of the PSC: (a) conventional INC; (b) conventional P&O; and (c) coordinated PI-MPPT algorithms. 
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Figure 19. Experimental comparison of discussed MPPT techniques at middle GMPP of PSC condition: (a) INC-MPPT; (b) P&O-MPPT; and (c) Proposed algorithm. 
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Figure 20. Comparative analysis of the algorithms at the left GMPP of the PSC: (a) INC-MPPT; (b) P&O-MPPT; and (c) Proposed algorithm. 
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Figure 21. Experimental results of the proposed VSI: (a) uniform weather; (b) shading pattern 1; (c) shading pattern 2; and (d) shading pattern 3. 
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Table 1. Design parameters of the PV array.
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Models/Parameters

	
MPPs

	
      V    o c        V      

	
      V    m p        V      

	
      I    s c        A      

	
Imp (A)

	
      P    m p        W      






	
Simulation

(Isoltech 1STH-250-WH)

	
MPP

	
223.7

	
183.9

	
8.71

	
8.14

	
1497




	
     GMPP  r    

	
222.8

	
189.6

	
8.71

	
6.72

	
1275




	
     GMPP  m    

	
219.7

	
123.7

	
8.71

	
7.47

	
924.4




	
     GMPP  l    

	
215.9

	
59.98

	
8.71

	
8.13

	
487.64




	
Experiment

(Atlantis Energy System SS125LM)

	
MPP

	
55.5

	
43.5

	
5.22

	
4.91

	
213.6




	
     GMPP  r    

	
54.96

	
47.03

	
5.22

	
3.05

	
143.6




	
     GMPP  m    

	
53.85

	
30.71

	
5.22

	
2.53

	
77.72




	
     GMPP  l    

	
52.99

	
13.18

	
5.22

	
4.88

	
64.31











[image: Table] 





Table 2. Inverter design parameters.






Table 2. Inverter design parameters.





	Symbols
	Quantities
	Values





	    V g  Rated     
	Nominal grid voltage/frequency
	250 V (RMS)/50 Hz



	    I g  Rated     
	Rated grid current
	4.72 A (RMS)



	    f  sw     
	Switching frequency
	10 kHz



	    V  dc   nominal     
	Nominal DC-Link Voltage
	400 V



	    C  DC     
	DC-Link Capacitance
	945 μF, 450 V



	    L i    
	Bridge side inductor
	3 mH



	    L g    
	Grid side inductor
	3 mH



	    C f    
	Filter capacitor
	55 µF, 450 V



	    R D    
	Filter damping resistor
	1.5 Ω



	    K p    
	Proportional gain of PI
	3



	    K i    
	Integral gain of PI
	200



	    K  pr     
	Proportional gain of PR
	5.7



	    K R    
	Resonant gain of PR
	1128.3



	    ω o    
	Resonant frequency of PR
	314.16 rad/s
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Table 3. The tuned parameters of the PI controllers.
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Parameters/PSCs

	
PI Controller 1

	
PI Controller 2




	
     K   p     

	
     K   i     

	
     K   p     

	
     K   i     






	
STC

	
0.008

	
9.5

	
0.025

	
2.51




	
Shading pattern 1

	
0.012

	
20.3

	
0.05

	
3.25




	
Shading pattern 2

	
0.017

	
50.8

	
0.502

	
5.32




	
Shading pattern 3

	
0.205

	
100.2

	
0.8

	
8.71
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Table 4. Simulation results comparison between the algorithms.
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Simulated Parameters

	
MPPT Algorithms




	
Parameters

	
INC

	
P&O

	
Proposed






	
No PSC

(1497 W)

	
Oscillation (W)

	
1470–1500

	
1473–1500

	
No




	
Duty cycle

	
0.442–0.452

	
0.44–0.46

	
0.4745




	
%η of MPP

	
98.2

	
98.3

	
99.99




	
Tracking speed

	
0.28 s

	
0.26 s

	
0.15 s




	
PSC for shading pattern 1

(1275 W)

	
Oscillation (W)

	
1150–1267

	
1150–1275

	
No




	
Duty cycle

	
0.38–0.41

	
0.37–0.41

	
0.43




	
%η of     GMPP  r   

	
99.48

	
99.66

	
99.93




	
Tracking speed

	
0.19 s

	
0.25 s

	
0.13 s




	
PSC for shading pattern 2

(924.4 W)

	
Oscillations (W)

	
625–925

	
650–914

	
No




	
Duty cycle

	
0.5–0.52

	
0.49–0.52

	
0.647




	
%η of     GMPP  m   

	
63.26

	
63.46

	
99.96




	
Tracking speed

	
0.29 s

	
0.3 s

	
0.22 s




	
PSC for shading pattern 3

(487.6 W)

	
Oscillations (W)

	
294–325

	
294–326

	
No




	
Duty cycle

	
0.18–0.32

	
0.44–0.46

	
0.829




	
%η of     GMPP  l   

	
75.3

	
76.8

	
99.86




	
Tracking speed

	
0.39 s

	
0.5 s

	
0.17 s
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Table 5. Experimental results comparison between the algorithms.






Table 5. Experimental results comparison between the algorithms.





	
Simulated Parameters

	
MPPT Algorithms’ Performance




	
Parameters

	
INC

	
P&O

	
Proposed






	
No PSC

(213.58 W)

	
Oscillation (W)

	
210.5–212.66

	
211–213.27

	
No




	
Duty cycle

	
0.273–0.278

	
0.247–0.253

	
0.273




	
%η of MPP

	
99.59

	
99.88

	
99.99




	
Tracking speed

	
0.3 s

	
0.28 s

	
0.17 s




	
PSC for shading pattern 1

(143.6 W)

	
Oscillation (W)

	
137.7–140.98

	
139.8–143.06

	
No




	
Duty cycle

	
0.181–0.22

	
0.2–0.218

	
0.223




	
%η of     GMPP  r   

	
99.59

	
99.62

	
99.92




	
Tracking speed

	
0.18 s

	
0.2 s

	
0.12 s




	
PSC for shading pattern 2

(77.72 W)

	
Oscillations (W)

	
46.65–48.8

	
46.65–49.1

	
No




	
Duty cycle

	
0.152–0.158

	
0.168–0.187

	
0.489




	
%η of     GMPP  m   

	
62.22

	
62.22

	
99.95




	
Tracking speed

	
0.23 s

	
0.213 s

	
0.18 s




	
PSC for shading pattern 3

(64.32 W)

	
Oscillations (W)

	
47.52–48.53

	
48.415–48.3

	
No




	
Duty cycle

	
0.451–0.471

	
0.474–0.477

	
0.778




	
%η of     GMPP  l   

	
73.51

	
73.67

	
99.83




	
Tracking speed

	
0.42 s

	
0.51 s

	
0.16 s
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function D = InCon(Vv, I)
% D output = Duty cycle of the boost converter (value between © and 1)
% V input = PV array terminal voltage (V)
% I input = PV array current (A)
Dinit = ©0.5; %Initial value for D output
Dmax = ©.85;  %Maximum value for D
Dmin = ©.2;  %Minimum value for D
deltaD = 0.001; %Increment value used to increase/decrease the duty cycle D
% ( increasing D = decreasing Vref )
persistent vold Iold Dold ;
if isempty(Vvold)
Vvold=0;
Iold=0;
Dold=Dinit;
end
dv= Vv - vold;
di= I - Iold;

if dv==
if di==
D=Dold;
else
if (dI > o)
D = Dold - deltaD; % Increase Vref
else
D = Dold + deltaD; % Decrease Vref
end
end
else
if (I+v*(di/dv)==0)
D=Dold;
else
if (I+v*(di/dv)>e)
D = Dold -deltaD; % Decrease Vref
else
D = Dold +deltaD; % Decrease Vref
end
end
end
if D >= Dmax || D <= Dmin
D=Dold;
end|

Dold=D;Vvold=V; Iold=I;
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function 0 = InCon(v, I)
%D output = Duty cycle of the boost converter (value between 0 and 1)
%V input = PV array terminal voltage (V)
%1 input = PV array current (A)
Dinit = 0.5; XInitial value for D output
Dnax = 0.85; haximum value for D
omin « 0.2; tininum value for D
deltaD = 0.001; XIncrement value used to increase/decrease the duty cycle D
% ( increasing 0 - decreasing Vref )
persistent Vold Told Dold ;
if isempty(vold)
Vol

Dold=Dinit;

end

ave v - vold;

dr- 1 - Told;
i dve

if d1es0
0-ol
else
i (41> 0)
D = bold - deltad; % Increase vref
else
D = Dold + deltan; % Decrease Vref
end
end
else
§ (L (d1/av)
D-o0ld;
else
1 (17 (41/dv)>0)
© = Dold -deltab; % Decrease Vref
else
© = Dold +deltab; % Decrease vref
end
end

end
if D >= Dmax || 0 <= Dain
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