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Partial shading is a factor that influences the performance of a PV module. The study sought to evaluate the impact of partial shading on PV module performance in the Sudano-Sahelian climate conditions of Cameroon. The behavior of the PV module was simulated using MATLAB/Simulink for 12 months with data from the town of Yagoua. The power, current, and voltage losses of the PV module were estimated by varying the partial shading rate from 5.0% to 95.0%, with an increase factor of 5.0%. The results show that, when the shading ranges from 5.0% to 55.0%, the power and current losses are very significant and vary from 3.0% to 52.0% and 3.0%–53.0%, respectively. The voltage in this shading range remains almost invariant. For shading from 60.0% to 95.0%, the power losses increase slightly and reach approximately 60.0%. A very small current loss is observed, varying from 1.0% to 3.0%. Significant voltage losses are noted and vary from 55.0% to 59.0%. From 40.0% shading rate onwards, a mismatch is observed on the power-voltage characteristics curve by the presence of two maximum power points. This method can be used to evaluate the efficiency of different PV array topologies under partial shading. The results show the importance of paying attention to partial shading, however small its occurrence.
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INTRODUCTION
In recent years, the use of renewable energies (RE), especially solar energy, has increased due to the growing energy demand (Boukenoui et al., 2016; Chalh et al., 2021). The conversion of solar energy into electricity is possible thanks to a photovoltaic module made from semiconductor materials. Several factors, such as irradiance, temperature, and partial shading significantly influence the performance of a PV module (Fouad et al., 2017; Pendem and Mikkili, 2018; Kitmo et al., 2021). In the case of shading, the irradiance is distributed unevenly over the PV module (Saiprakash et al., 2021). Shading can be caused by clouds, buildings, trees, dirt, or dust deposits (Belhaouas et al., 2017).
The PV module has a non-linear current-voltage characteristic and delivers a power that depends on the irradiance and temperature of the environment where it is installed. Therefore, its power-voltage characteristic has a maximum power point for each given irradiance (Bingöl and Özkaya, 2018; Kitmo Tchaya and Djongyang, 2021). However, in order for a module to produce its maximum power, it must operate permanently at the so-called maximum power point. Due to the intermittency of solar radiation (Kunz et al., 2020), it is difficult for the module to always deliver its maximum power at this maximum power point (MPP) (Yang et al., 2022). In order to solve this problem, a technique called maximum power point tracking (MPPT) was developed. MPPT ensures that the maximum power is always extracted from the installed PV system (Balasubramanian et al., 2014). When the PV module or array operates under shading condition, it receives different values of irradiance. This generates several maxima in the I-V and P-V characteristics of the PV module or array, which make it difficult at this time for the MPPT to determine the true MPP (Forcan et al., 2016), hence the system losses (Dangi et al., 2022). Furthermore, the shaded cells behave as a resistor that dissipates the power produced by the neighboring cells and this dissipated power is converted into heat that increases the cell temperature (Mehiri et al., 20182017). In practice, it is difficult to avoid partial shading due to the causes mentioned above. Therefore, this topic requires several inquiries into the impact of shading on the PV module performances (Mamun et al., 2017). The analysis of shading losses in a PV system points to a method that will allow for the reduction of these losses.
PV generators are forms of renewable energy that encounter many difficulties (Hassan et al., 2022). Among the problems that arise in the conversion of energy is the issue of partial or total shading of PV modules. Variations in temperature are also a source of enormous difficulties. When PV cells are not subject to test conditions where they can deliver the maximum energy, it is important to seek solutions to optimize their systems. For this reason, a lot of progress has been made in the optimization of photovoltaic systems (Jaszczur et al., 2020). We have, for example, metaheuristic methods for searching for MPP, such as the MPPT algorithm, genetic algorithms (Verma et al., 2021), particle swarm optimization (Maleki and Pourfayaz, 2015), the cuckoo search, and the whale optimization algorithm (Maleki and Pourfayaz, 2015). However, improvement in the conditions of use of PV energy remains insufficient. During rainy seasons in temperate regions, the problem of shading due to the presence of clouds still remains. It is a complex problem and knowledge of all the necessary parameters is required in order to convert the sun’s energy into electricity (Alturki and Awwad, 2021). As long as the universe remains a mystery, so too the control of climatic conditions. In addition to the variations in climatic conditions, such as temperature, sunshine, air mass density, and atmospheric pressure, there are also the problems of switching losses, Joule effect, or conduction losses of power electronics components to be solved (Fetanat and Khorasaninejad, 2015; Jaszczur and Hassan, 2020). However, in this work, only the problem of partial shading or losses due to climatic variations on PV generators will be addressed. Previous studies show 25.0%, 50.0%, 75.0%, and 100.0% of partial shading effect. Little work has been done on the effect of other shading levels. Based on these prior works, this study seeks to evaluate the impact of partial shading on the performance of a PV module operating in the Sudano-Sahelian climate of Cameroon by varying the percentage of shading from 5.0% to 95.0% with a 5.0% step. To do this, we used irradiance and temperature data from the town of Yagoua located in the Sudano-Sahelian zone of Cameroon. These data are simulated in MATLAB Simulink where we vary the partial shading to determine the impact on the PV module performance installed in the study area.
RELATED WORKS
The literature presents several works evaluating the partial shading impact on PV module performance. Some of these works, including the most recent, are cited in the following brief summary of the state of the art.
Yu et al. (2021) investigated the power dissipation of PV modules under partial shadowing using circuit analysis for series-connected PV modules. The specific current and voltage operating points of the shaded PV module were investigated. To validate the power dissipation study, the PSIM simulation tool was used. When there was no bypass diode and three solar modules were coupled in series, the shaded PV module could waste up to 39.1% maximum PV power. When the bypass was connected, however, 0.3% maximum power was lost in the shaded PV module. The suggested approach to shaded PV module analysis could be used in PV system performance analysis, particularly for maximum power. Papul and Sanjeev (2019) sought to describe the behavior of a solar PV array under various shadowing patterns. In addition, a detailed comparison of the best feasible shading patterns was made in order to maximize the efficiency of the PV array during partial shade situations. The voltage-current (V-I) and voltage-power (V-P) characteristics were given for both the simulation and experimental setup under different shading patterns and climatic conditions. Finally, the MPP was computed for both cases, and the results found to be similar. Hamed et al. (2019) compared a standard 60-cell c-Si PV module with three bypass diodes to a hot-spot-free module with one bypass diode for each solar cell. Different partial shade conditions were given to both modules, and the findings demonstrate that, under different shading scenarios, the hot-spot-free module produces 32.0% and 80.0% more power than the normal module. The authors created a new testing setup that shifted the bias every 60.0 s and measured the temperature using an infrared sensor to explore the robustness of the bypass diode under shadowing circumstances. The results suggest that the module is trustworthy enough to have a lifetime of 25 years After developing a mathematical modeling approach to simulate overlapped PV modules, Zaid and Yousef (2019) conducted a comprehensive study and analysis of the effect of overlapped bypass diodes on the electrical response of PV modules under a wide range of possible shading levels in order to fully understand their effects and impact. Furthermore, their research disclosed the impact of these overlapped diodes on partial shading power losses and hot-spot development, both of which have yet to be studied in the literature of overlapping PV modules. The potential detrimental impacts on micro inverter efficiency were also demonstrated. The results were confirmed empirically via MATLAB Simulink (Alqaisi and Mahmoud, 2019). Oliver et al. (2020) evaluated the robustness of shingled modules in terms of power produced and power dissipated in partially shaded shingles using equivalent circuit modeling. The modeling results have been experimentally validated. The authors discovered that power losses in shingled modules could be higher than in conventional modules with comparable shading conditions. Because of the significantly larger reverse biases encountered by shaded shingles, the possibility of significant local heating as a result of partial shading, potentially leading to catastrophic module failure, is also increased in shingled modules. Both concerns can be efficiently minimized by running each shingled module at its own maximum power point; for example, by integrating a sufficient number of module level power circuits on each module. In the past 3 years, work has tended to be oriented towards performance analysis of hybrid photovoltaic array configurations under randomly distributed shading patterns (Mustafa et al., 2019; Jha, 2021; Jha, 2022).
In this article, we conduct an experimental and case study evaluating the impact of partial shading on the performance of PV modules operating in the Sudano-Sahelian climate of Cameroon. The particularity of this study is based on the study area, which is very hot, where occasionally temperatures reach 35° or even 40°C in the shade.
MATERIALS AND METHODS
Equivalent Model of the PV Module
Several electrical models, such as the one-diode, the two-diode, the three-diode, and the bishop, describe a PV cell. Generally, the one-diode model is the most used (Saiprakash et al., 2021). Figure 1 shows the equivalent circuit of the one-diode model.
[image: Figure 1]FIGURE 1 | The equivalent circuit of the one-diode model of a PV cell (Mokhtara et al., 2021).
The following equations are derived from this circuit
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where, VT = kT/q is the thermal voltage of the PV cell; Iph: Photo current generated due to incident solar irradiance; I0: reverse saturation current of the diode; k: Boltzmann’s constant (1.3806503 × 10−23 J/K); T: Cell operating temperature in kelvin (K); q: Charge of the electron (1.60217646 × 10−19 C); Rs: Series resistance representing an internal resistance of the PV cell (Ω); Rp: Shunt or parallel resistance representing the leakage current of the PV cell (Ω); A: Diode ideality factor; Isc: Shunt circuit current of the cell at 25°C and 1,000 W/m2; Ki: Temperature coefficient of the cell at Isc; Tref: Reference temperature of the cell; G: Solar irradiation in W/m2; Gn: Nominal solar irradiation in W/m2; In,0: Nominal saturation current; Eg: Semiconductor energy band gap (Eg = 1.12 eV for the polycrystalline silicon at 25°C).
Geographical Coordinates and Meteorological Data of the Study Site
Table 1 presents the geographical coordinates of the town under study (Yagoua). Meteorological data of the site under study (Yagoua) are summarized in Table 2.
TABLE 1 | Geographical coordinates of the study site (Yagoua town) (Dadjé et al., 2017).
[image: Table 1]TABLE 2 | Meteorological data of the study site (Yagoua town, 2016) (Dadj é et al., 2017).
[image: Table 2]Proposed Methodology
The proposed methodology consisted of simulating the operation of the MSX-60 polycrystalline module whose parameters are described in Table 3 in the MATLAB Simulink environment. In the first step, the module is operated under standard test conditions (STC). Secondly, the module is subjected to the climatic conditions (irradiance and temperature) of the study site with uniform radiation over the entire panel surface. After that, the shading is varied from 5.0% to 95.0% on 18 cells of the PV module, first with annual average irradiance and temperature data, then with monthly data. The values of power, current, and voltage at the maximum power point (Pmp, Imp, Vmp, respectively) (Fouad et al., 2017) are recorded. Finally, an analysis of the losses of these three electrical parameters is made.
TABLE 3 | PV module specifications at STC 1000 W/m2, 25°, AM1.5 (Dadjé et al., 2017a).
[image: Table 3]RESULTS AND DISCUSSION
I-V and P-V Characteristics of the PV Module Under STCs
According to Figure 2, the electrical parameters obtained are Voc = 21.59 V, Icc = 3.8 A, Vmp = 17.97 V, Imp = 3.52 A, Pmp = 63.3 W. These simulated values are close to the data sheet values with a slight difference.
[image: Figure 2]FIGURE 2 | I-V and P-V characteristics curves of the PV module under STCs (1,000 W/m2, 25°C).
Effect of Solar Irradiation and Temperature of the Study Site
The site temperature varies from 24.9°C to 35.7°C, while the irradiance varies from 752.4 to 1,352.2 W/m2. January is the month with the lowest irradiance while March is the warmest month at the site with the highest irradiance.
Figure 3 shows the characteristics curves of the PV module under variation of irradiance and temperature at the study site.
[image: Figure 3]FIGURE 3 | (A) I-V and (B) P-V characteristics curves of the PV module under variation of irradiance and temperature at the study site.
Partial Shading Fault Effect on the I-V and P-V Characteristic Curves of the PV Module
In order to observe the effect of shading fault on the I-V and P-V characteristics curves of the PV module, the percentage of shading was varied from 5.0% to 95.0% with a 5.0% step. These percentages were applied to the average annual irradiance (1,091.21 W/m2) and temperature (30.25°C) of the site. The results obtained are illustrated in Supplementary Figures S1–S5 in the Supplementary Material (see Supplementary Material).
From 5.0% to 15.0% shading (Supplementary Figure S1), a slight deformation of the I-V and P-V characteristics curves is observed. Pmp and Imp decrease by 3.0 W and 0.2 A, respectively, while Vmp increases slightly by 0.14 V.
From 20.0% to 35.0% shading (Supplementary Figure S2), a significant deformation of the characteristics curves is observed, and the inflection points appear. The Pmp varies approximately by 3.5 W, the Imp by 0.2 A. The Vmp remains practically stable around 18.4 V.
From 40.0% to 55.0% shading (Supplementary Figure S3), two MPPs are visible. The Pmp varies by 3.6 W, the Imp varies by 0.2 A and the voltage oscillates between 18.4 and 18.5 V.
From 60.0% to 75.0% shading (Supplementary Figure S4), the impact of shading is very significant. The MPP switches to the right side, the Imp increases drastically from 1.79 to 3.75 A while the Vmp drops from 18.5 to 7.9 V. This is due to the fact that from 60.0% shading onwards, the unshaded part of the module delivers the maximum power.
From 80.0% to 95.0% shading (Supplementary Figure S5), the three electrical parameters Pmp, Imp, and Vmp vary very little. They stabilize around 28.5 W, 3.7 A, and 7.6 V, respectively.
Under partial shading condition (PSC), the PV array presents multiple local maxima (LMs) and only one of them corresponds to the global maximum (GM) (Kitmo et al., 2021). The presence of multiple peaks reduces the efficiency of the MPPT which is not able to distinguish the local from the global maximum (Jung-Min Kwon et al., 2008; Chen et al., 2022), and it is difficult to apply the conventional MPPT (Motahhir et al., 2018; Tchaya et al., 2021).
Effect of Shading on PV Electrical Parameters
To observe the effect of shading on the electrical parameters of the PV module, we firstly applied the variation of shading on the average annual irradiance of the study site to 1,091.21 W/m2, with an average temperature of 30.25°C. The results given in Table 4 and Figure 4 show that the Pmp (Dashtdar et al., 2021) decreases with increasing shading from 0.0% to 60.0%; from 65.0% to 95.0% it is almost constant. Similarly, Imp decreases up to 55.0% shading, but increases and remains almost constant from 60.0% to 95.0% shading. On the other hand, Vmp increases slightly up to 55.0% shading, then drops and remains almost constant from 60.0% to 95.0% shading. We can conclude that from 60.0% shading onwards, the unshaded part of module is the one that provides the panel current. The contribution of the shaded side of the panel is practically zero.
TABLE 4 | Annual variation of electrical parameters.
[image: Table 4][image: Figure 4]FIGURE 4 | Annual variation of electrical parameters (Pmp, Imp, and Vmp).
Comparative Study of the Monthly Evolution of Electrical Parameters With Shading
Tables 4–6 and Figures 5–7 show the evolution of power, current, and voltage at the MPP with the increasing shading rate. According to Table 5, January is the month when the panel produces the least power; this power varies from 46.56 to 19.76 W. The months of March, April and May have almost the same power output, which varies from 85.35–33.9 W. The months of July, October, November, and December have the same power output, which varies from 62.9 to 25.9 W. The months of August and September have a power that varies from 58.5 to 24.3 W. Figure 5 shows that for all the months of the year, the power decreases significantly with the increase of the shading by 5.0%–60.0%. From 65.0% shading, the power decreases slightly.
TABLE 5 | Monthly Imp with shading.
[image: Table 5][image: Figure 5]FIGURE 5 | Monthly variation of Pmp according to the shading.
The current (Figure 6) decreases significantly up to 55.0% shading. From 60.0% shading, it stabilizes around an average value according to Table 6 (2.6 A for January, 4.2 A for February and June, 4.5 A for March, April, and May, 3.4 A for July, October, November, and December, 3.2 A for August and September).
[image: Figure 6]FIGURE 6 | Monthly evolution curve of Imp according to the shading.
TABLE 6 | Monthly Vmp with shading.
[image: Table 6]Voltage fluctuates around an average of 18 V for all months when the shading rate is between 5.0% and 55.0%. It decreases drastically and stabilizes around an average of 7.5 V between 60.0% and 95.0% shading. The effect of shading (up to 55.0%) is less significant on the voltage. The impact of shading becomes very important on the voltage from 60.0% onwards. However, at this level, shaded PV cells are almost unproductive.
Power, Current and Voltage Losses Assessment, Annual Losses Assessment
According to Table 7 and Figure 8, the power losses vary from 3.16% to 59.21%. They increase significantly up to 60.0% shading. From 65.0% onwards, losses are only slightly observed. Current losses (Jha, 2021) vary from 3.22% to 53.43% when the shading rate is between 5.0% and 55.0%. These losses drop to very low levels from 60.0% shading. This is due to the change in the maximum power point as observed in Supplementary Figures S1–S5. The voltage losses are low and negative between 5.0% and 55.0% shading. As seen in Figure 7, in this shading interval there is a slight increase in voltage. These losses increase drastically from 60.0% shading. The change in MPP due to the fact that the unshaded part alone produces the current would explain this.
[image: Figure 7]FIGURE 7 | Monthly evolution curve of Vmp according to the shading.
TABLE 7 | Annual power, current and voltage losses.
[image: Table 7][image: Figure 8]FIGURE 8 | Annual power, current and voltage losses curves.
At 25.0%, 50.0%, and 75.0% shading, the power losses are 20.95%, 46.87%, and 57.85%, respectively. These results are close to those of Dadjé et al. (2017b); Anjum et al. (2022); and Meira Amaral da Luz et al. (2022), which are 21.0%, 46.9%, and 56.5%, respectively.
Monthly Losses Evaluation
According to Table 8 and Figure 9, the losses are almost identical and increase significantly (from 3.0% to 52.0%) for all months of the year when shading varies from 5.0% to 55.0%. From 60.0% shading onwards, losses vary very little, and February, March, April, May, and June are the months of the year with the highest losses around 60.0%.
TABLE 8 | Monthly power losses (%).
[image: Table 8][image: Figure 9]FIGURE 9 | Monthly power losses evolution.
According to Table 9 and Figure 10, power losses for all months of the year increase significantly from 3.0% on average to 48.0% in the 5.0%–55.0% shade interval. These losses drop drastically from 60.0% shading and vary from 1.0% to 3.9%.
TABLE 9 | Monthly current losses (%).
[image: Table 9][image: Figure 10]FIGURE 10 | Monthly current losses evolution.
Table 10 and Figure 11 show the voltage losses per month. From 5.0% to 55.0% shading, we see that the voltage losses are negative. However, the voltage increases slightly in this shading interval. From 60.0% to 95.0% shading, the losses are estimated to be between 55.0% and 59.0%, which justifies the fact that at these shading levels the panel delivers voltage only on the unshaded side. These losses are almost identical during all months of the year. However, we observe that from 60.0% shading, the losses in January, August, September, October, and November are close to 55.0% while these losses vary from 56.0% to 59.0% during February, March, April, May, June, July, and December.
TABLE 10 | Monthly voltage losses (%).
[image: Table 10][image: Figure 11]FIGURE 11 | Monthly voltage losses evolution.
CONCLUSION
This work evaluates the impact of partial shading on the performance of a PV module operating in the Sudanese-Sahelian climate conditions of Cameroon. The PV module model was developed in MATLAB Simulink. We varied the shading from 5.0% to 95.0% to observe the effects on the electrical parameters of the module. This approach reveals that the power and current are significantly impacted when the shading rate is between 5.0% and 55.0%. The power and current losses reach 52.0% and 53.0%, respectively. However, the voltage does not drop but increases very slightly. From 60.0% shading to 95.0%, the power losses increase slightly and reach approximately 60.0%. The current losses drop drastically and vary between 1.0% and 3.0% in the 60.0%–95.0% shading range. Significant voltage losses, varying from 55.0% to 59.0%, are observed. This leads us to conclude that power drops at all shading levels, while current and voltage drop inversely in the 5.0%–55.0% and 60.0%–95.0% shading intervals. Also, from 60.0% shading, the unshaded cells are the ones that provide almost all the current and power of the PV module. These results demonstrate the importance of paying attention to partial shading, however small its occurrence. It would be intersecting in future work to observe the behavior of the MPPT at the 40.0%–95.0% shading level, where two points of maximum power appear.
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45.0 41.57 43.35 -3.11
50.0 46.87 48.39 -294
56.0 52.21 53.43 -261
60.0 56.83 244 56.78
65.0 5717 231 56.17
70.0 57.50 2.86 56.39
75.0 57.85 3.30 56.39
80.0 58.21 1.51 57.61
85.0 58.54 1.66 57.83
90.0 58.85 2.70 67.72

95.0 59.21 242 58.22





