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Abstract

:

Shingled photovoltaic (PV) modules with increased output have attracted growing interest compared to conventional PV modules. However, the area per unit solar cell of shingled PV modules is smaller because these modules are manufactured by dividing and bonding solar cells, which means that shingled PV modules can easily have inferior shading characteristics. Therefore, analysis of the extent to which the shadow affects the output loss is essential, and the circuit needs to be designed accordingly. In this study, the loss resulting from the shading of the shingled string used to manufacture the shingled module was analyzed using simulation. A divided cell was modeled using a double-diode model, and a shingled string was formed by connecting the cell in series. The shading pattern was simulated according to the shading ratio of the vertical and horizontal patterns, and in the case of the shingled string, greater losses occurred in the vertical direction than the horizontal direction. In addition, it was modularized and compared with a conventional PV module and a shingled PV module. The results confirmed that the shingled PV module delivered higher shading output than the conventional PV module in less shade, and the result of the shading characteristic simulation of the shingled PV module was confirmed to be accurate within an error of 1%.
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1. Introduction


Global warming has caused the intensity and frequency of heat waves, droughts, and typhoons to intensify worldwide [1]. As a result, many countries are increasingly interested in the generation of renewable power to replace the use of thermal power [2]. In addition, international participation, such as that stipulated by the Kyoto Protocol and the Paris Climate Change Accord, has increased the demand for renewable energy. As of the end of 2019, global photovoltaic (PV) installations reached 627 GW, representing an annual increase of 115 GW from 2018 [3].



Building-integrated photovoltaic power generation, which produces electricity from PV modules installed on roofs, windows, and other exterior parts of buildings, has recently begun to attract attention [4,5]. As a result, the solar generation market requires high-efficiency modules to generate power in a limited space. However, conventional PV modules are manufactured by connecting 6-inch solar cells with metal ribbons, and because this type of system requires space for installing insulation between solar cells, these modules experience spatial output loss [6,7]. The shingled technology of PV modules involves dividing each solar cell into a 3–6 pattern, applying an electrically conductive adhesives (ECA) to the front side of the divided cell, and bonding it to the rear side of another divided cell [8,9]. As a result, the divided cells overlap with each other, producing a shingled string of structures without a busbar. In addition, the space required for insulation between solar cells is reduced, potentially making them more efficient than conventional PV modules [10]. However, shingled PV modules are often affected by shading. This is because the divided cells used in shingled PV modules are connected in series and are smaller than the solar cells of conventional PV modules [11]. Therefore, it is necessary to analyze the output loss of a shingled PV module with high accuracy according to the shading type and design the module structure such that the shading loss is minimized.



In this paper, the shading characteristics of shingled PV modules and conventional PV modules were compared and analyzed. In the case of a shingled PV module, the shading characteristics in the shingled string were additionally analyzed for analysis. In addition, PSpice® simulation software (OrCAD 17.2, Cadence, San Jose, CA, USA) was used to model the shingled PV module as a divided cell, and enabled the shading characteristics of the shingled PV module to be simulated.




2. Materials and Methods


2.1. Divided Solar Cell Circuit Modeling


A passive emitter and rear cell (PERC) were used in this study. The M2 size (156.75 mm) solar cell was divided into five sections and used to manufacture a shingled PV module, which was modeled first. The divided cell was modeled using a double diode model, and the required parameters were measured using a solar simulator (WXS-155S-L2, Wacom, Fukaya, Japan) and current–voltage analyzer (DKSCT-3T, Denken, Yufu, Japan) under standard test conditions (STC, AM 1.5, solar irradiance: 1000 W/m2, temperature: 25 °C). The voltage–current characteristics of the double-diode model are expressed by Equation (1) [12,13,14]. The parameters used to conduct the modeling were the short-circuit current (Isc), open-circuit voltage (Voc), maximum power (Pm), maximum power voltage (Vpm), maximum power current (Ipm), series resistance (Rs), and parallel resistance (Rsh) [12,15]. Figure 1 shows the circuit of the double-diode model that was used for modeling the divided cell. To simulate the output loss resulting from shading, the light generated current (IL) of the modeled divided cell was adjusted with a voltage source (Vinput) and simulated as though shading had occurred. Vinput replaces the current source of the double diode model. The control range of Vinput is 0 V~1000 V, and when it is set to 1000 V, the amount of light in the simulation is the same as 1000 W/m2. A comparison of the measurement efficiency and output values of the double diode model with those of actual divided cells showed that the two are similar. Table 1 presents the characteristics of the modeled split solar cell and the simulated solar cell and Figure 2 presents the I–V curve of the modeled split solar cell and the simulated solar cell. This confirms that the modeled divided cell has almost the same characteristics as the actual divided solar cell, verifying that the loss analysis according to the shading of the shingled string was successfully simulated using the double-diode model.
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2.2. Shingled PV Module Circuit Modeling


Figure 3 shows a schematic of the model that was used to simulate a shingled string. To produce a shingled string, each divided solar cell was bonded using an ECA. However, in the bonding process, each divided cell overlaps and is bonded, as shown in Figure 2, and the lower divided cell is shaded [16]. Equation (2) was used to calculate the voltage overlap to represent the shading loss of the divided solar cell in the lower part as a voltage source [17]. The modeled divided cells were connected in series to simulate the shading of a shingled string. In addition, a shingled string circuit was formed by adding the resistance value of the ECA used for manufacturing the shingled string between each pair of interconnected cells. An ECA resistance value of 2.2 mΩ, obtained by varying the ECA resistance reported by Park et al. [18], was used.
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The modeled shingled string was connected in series and parallel, as shown in Figure 4. The shingled PV module used in this study consists of 6 parallel 2 series circuits and two bypass diodes. The wiring resistance was calculated and added based on the wiring length of the designed shingled PV module, and the resistance value of the 6 mm wide wiring ribbon was 9.5 mΩ/m. In addition, photovoltaic modules generally exhibit light loss that occurs in the front cover glass and Ethyl Vinyl Acetate (EVA) sheet. The shingled PV module modeled in this study was simulated by multiplying the Vmodule calculated as in Equation (3) by a loss of −2.28%.


   V  m o d u l e   =  V  o v e r l a p   × 0.9772  



(3)








2.3. Modeling the Shading of Shingled PV Modules


First, to understand the shading characteristics of the shingled string, a 5-bonding shingled string was produced. In the case of the manufactured shingled string, an overlap of 0.17 cm was applied. The fabricated shingled string was measured using a solar simulator under STCs without lamination. The shading pattern applied to the shingled string was measured by extending the shading in the horizontal and vertical directions. Figure 5 and Figure 6 schematically show the shading pattern applied to the shingled string.



When modeling the shingled string, we applied the overlap loss that occurs as a result of the shadow caused by the use of the shingled technique. Vstring_shading is expressed using Equation (4) to apply the shading to the front surface of the PV module in addition to the overlap loss. In the case of Vinput, as a device for controlling the photovoltaic current value of the divided solar cells, shading was also input by calculating the shaded area in each divided cell. In addition, to exclude the already reflected overlap shadow loss, the overlap area was subtracted from the total divided cell area. Figure 7 schematically explains the parameters in Equation (4) and shows the corresponding equivalent circuit diagram used for the PSpice simulation.
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The shingled sun module simulates the shading characteristics by adjusting Vinput in the same way as the shingled string. However, in the case of a shingled PV module, the simulation was conducted in consideration of the loss caused by the front cover glass and EVA sheet, and the voltage value used as input to each divided cell was calculated using Equation (5).
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The shading pattern applied to the shingled PV module was measured by extending the shading in a horizontal direction in the same way as the shingled string and compared with the simulation. The solar module was measured using a module solar simulator (DKSMT-1520SUL, Denken, Yufu, Japan). Figure 8 shows the shading pattern that was applied to the shingled PV module.



Additionally, the same shading pattern was analyzed with the shingled PV module by measuring the shading characteristics of the conventional PV module. Figure 9 and Figure 10 show the circuit of a shingled PV module and a conventional PV module. In the shingled PV module, 12 shingled strings were connected in series and each string consisted of 34 divided cells, which were connected in series. For this module, two bypass diodes were used. The conventional PV module consisted of 72 solar cells, which were connected in series, and a total of three bypass diodes were used.





3. Results and Discussion


3.1. Shading Characteristics of Shingled Strings


The shingled string shown in Figure 11 consists of five divided solar cells. These five cells, which were used to create a shingled string, were shaded using shading ratios of 5%, 10%, and 20% in the vertical direction, as shown in the Figure 11. In this paper, we analyzed the power ratio before and after shading to determine the shading characteristics of shingled PV modules. Table 2 presents the simulation results based on the vertical shading ratio of the shingled string. As the shading ratio increased, the Isc value of the shingled string decreased. In particular, when the shading ratio was 20%, one divided cell was completely covered, resulting in an efficiency approaching 0%. Table 3 presents the values that were actually measured. The measured power ratio of the shingled string was 84.16%, and the simulation value was 84.17% for a shading ratio of 5%. When the shading ratio was raised to 10%, the measured and simulated power ratios were 55.71% and 56.18%, respectively. When the shading ratio was 20%, the measured and simulated values were both close to 0%. Thus, the simulation and measurement confirmed the accuracy of the model, which had an error rate of less than 1%.



Figure 12 shows images of shingled strings with shading ratios of 5%, 10%, and 20% in the horizontal direction of the shingled string. The simulated and measured values of the shading characteristics of the shingled string as a function of the horizontal shading ratio are presented in Table 4 and Table 5, respectively. In the case of horizontal shading, the Isc and efficiency decreased as the shading ratio increased, but the reduction in these values was less compared to the reductions observed for vertical shading. This is because, in the case of vertical shading, the shaded area of one divided cell is very large, the Isc of the divided cell is very low, and the current of the other divided cells also decreases owing to the current mismatch [19,20]. In contrast, in the case of horizontal shading, when viewed as a single divided cell, less shading occurred compared to that in the vertical direction, resulting in a smaller loss of output and Isc compared to the cell with vertical shading. A comparison of the simulated and measured results for horizontal shading indicates that the shading ratios of 5%, 10%, and 20% yield similar efficiencies and the decrease in Isc is much less compared to vertical shading. Thus, even with horizontal shading, the simulation and measurement confirmed the accuracy of the model, which had an error rate of less than 1%.



A graph of the power rate of a shingled string versus horizontal and vertical shading is shown in Figure 13. The efficiency of the shingled string decreased sharply with vertical shading compared with horizontal shading. This result shows that the shingled module is also more susceptible to shading in the vertical direction than in the horizontal direction. In addition, the results indicate that when developing a PV module in an installation area with a high frequency of vertical shading, the shading loss can be reduced by configuring strings of modules in parallel or by placing diodes.




3.2. Shading Characteristics of Conventional Module


Figure 14 shows an image of the conventional PV module that was used for the measurement of the shading characteristics. In this case, the bottom shading was measured by generating artificial shading of 5 cm, 10 cm, and the size of one cell (156.75 mm).



Table 6 presents the measured shading characteristics of conventional PV modules. In the case of a conventional PV module, one solar cell of each string is located at the bottom. Therefore, when bottom shading occurs, bypassing is not performed and it can be seen that the overall output of the module is reduced. This clearly indicates that conventional PV modules are more vulnerable to bottom shading than shingled PV modules.




3.3. Shading Characteristics of Shingled PV Module


Figure 15 shows an image of the shading characteristics of the shingled PV module on which the measurements were carried out. The shading characteristics of the shingled PV module were measured by increasing the shading from 0% to 50% in increments of approximately 10%.



Table 7 lists the measured shading characteristics of the shingled PV modules. The measured results indicate that the output continuously decreased until 30% of the module was shaded, after which the output stabilized. The shading characteristics of the shingled PV module shaded at the bottom were more favorable than those of the conventional module. In the case of a shingled PV module, the shingled string itself has a higher voltage characteristic than a solar cell, so a shingled PV module can be manufactured by connecting each shingled string in parallel. As a result of this characteristic, the current mismatch is reduced even though the lower part is shaded, and thus the output loss is reduced. This can be analyzed through the fact that there is no change in the short-circuit current even though the shingled string occurs in the lower shadow. In comparison, since the shingled string is manufactured by connecting several divided cells in series cells, most of the shading loss in the shingled string appears as output loss due to current reduction or current mismatch.



As a result, when the shaded area covered 30% or more of the shingled PV modules, the output stabilized at approximately 47% and did not decrease any further. This is because the bypass diode installed in the shingled PV module operates and bypasses the bottom parallel structure.



The PSpice simulation of the shingled PV module was performed by changing the value of Vinput of the divided cell affected by shading. Table 8 presents the simulated results of the shading characteristics of the shingled PV module. These results show that the maximum error rate of the measured characteristics of the shingled PV module and the power ratio value was approximately 0.65, and the output decreased with a similar trend. Similarly, when the amount of shade covering the bottom of the module was 30% or higher, the bypass diode operated, resulting in a similar output with a power ratio of less than 1%.



As a result, in this study, the shading characteristics generated from shingled strings to shingled PV modules were analyzed and compared with those of conventional modules. In addition, PSpice modeling was performed to analyze the shading characteristics of the shingled PV module, and it was confirmed that the error in the power ratio remained within 1%. A graph comparing the power rate between the simulation and the measured value is shown in Figure 16. This makes it possible to predict the shadow loss of a shingled PV module by analyzing the size and shape of the shadow that occurs in a specific area in the future. In addition, simulation of the shading characteristics of the shingled PV module according to the design of the circuit and bypass diode is expected to verify the circuit design. This would enable an optimal shading loss reduction circuit to be constructed accordingly.





4. Conclusions


In this paper, the shading characteristics of shingled PV modules and the shading loss of conventional PV modules were compared and analyzed. As a result of the measurement, the shingled PV module showed better characteristics than the conventional PV module in the horizontal shading pattern. The reason for this is that the shingled string has a higher voltage characteristic than a typical solar cell, so it is possible to manufacture a PV module with a parallel connection. A shingled PV module fabricated in parallel is less affected by current mismatch due to horizontal shading compared to a conventional PV module. Additionally, simulation was conducted to predict the exact loss of output of a shingled solar PV module affected by shading and to design a diode circuit. The divided cell was modeled using a double diode model; a five-cell shingled string was produced to assess the accuracy of the simulation, and then artificial shading was generated, and the output was measured. The difference between the measured and simulated output values was within 1%. In addition, by generating horizontal and vertical shading patterns in the shingled string, it was possible to confirm the output loss of the shingled string according to the shading pattern. These shading patterns were expanded to analyze the shading characteristics of shingled PV modules and conventional PV modules, and the simulation result of the shingled PV module was also accurate in that it differed from the actual measured value by less than 1%. Based on this study, designing a circuit considering the shading loss of a shingled PV module can compensate for the disadvantages of the shingled PV module.
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Figure 1. Double diode model and divided cell circuit diagram. 
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Figure 2. Simulated and measured I–V curve of a divided solar cell. 
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Figure 3. Schematic illustration of shingled string modeling. 
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Figure 4. Model for the simulation of the shingled PV module. 
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Figure 5. Vertical shading pattern applied to shingled string. The width of the shading pattern was varied as follows: (a) 0.7 cm, (b) 1.5 cm, (c) 3.135 cm. 
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Figure 6. Horizontal shading pattern applied to shingled string. The height of the shading pattern was varied as follows: (a) 0.7 cm, (b) 1.5 cm, (c) 3.135 cm. 
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Figure 7. Schematic explanation of each shading parameter and a schematic drawing of the PSpice circuit. 
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Figure 8. Shading pattern applied to shingled and conventional PV module. 
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Figure 9. Circuit diagram and structure diagram of shingled PV module. 
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Figure 10. Circuit diagram and structure diagram of conventional PV module. 
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Figure 11. Vertical shading patterns of a shingled string with a shading ratio of (a) 5%, (b) 10%, and (c) 20%. 
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Figure 12. Horizontal shading pattern of a shingled string with a shading ratio of (a) 5%, (b) 10%, and (c) 20%. 
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Figure 13. Power rate of shingled string according to horizontal and vertical shading. 
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Figure 14. Image of the conventional PV module used for measuring the shading characteristics for various amounts of shading at the bottom. 
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Figure 15. Image of the shingled PV module that was used for measuring the shading characteristics by varying the amount of bottom shading. 
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Figure 16. Shading characteristic graph of shingled PV module (measurement and simulation value). 
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Table 1. Simulated and measured values of a solar cell divided into five.
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	Parameter
	Measurement Value
	Simulation Value





	Size (cm2)
	49.14
	49.14



	Isc (A)
	1.937
	1.937



	Voc (V)
	0.669
	0.670



	FF (%)
	78.44
	78.40



	Eff (%)
	20.72
	20.72



	Pm (W)
	1.018
	1.018
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Table 2. Dependence of the simulated shading characteristics on the vertical shading ratio of a 5-cell shingled string.
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	Parameter
	No Shading
	5% Shading
	10% Shading
	20% Shading





	Size (cm2)
	235.05
	235.05
	235.05
	235.05



	Isc (A)
	1.88
	1.44
	0.933
	0.0042



	Voc (V)
	3.34
	3.3404
	3.32
	3.06



	FF (%)
	78.35
	86.26
	89.48
	40.08



	Eff (%)
	21.00
	17.66
	11.82
	0.02



	Pm (W)
	4.93
	4.15
	2.77
	0.005



	Power ratio (%)
	100
	84.17
	56.18
	0.104
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Table 3. Dependence of the measured shading characteristics on the vertical shading ratio of a 5-cell shingled string.






Table 3. Dependence of the measured shading characteristics on the vertical shading ratio of a 5-cell shingled string.





	Parameter
	No Shading
	5% Shading
	10% Shading
	20% Shading





	Size (cm2)
	235.05
	235.05
	235.05
	235.05



	Isc (A)
	1.90
	1.47
	0.943
	0.0099



	Voc (V)
	3.33
	3.32
	3.30
	2.98



	FF (%)
	78.45
	85.81
	89.38
	61.14



	Eff (%)
	21.25
	17.88
	11.85
	0.07



	Pm (W)
	4.99
	4.20
	2.78
	0.018



	Power ratio (%)
	100
	84.16
	55.71
	0.36
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Table 4. Dependence of the simulated shading characteristics on the horizontal shading ratio of a 5-cell shingled string.






Table 4. Dependence of the simulated shading characteristics on the horizontal shading ratio of a 5-cell shingled string.





	Parameter
	No Shading
	5% Shading
	10% Shading
	20% Shading





	Size (cm2)
	235.05
	235.05
	235.05
	235.05



	Isc (A)
	1.88
	1.79
	1.70
	1.50



	Voc (V)
	3.34
	3.34
	3.33
	3.31



	FF (%)
	78.35
	78.44
	78.51
	78.60



	Eff (%)
	21.00
	20.04
	18.94
	16.69



	Pm (W)
	4.93
	4.71
	4.45
	3.92



	Power ratio (%)
	100
	95.53
	90.26
	79.51
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Table 5. Dependence of the measured shading characteristics on the horizontal shading ratio of a 5-cell shingled string.






Table 5. Dependence of the measured shading characteristics on the horizontal shading ratio of a 5-cell shingled string.





	Parameter
	No Shading
	5% Shading
	10% Shading
	20% Shading





	Size (cm2)
	235.05
	235.05
	235.05
	235.05



	Isc (A)
	1.90
	1.82
	1.73
	1.53



	Voc (V)
	3.33
	3.32
	3.32
	3.30



	FF (%)
	78.45
	78.04
	78.22
	78.38



	Eff (%)
	21.25
	20.20
	19.17
	16.93



	Pm (W)
	4.99
	4.74
	4.50
	3.97



	Power ratio (%)
	100
	94.98
	90.18
	79.55
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Table 6. Dependence of the measured shading characteristics of conventional PV modules on the amount of shading.






Table 6. Dependence of the measured shading characteristics of conventional PV modules on the amount of shading.





	Parameter
	No Shading
	Bottom 5 cm Shading
	Bottom 10 cm Shading
	Bottom 1 Cell Size Shading





	Size (cm2)
	19,403.52
	19,403.52
	19,403.52
	19,403.52



	Isc (A)
	9.79
	7.08
	3.26
	0.08



	Voc (V)
	48.70
	48.45
	48.38
	47.66



	FF (%)
	77.14
	82.56
	86.55
	44.78



	Eff (%)
	18.96
	14.61
	7.05
	0.09



	Pm (W)
	367.97
	283.50
	136.88
	1.777



	Power ratio (%)
	100
	77.04
	37.19
	0.48
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Table 7. Dependence of the measured shading characteristics on the amount of shading of shingled PV modules.






Table 7. Dependence of the measured shading characteristics on the amount of shading of shingled PV modules.





	Parameter
	No Shading
	10% Shading
	20% Shading
	30% Shading
	40% Shading
	50% Shading





	Size (cm2)
	20,763.6
	20,763.6
	20,763.6
	20,763.6
	20,763.6
	20,763.6



	Isc (A)
	10.73
	10.66
	10.65
	10.7
	10.7
	10.66



	Voc (V)
	44.85
	44.61
	44.3
	43.9
	43.17
	22.65



	FF (%)
	80.07
	67.44
	51.6
	39.44
	39.96
	76.2



	Eff (%)
	18.57
	15.45
	11.73
	8.93
	8.89
	8.87



	Pm (W)
	385.58
	320.8
	243.67
	185.44
	184.7
	184.18



	Power ratio (%)
	100
	83.19
	63.19
	48.09
	47.9
	47.76
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Table 8. Dependence of the simulated shading characteristics of a shingled PV module on the amount of shading.






Table 8. Dependence of the simulated shading characteristics of a shingled PV module on the amount of shading.





	Parameter
	No Shading
	10% Shading
	20% Shading
	30% Shading
	40% Shading
	50% Shading





	Size (cm2)
	20,763.6
	20,763.6
	20,763.6
	20,763.6
	20,763.6
	20,763.6



	Isc (A)
	11.03
	11.02
	11.02
	11.02
	11.02
	11.02



	Voc (V)
	45.44
	45.20
	44.89
	44.43
	43.59
	22.39



	FF (%)
	77.75
	65.32
	49.33
	38.64
	39.29
	76.37



	Eff (%)
	18.77
	15.67
	11.89
	9.10
	9.09
	9.09



	Pm (W)
	389.869
	325.5
	247
	189.11
	188.9
	188.74



	Power ratio (%)
	100
	83.48
	63.35
	48.50
	48.45
	48.41
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