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Summary: In order to obtain the desired power of photovoltaic systems the PV panels are being wired in series and in parallel whereby the current-voltage characteristic of formed configuration is equal to the sum of current-voltage characteristics of all the PV panels in configuration. The total power of formed configuration is the same, regardless of the type of wiring, but the reliability of achieving desired power and voltage that are demanded by the consumer considerably varies depending on the way the PV panels are wired in particular configuration, which is sized for desired power. In this paper the determining of optimal configuration of PV panels that are wired in parallel-series (PS), series-parallel (SP), and compound (PSP parallel-series-parallel) interconnection is shown. The optimal configuration is found by means of nonlinear integer programming method. The results show that the relative gain of system reliability, which is measured as the relative ratio of the reliabilities of the system at the most satisfactory configuration and the most adverse configuration, is in the range of nearly 0 to nearly 100% depending on the size of the system and the reliability of a single panel.
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1. INTRODUCTION 
In recent years, the well known problems concerning the global warming, as well as the limited amounts of conventional energy resources have led to more intensively utilizing of renewable energy sources. One of promising technologies for utilization of renewable energy sources is direct conversion of solar energy into electricity by means of photovoltaic cells. Different aspects of photovoltaics have often been of interest to researchers [1]. One of important issues that are critical to commercial success of photovoltaic technology is reliability of PV systems, which represents a quantitative parameter to assess the resistance of those systems to failure over operational lifetime. The research on this topic can be traced back to the pioneer work [2, 3] in early 1980s. But although the basic issues were identified three decades ago, the reliability of PV systems has not been studied in details [4, 5]. Another issue that affects various aspects of photovoltaic utilization is interconnection of solar cells, modules and panels in arrays in order to achieve the desired performance. Different wiring schemes of PV modules under dynamic shading were investigated in [6]. It was concluded that the highest efficiency was obtained by diminishing number of modules in series and increasing their numbers in parallel. The influence of interconnection scheme on mismatch loss is studied in [7]. In order to find the interconnection scheme with the best mismatch reducing properties, the SP, TCT and BL interconnection configurations have been investigated. In [8] the authors concluded that with the aging of solar cells the power loss due to mismatch increased significantly, but that it could be reduced by an appropriate series-parallel arrangement. The influence of different interconnection schemes of PV cells on maximum power and fill factor of a module was investigated in [9]. Based on an experimental study [10] authors concluded that modifying the module interconnection scheme inside a PV plant can raise maximum power output by up to 4%. On the contrary, no differences in array maximum output power were found between parallel string and series block arrays [11].

A theoretical analysis of reliability of various interconnection schemes of solar cells and modules is presented in [4]. That study includes series, parallel, series-parallel (SP), total-cross-tied (TCT) and bridge-linked (BL) interconnection schemes. Using the cut-set technique, it was found that operational lifetime for TCT and BL schemes was almost doubled for arrays of solar cells, and that it could be further increased by 30% by the modularization. A theoretical and experimental investigation of the effect of interconnection scheme on the reliability of photovoltaic modules and panels is given in [12] and [13]. It was found that under no-shadow conditions the losses in module output power was minimum when cells are interconnected in a pure series connection, while it was maximum when cells were interconnected in pure parallel schemes. In addition, under partial shadowing the losses were high in pure series and parallel connections, while minimum in the combined (series-parallel) schemes.

In this paper, for configuration of PV panels that are interconnected in compound SPS scheme, determining the optimal wiring that are based on given constraints is presented. The optimization is done with respect to reliability of arrays of panels. 

It should be emphasized that all the panels in a system are considered to be identical in order to maximally reduce, mismatch losses [8-11], which occur by partial shading, but also due to differences in PV modules.
2. MODEL
PV panels can be wired in series to increase voltage or in parallel to increase current. Two usual combinations of these wiring schemes are parallel-series (PS) and series-parallel (SP) interconnection schemes that are presented in Fig.1 and Fig.2. In PS scheme a groups of panels are first wired in series as strings, and then the strings are wired in parallel. In SP scheme the panels are first wired in parallel, and then those units are combined in series.       

The general interconnection scheme that comprises of group of panels that are wired in series and in parallel is given in Fig.3. It could be noted that putting the number of panels that are interconnected in parallel within one row equal to 1 (n=1) the PSP interconnection scheme reduces to PS scheme. Similarly, if the number of rows that are interconnected in parallel is equal to 1 (l=1), the PSP scheme becomes an SP scheme. For given number of panels, when all the panels operate properly, the power of the system is the same regardless of the interconnection scheme. However, if for some reason one or more panels fail, current or voltage of the system, the product of which is power, will be diminished depending on the interconnection scheme. 

In this context, very important issue is to determine how many panels should be connected in series and how many in parallel to deliver whatever energy is needed.
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Fig. 1 Parallel-Series (PS) interconnection 
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Fig. 2 Series-Parallel (SP) interconnection 
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Fig. 3 Parallel-Series-Parallel (PSP) interconnection 
3. GOVERNING EQUATIONS

The total power of configuration of photovoltaic panels that is shown in Fig.3 is equal to sum of powers of all the panels in configuration:     
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Taking into account the reliability of the system
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Reliability of the first group of panels (l=1, m=1) that are wired in parallel is:
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For l=1, reliability of the first row that consists of group of panels that are first wired in parallel and then combined in series is:   
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Finally, the reliability of whole PV system is:
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Assuming that reliabilities of all the panels in the system are the same:
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the equation for system reliability becomes: 
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If the panels have the same power (
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), then the system power with respect to reliability is:
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The optimal wiring scheme for any power could be found as:
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Moreover, to secure the demanded voltage of the system, the additional constraint is:
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where U is the voltage output of one panel.

The described model represents a nonlinear optimization problem, which is also called nonlinear programming problem (NLP), since the objective function is smooth nonlinear function of the decision variables (n,m,l). Since the problem includes integer constraints, it falls into category that is called an integer nonlinear programming problem.
4. RESULTS

The objective function was maximized by using Excel Solver for configuration systems that are given in Table 1.
Table 1 Installed power of optimized photovoltaic systems 
	System
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10

	Total power (kW)
	10
	12
	15
	30
	100
	160
	250
	400
	630
	1000


The powers that are given in Table 1 were chosen as the most representative powers to be used in the small scale on-grid and off-grid systems (<30 kW), as well as in the large scale commercial systems, bearing in mind that the system power must be compatible with existing transformers that are used in distribution network. The systems consist of PV panels whose output powers and voltages are 100W and 24V respectively. In order to assess the influence of different interconnecting of PV panels, the relative reliability span is defined as the relative ratio of the reliabilities of the system at the most satisfactory configuration and the most adverse configuration:
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The results obtained for different reliabilities of single panels are shown in Fig. 4.
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Fig. 4 Relative reliability span of photovoltaic system 
The results clearly show that the choice of interconnection scheme significantly affect the reliability of the PV system. The lower the reliabilities of single panels, the greater the influence of wiring scheme on the system reliability. For reliabilities of single panels lower than 0.6 the relative ratio of the reliabilities of the system at the most satisfactory configuration and the most adverse configuration is nearly 100%. On the other hand, for reliabilities of single panels higher than 0.9 this ratio is nearly 0%, which means that the influence of wiring scheme on reliability of PV system is almost negligible. But bearing in mind that the reliability of PV panels decreases over years [14], the choice of proper wiring scheme plays a very important role in long term PV system utilization. In addition, the influence of wiring scheme varies with the size of PV system. In general, the lower the size of the system, the greater the relative reliability span. This dependency is less severe for reliabilities of single panels lower than 0.4 or higher than 0.9. For those values the RRS curve has almost zero slope, while for other values the RRS decreases more rapidly with respect to installed power.
5. CONCLUSION 

In this paper the influence of various interconnections of PV panels on system reliability is investigated. This influence is studied for different powers of the PV systems within the range of 10 kW to 1000 kW. For each of those powers the optimum wiring scheme as well as the most adverse wiring scheme is found by means of nonlinear integer programming. As a quantitative measure of how much the wiring affects the reliability of PV system, the relative ratio of reliabilities of the system at those extreme cases is analyzed. It is shown that wiring plays a very important role with respect to reliability of the PV system especially for smaller powers. In addition, it was found that the influence of wiring scheme on reliability of the PV system is much stronger if the reliabilities of panels are low, that is likely to happen in long term utilization.
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