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Abstract- The partial shading phenomenon is a well known problem of photovoltaic plants. Partial shading leads to 
undesirable effects such the electrical mismatch, the generation of hot spots, and generally the decrease of production of 
electric energy. To mitigate the last effect, a dynamic reconfiguration of the electrical connections between modules was taken 
into account. In this paper, starting from an already developed system for a small-scale photovoltaic plant reconfiguration, the 
study of the economical benefits of the employment of a reconfigurator are traced. Five different incentive policies of diverse 
Countries have been considered to evaluate the increase of Net Present Value of system with and without a reconfigurator. 
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1. Introduction 

Nowadays, a massive use of renewable energy sources is 
a favorable option towards a sustainable development of the 
human community. It can be stated that the solar energy is 
one of the most commonly adopted sources of energy 
because of its benefits such as  inexhaustibility and cleanness 
[1].  

In this context, the energy efficiency enhancement is a 
very critical issue faced by the scientific community for the 
production of maximum power [2-4]. For this purpose, new 
generation of PV arrays and multitudes of modules 
integrated on different surfaces are investigated worldwide.  
However, photovoltaic arrays composed by a high number of 
modules can be more easily affected by partial shading, 
which is a very crucial challenge determined by different 

causes, such as the non uniformity of either the clouds 
distribution or the solar radiation on the array, leading to a 
significant loss in terms of PV energy production. 

The effects of the partial shading can be understood 
through the obtainment of a proper model [5-14],  in order 
also to evaluate the economical aspects.  

The mismatch among cells of the same module leads to a 
performance deterioration of the whole photovoltaic module: 
in case of series connection, the lowest-current cell limits the 
whole array; in case of parallel connection, the lower-no-
load-voltage cell limits the parallel array. The electrical 
mismatch leads to a reduction of the produced power, 
meaning that the total available power is less than the 
maximum power which is available from the single cells. 
The mismatch losses (ML) concerning a single PV module 
represent therefore the difference between the sum of the 
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maxima power levels obtainable from the single separated 
cells and the maximum power obtainable from the whole 
module in case of electrical mismatch. 

It is commonly known that partial shading conditions 
could lead to a significant reduction of the electrical energy 
generated by the PV modules. This drawback has been 
extensively studied in the scientific literature and several 
methods have been proposed and mainly divided into two 
categories: the active methods and the passive methods. 
Among the latest category, the adoption of bypass diodes is 
one of the most used techniques [15].  Nevertheless, bypass 
diodes connected in anti-parallel with PV cells or modules 
determine the variation of their electric characteristics in case 
of non-uniform irradiation [5]. In case of uniform irradiation, 
the voltage-power (V-P) characteristics of a PV module 
shows one peak; instead, in case of partial shading on the 
module, multiple peaks on the V-P characteristics occur. In 
the general case of series-connected cells, with bypass diodes 
and under different irradiation levels, on the V-P 
characteristics of the whole series array different peaks are 
visible, as shown in Fig. 1. In the case of parallel connection 
of different series PV arrays, with bypass diodes and under 
different irradiation levels, the characteristics of the whole 
PV module show an analogous shape. As shown by Fig. 1, 
two different regions are identifiable: region A, showing the 
lowest voltage values, and region B, showing the highest 
voltage values. In Fig. 2 a detailed explanation of the 
electrical operation is reported, concerning the simple case of 
two series-connected PV cells. 

 
Fig. 1. V-I and V-P characteristics of two series-connected 
cells, provided with bypass diodes, in partial shading [8]. 

If the current in the cell A (Ia) is equal to the current in 
the cell B (Ib), meaning that both the cells present the same 
irradiation level, the total series voltage is the sum of the 
single nominal voltage cells. If Ib is higher than Ia, meaning 
that two different irradiation levels concern the cells, part of 
the current in the cell B may flow across the diode connected 
to the cell A: in this case, the voltage across the cell A is 
ideally zero, so that the total series voltage is about the single 
nominal voltage of the cell B, meaning that the working area 
is the region A, according to Fig. 1.  

 

If, even for different irradiation levels, the bypass diode 
is not in conduction, the same current flows across both the 
cells, equal to the less irradiated cell current. Therefore, a 

double power peak occurs, one in region A and one in region 
B. 

From the previously mentioned statements, it appears 
clear that this passive method is relatively expensive, due to 
the fact that it requires a high number of diodes. 
Furthermore, the power losses are not completely avoided 
and the conduction of the diodes can affect the MPPT 
algorithms of Maximum Power Point Tracking (MPPT) [16]. 

 
Fig. 2. Possible paths of current in the following cases: a) Ia 
= Ib; b) Ia < Ib; c) Ia > Ib. With reference to the regions A 

and B when one of the two cell is shaded: the red line is the 
current path corresponding to the region A; the green line 

represents the current path corresponding to the region B [8] 
An active method is represented by the distributed 

MPPT, where each PV module is connected to its MPPT 
DC-DC converter. In this way, the mismatch conditions 
caused by the partial shading is corrected through the 
research of the maximum power, enhancing the efficiency 
[17-18]. However, the high-cost of this technique limits its 
diffusion.   

Another active method consists in the dynamic 
reconfiguration of the PV array electrical connections, which 
is an effective solution consisting in grouping cells (or 
modules) with similar characteristics.  

By considering a specified shading condition, the 
electrical connections of the PV modules are properly 
changed by following an adequate reconfiguration algorithm, 
as reported in [17-35].    

This paper recalls an already developed system at the 
SDES (Sustainable Development and Energy Savings) 
Laboratory [7] and evaluates the economical benefits of the 
use of an advanced reconfiguration system on different 
incentive policies of diverse Countries. The following 
sections propose the already done design and the 
experimental validation of a reconfiguration algorithm of the 
electrical connections of a PV array composed by six 
modules. The measurements are carried out on a resistive 
load and the improvement provided by the proposed 
algorithm are described and discussed.  

Once obtained the performances of the reconfiguration 
system in the increase of power, the economic aspects are 
evaluated to establish the return of the investment by the Net 
Present Value technique. 
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2. Proposed Reconfiguration Algorithm 

The proposed PV reconfiguration system [7] has been 
designed for a small-scale array, which is composed by 6 
modules connected in order to obtain an array of two 
parallel-connected strings of three series-connected modules 
(E215P, type, Conergy Inc.), whose main characteristics are 
summarized in Table 1, whereas the maximum power point 
voltage and current of the whole array are reported in Table 
2. The overall power reachable with the PV system is equal 
to 1.3 kWp at full irradiation. 

Table 1. Electrical characteristics of each module 

 

Table 2. Electrical characteristics of the PV array 

VMPP,array 84.81 [V] 

IMPP,array 15.18 [A] 

 

It is clear that in case of partial shading, the maximum 
obtainable power is strictly dependent on the electrical 
connections between each of the PV modules. With an equal 
level of shading, the maximum reachable power is higher 
when the shaded modules belong to the same string. 
Therefore, an algorithm capable of a real-time 
reconfiguration of the electrical connections of the modules 
in order to obtain the maximum possible power could be a 
great aid to the PV array for its efficiency enhancement.  

For each module, two possible irradiance states have 
been supposed for the proposed algorithm: shaded or not 
shaded. The proposed PV array in its “base configuration” 
(which is the configuration corresponding to the condition of 
uniform irradiance where all modules are either shaded or 
not shaded) is shown in  Fig. 3 shows the photovoltaic array 
in the base configuration, where the String I is composed by 
the modules nr. 1, 2 and 3, while the String II is composed 
by the modules nr. 4, 5 and 6.  

The proposed algorithm implies that the base 
configuration is kept only when three modules in the same 
string are either shaded or not shaded. 

 

 
Fig. 3. Base configuration of the connections between the 

modules. 

In any other case as far as the distribution of radiation is 
concerned, the algorithm leads to a reconfiguration of the 
array, so that a new configuration, different from the base 
one, has to be achieved. 

Among all the possible cases of solar irradiation of the 
PV modules, 9 configurations (different from the base one) 
have been identified and obtained from the electrical position 
exchange between two modules of different strings, 
obtaining 10 overall configurations summarized in Table 3 
and numbered from 0 (base configuration) to 9. From this 
Table it appears evident that the number of new 
configurations is the result of the product between the 
number of modules of String I and String II, corresponding 
to the all the possible exchanges between the modules of 
both Strings. 

All the possible shading conditions are grouped in the 
first column of Table 1, whereas the second column 
highlights the exchange between two modules, 
corresponding to the specific shading condition reported in 
the same row, and, finally, the third column describes the 
new configuration in terms of PV modules of the same 
String. The proposed system is implemented without the use 
of any pyranometer, which leads to a low-cost solution. In 
fact, each module can be adequate classified by detecting its 
voltage. 

The choice of the threshold voltage is based on the 
maximum sensed voltage and a specific voltage difference 
ΔVT. The ΔVi difference between the voltage of the ith 

module and the maximum sensed voltage is compared to the 
ΔVT value, which is properly selected. If ΔVi < ΔVT, the ith is 
identified as not shaded; if ΔVi > ΔVT, the ith module is 
identified as shaded. After this classification of the modules 
of the photovoltaic array, the proper reconfiguration occurs 
according to the described algorithm. The whole 
reconfiguration algorithm is displayed in the flow diagram of 
Fig. 4. 

The voltages across the modules are sensed at regular 
times, each represented by the delay block in the flow 
diagram. The value of the delay time must result from the 
trade-off between the required sensitivity to the variations of 
the solar radiation and a good immunity to temporary 
changes, not worth the power loss arising during the 
switching phase leading to the new configuration. 

 

 

 

Maximum power Pm 215 [W] 

Maximum power 
point voltage VMPP 28.27 [V] 

Maximum power 
point current IMPP 7.59 [A] 

Open circuit voltage VOC 36.37 [V] 

Short-circuit current ISC 8.21 [A] 



INTERNATIONAL	JOURNAL	of	RENEWABLE	ENERGY	RESEARCH		
P.	Livreri	et	al.,	Vol.8,	No.1,	March,	2018	

	 339	

 
Fig. 4. Flow diagram of the reconfiguration procedure [7] 

 

3. Reconfiguration Board 

The proposed reconfiguration algorithm has been 
designed experimentally implemented through means of a 
reconfiguration board, which is mainly composed by the 
following components: 

• a Switching Matrix (SM)  

• a Sensing Network (SN)  

• a Control Unit (CU) 

The switching matrix implements the actual 
configurations of the electrical connections of the six PV 
modules. 

The SM is composed by 25 normally-open-contact 
relays. The SN is composed by two current sensors and six 
voltage transducers for the real-time detection of both the 
current and the voltage along the two strings, respectively. 
The control unit recognizes the shading conditions of the 
modules by acquiring the voltages generated by the six 
modules through means of the sensing network. According to 
the logic described in Section II, the CU outputs the signals 
needed for the conversion of the PV array in the related new 
configuration. 

 

 

 

 

 

Table 3. Electrical characteristics of the PV array 

Conditions of 
shading 

Exchange New configuration 

(1-6 shaded) or 

(1-3 shaded) or 

(4-6 shaded) or 

(1-6  not shaded) 

 

 

/ 

 

0 (base) 

ST I: 1-2-3 

ST II: 4-5-6 

(1,4 shaded) or 

(1,6 shaded) or 

(1,4,6 shaded) or 

(5,2,3 shaded) 

 

 

1↔5 

 

1 

ST I: 1-4-6 

ST II: 2-3-5 

(1,5 shaded) or 

(1,4,5 shaded) or 

(6,2,3 shaded) 

 

1↔6 

2 

ST I: 1-4-5 

ST II: 2-3-6 

(2,4 shaded) or 

(2,4,6 shaded) or 

(2,6 shaded) or 

(5,1,3 shaded) 

 

 

2↔5 

 

3 

ST I: 1-3-5 

ST II: 2-4-6 

(2,5 shaded) or 

(2,4,5 shaded) or 

(6,1,3 shaded) 

 

2↔6 

4 

ST I: 1-3-6 

ST II: 2-4-5 

(3,4 shaded) or 

(3,4,6 shaded) or 

(3,6 shaded) or 

(5,1,2 shaded) 

 

 

3↔5 

 

5 

ST I: 1-2-5 

ST II: 3-4-6 

(3,5 shaded) or 

(3,5,6 shaded) or 

(4,1,2 shaded) 

 

3↔4 

6 

ST I: 1-2-4 

ST II: 3-5-6 

 

(1,5,6 shaded) or 

(4,2,3 shaded) 

 

1↔4 

7 

ST I: 2-3-4 

ST II: 1-5-6 

 

(2,5,6 shaded) or 

(4,1,3 shaded) 

 

2↔4 

8 

ST I: 1-3-4 

ST II: 2-5-6 

 

(3,4,5 shaded) or 

(6,1,2 shaded) 

 

3↔6 

9 

ST I: 1-2-6 

ST II: 3-4-5 
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The CU has been implemented with the Arduino Mega 
2560 system because of its great advantages in terms of low-
cost and easy-programmable solution. 

The assembled reconfiguration board with its own 
components (except for the CU, which has been assembled 
in a separate board) is depicted in Fig. 5. 

 
Fig. 5. The reconfiguration board. 

 

4. Experimental Tests and Results 

This Section provides the experimental tests of the 
proposed reconfiguration board in order to validate the 
benefits provided by the proposed algorithm in terms of 
maximum achievable power. The algorithm of the described 
strategy has been loaded to the Arduino control unit, which 
has been also connected to the reconfiguration board.   
Moreover, a 10 minutes of time delay between two 
consecutive voltage acquisitions has been chosen. Fig. 6 
shows the schematic of the circuit for the power 
measurements, where the PV array composed by 2 strings of 
three modules is connected to a variable resistance RL by 
means of a switch S and a power analyzer is adopted for the 
real-time measurement of the main electrical quantities 
involved in the system.  

 
Fig. 6. Schematic of the circuit for the power 

measurements. 

Moreover, a pyranometer is used for the measurements 
of the irradiance and a thermometer is adopted in order to 
detect the temperature of the PV cell. A double-layer of a 
plastic mesh is used to cover the PV modules, artificially 
emulating specific partial shading conditions and estimating 
a 60% of reduction in terms of irradiance. 

The power/voltage characteristics in three different 
conditions have been achieved through means of three sets of 
measurements: the first one with a base configuration of the 
PV modules and an uniform solar radiation for all six 
modules, the second one with a shading condition for 
modules nr. 3 and 6 and the third set of measurement with 
modules nr. 3 and 6 shaded but with a new configuration of 
the array, according to the proposed algorithm. The tests 
have been performed in a sunny winter morning with an 
average temperature of 17.5° C. 

Therefore, the P-V characteristics for these three 
different conditions are plotted in the same graph of Fig. 8. 
From this Figure it can be noticed that for both shading 
conditions (brown and clue curves), the output generated 
power is comprehensively lower with respect to a full and 
uniform irradiation (red curve). 

 

 

 

 
Fig. 7. Artificial shading on two modules of different strings. 
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However, the peak of power obtained with the 
reconfiguration system (curve nr. III) is higher than the 
power peak for the second set of measurement (curve nr. II). 
Thus, a 10% of maximum achievable power increase is 
obtained from the adoption of the proposed reconfiguration 
algorithm.  

In addition, it can be noticed that the real-time detection 
of both voltage and current of the modules allows the 
proposed hardware to be flexible towards the implementation 
of different algorithms. 

 
Fig. 8. Comparison between the measured power curves 

versus the voltage across the photovoltaic array. The 
parameters T and G represent the average values of 
irradiance and cell temperature, respectively. 

 

5. Evaluation of the Economical Convenience 

The aim of this section is to establish the economical 
convenience of the PV reconfiguration system, by 
considering the year of the installation of the plant itself.  

This convenience is evaluated through the Net Present 
Value – NPV [35]. This method allows to obtain the result 
from a sum of cash flows actualized at time zero with a rate 
equal to the opportunity cost of the financial capital: 

∑
= +

+−=
n

k
k

k

i
CCNPV

1
0 1 )(

 

 

(1) 

 

where C0 is the original investment (cost of the PV 
plants), Ck is the cash flow at the year k, i is the interest rate 
and k is the period of net cash flow. Therefore, a positive 
value of NPV indicates a convenience in terms of investment 
and vice versa. For its computing, the yearly data of the PV 
incomes and expenses, namely cash flows, are needed and 
their calculation is based by considering the interest rate 
MARR (Minimum Attractive Rate of Return). This 
parameter symbolizes the amount of assumed earnings for 
the investment. Thus, the NPV allows the estimation of the 
expected cash flow in a given period. Two investments can 
be, then, matched by comparing the NPV values obtained 
from them. 

For each of the selected countries, the following data 
have been considered: 

− Interest rate i% equal to 5%; 

− Period of investment equal to 20 years. 

According to [14], the increase of the NPV is evaluated 
for Italy, Bulgaria, Romania, Croatia and Turkey. In order to 
take an incentive policy for Italy the Conto Energia V was 
considered. 

The case study consists of a PV plant with an installation 
cost of 7000 € and assuming the average consumption per 
capita of a family composed by four elements that live in the 
capitals of the countries taken into account. For maintenance 
and management of the PV plant, an amount equal to a 100 
€/year has been considered. In addition, several faults of the 
inverter during the lifetime of the PV system has been 
considered Thus, a six years of lifetime for the inverter is 
considered and the cost for its substitution has been 
estimated to  € 750,00. 

During the lifetime of the PV plant a decrease of the 
energy production has been taken into account. More in 
detail, for the first year a reduction equal to 3% and a 
reduction equal to 0.5% for the later years 

The effect of shading comes from the first year onwards, 
and it is assumed a 10% daily loss of energy, which can be 
compensated by reconfiguration strategies (10% is also the 
power recovered by considering the presence of the 
reconfiguration system and the absence of it). 

The sum of energy self-consumed is evaluated as the 
minimum between the energy produced and the energy 
consumed, while the amount of energy injected to the 
network is calculated as the difference between the energy 
produced and energy consumed. A positive result of this 
difference determines the cancellation of the related bill. 

Table 4 shows the main features of the different 
countries taken in the study: cost of the PV plant [€], 
Average annual consumption [kWh/year], energy price 
[€/kWh], incentive [€/kWh],  annual PV  production 
[kWh/year]. For this economical study, an average energy 
increase of about 10% provided by the use of a 
reconfiguration system has been assumed.  

Moreover, the cost of the reconfiguration system of 
about 250 € with lifetime equal to 6 years has been 
estimated, after which, as in the case of the inverter, a 
replacement is required. The second line represents the 
percentage of NPV recoverable, if from the first year of 
shading  a reconfiguration system is introduced. It may be 
noted that the prototype is unable to fully recover NPV, but it 
makes a significant contribution. 

 

Table 4. Parameters  in different countries 

 
PV 

plant 
cost 
[€] 

Annual 
consump

tion 
[kWh/ye

ar] 

Ener
gy 

price 
[€/k
Wh] 

Incentive 
[€/kWh] 

PV 
product

ion 
[kWh/y

ear] 

Italy 7000 3200 0.20 
0.208      

(20 years) 
4950 
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Bulgaria 7000 4640 0.09 
0.24       

(20 years) 
4500 

Romania 7000 2495 0.12
5 

0.16        
(15 years) 

4200 

Greece 7000 5029 0.18 
0.14       

(20 years) 
5550 

Turkey 7000 2836 0.13
1 

0.12      
(10 years) 

5100 

 

Table 5 shows the percent variance of the calculated 
NPV values for the different countries taken into account. 

 

Table 5. Variation of NPV in different countries 

 Italy Bulgaria Romania Greece Turkey 

ΔNPV 
w/o rec -30% -53% -121% -717% -45% 

ΔNPV 
with 
rec 

+9% +24% +84% +249% +34% 

 

It is interesting to note that the use of dynamic 
reconfiguration system allow to obtain positive values of the 
percentage variances of the NPV calculated for every country 
taken into account. In the case of Italy it is to be underlined 
that this good economic results is not anymore obtainable 
since this incentive has been suppressed. So this advanced 
device is actually convenient only for Bulgaria, Romania , 
Greece and Turkey. 

 

6. Conclusions 

This paper, starting from an already developed prototype 
in the SDES laboratory, has presented the economical benefit 
of the use of a reconfiguration system of the electrical 
connections of a PV array. The printed circuit board of the 
designed system has been assembled and tested on a small-
scale plant, but its results can be exported to more extended 
systems. In case of partial shading condition, a 10% of 
increase in terms of maximum produced power is obtained 
with the implementation of the proposed algorithm. 

The economic analysis has been performed and the 
effects of the reconfiguration system have been evaluated for 
the increase of the Net Present Value, demonstrating that for 
quite all the countries taken into account the proposed 
reconfiguration system provides economical benefits.   
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