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Evaluating the electrical performance of photovoltaic (PV) systems and 
optimizing their energy output remains challenging due to the variability of 
meteorological conditions. This study presents a unified approach to the operational 
optimization of BIPV systems, relying on methodologies and tools commonly used for 
PV system design. While these tools provide valuable insights, they are often 
insufficient for detailed assessment under real-world operating conditions, as they 
may not capture critical phenomena such as partial shading or the effect of bypass 
diodes on system protection and energy stability. 

In this work, the performance of BIPV systems is analyzed with particular focus 
on the efficiency of Maximum Power Point Tracking (MPPT) algorithms under both 
partial and extreme shading scenarios. Hourly measured data were used to evaluate 
the specific energy yield (kWh/kWp), demonstrating the adaptability of MPPT 
algorithms to dynamic environmental conditions. The study further highlights the 
importance of bypass diodes for system protection and emphasizes the need to 
integrate advanced MPPT strategies to maximize the overall efficiency of PV 
generators. 

Keywords: Photovoltaic, MPPT, Numerical Modeling, Simulation, Partial 
Shading, Bypass Diodes, Meteorological Parameters, Shockley 
Equation 

1. Introduction 

In the current context, marked by the transition to sustainable energy 
sources and the pressures generated by the fossil fuel crisis, photovoltaic (PV) 
systems are emerging as one of the most viable solutions for the production of clean 
and efficient energy [1–13]. However, simplified theoretical analysis alone is 
insufficient for a rigorous evaluation of system performance, as it must also 
consider meteorological factors and advanced optimization models [14–19]. Solar 
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irradiation plays a crucial role in determining the energy generated by the PV 
panels, but their performance does not depend exclusively on this parameter.  

Ambient temperature and wind conditions significantly influence the 
efficiency of energy conversion, through the impact on the thermal operating 
scenarios of the modules. Thus, an integrated analysis of these variables allows a 
more accurate understanding of the behavior of PV systems under real operating 
conditions and contributes to obtaining more accurate operational optimization, 
adapted to dynamic shifts.  

2. Theoretical background 

2.1.  Model of PV cells under Partial Shading 

For description of the electrical behavior of a solar cell, the two diodes 
model is used (see Fig. 1a). More involved approaches, derived from the two-diode 
model, take account of the cases where negative voltages for solar cells can occur 
at non-uniform illuminated photovoltaic generators, especially during partial 
shading of the cell [28, 29]. 

The electrical behavior of a solar cell can be described using the two-diode 
model, which accounts for recombination effects and partial shading. The cell 
current 𝑰𝑰𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 is expressed as: 

 

𝑰𝑰𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 = 𝑰𝑰𝒑𝒑𝒑𝒑(𝒙𝒙,𝒚𝒚) − (𝑰𝑰𝑫𝑫𝟏𝟏 + 𝑰𝑰𝑫𝑫𝟐𝟐) − 𝑰𝑰𝒔𝒔𝒔𝒔(𝒙𝒙,𝒚𝒚)    (1) 
The voltage V over the shunt resistance 𝑹𝑹𝒔𝒔𝒔𝒔 is given by V = Vcell + RsIcell,  
 

𝑽𝑽 = 𝑽𝑽𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 + 𝑹𝑹𝒔𝒔𝑰𝑰𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄, 𝑰𝑰𝒔𝒔𝒔𝒔 = 𝑽𝑽
𝑹𝑹𝒔𝒔𝒔𝒔

     
 (2) 

 

Where: 𝑰𝑰𝒑𝒑𝒑𝒑(𝒙𝒙,𝒚𝒚)is the locally photo-generated current, dependent on irradiance 
distribution, 𝑰𝑰𝑫𝑫𝟏𝟏and 𝑰𝑰𝑫𝑫𝟐𝟐are the currents through the ideal and recombination diodes, 
respectively, 𝑰𝑰𝒔𝒔𝒔𝒔(𝒙𝒙,𝒚𝒚)is the shunt current through regions with non-uniform 
illumination, 𝑽𝑽𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 is the voltage across the cell, 𝑹𝑹𝒔𝒔 is the series resistance; 𝑹𝑹𝒔𝒔𝒔𝒔 is 
the shunt resistance. 

The diode currents follow the Shockley equation: 
 

𝑰𝑰𝑫𝑫𝟏𝟏,𝟐𝟐 = 𝑰𝑰𝟎𝟎,𝟏𝟏/𝟐𝟐 �𝐞𝐞𝐞𝐞𝐞𝐞 �
𝑽𝑽𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄+𝑹𝑹𝒔𝒔𝑰𝑰𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄

𝒏𝒏𝟏𝟏/𝟐𝟐𝑽𝑽𝑻𝑻
� − 𝟏𝟏�     (3) 

 

Where: 𝑰𝑰𝟎𝟎,𝟏𝟏/𝟐𝟐are the saturation currents, 𝒏𝒏𝟏𝟏,𝟐𝟐 the diode ideality factors, 𝑽𝑽𝑻𝑻 =
𝒌𝒌𝑻𝑻𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄/𝒒𝒒 the thermal voltage, 𝒒𝒒 the electron charge, 𝒌𝒌 Boltzmann’s constant, and 
𝑻𝑻𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄the cell temperature. 

For silicon solar cells, the photocurrent and saturation currents can be 
approximated by: 
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𝑰𝑰𝒑𝒑𝒑𝒑 = 𝑮𝑮𝑻𝑻(𝝉𝝉𝝉𝝉)𝒔𝒔𝑨𝑨𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄        (4) 
𝑰𝑰𝟎𝟎 = 𝑲𝑲𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝑨𝑨𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝑻𝑻𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝟑𝟑 𝐞𝐞𝐞𝐞𝐞𝐞 �−  𝑬𝑬𝒈𝒈

𝒌𝒌𝑻𝑻𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄
�     (5) 

Where: 𝑮𝑮𝑻𝑻is the global irradiance on the cell, (𝝉𝝉𝝉𝝉)𝒔𝒔the effective transmittance–
absorptance product, 𝑨𝑨𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 the cell area, 𝑲𝑲𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄a material constant, and 𝑬𝑬𝒈𝒈the silicon 
bandgap. 

 
(a) 

 
(b) 

Fig. 1. (a) PV cell electrical model. S and D—photo-sensible and diode-type components of 
solar cell. Rs, Rsh—series and shunt resistance, respectively; (b) Electrical model of a simple 

series–parallel PV module. Rs,module, Rsh,module—series and shunt resistance, respectively. 
 

2.2. Photovoltaic Module Model under Partial Shading 
 

The method developed in this paper considers a simple series–parallel 
configuration but can be extended to other interconnection schemes. A PV module 
consists of 𝑴𝑴parallel strings, each containing 𝑵𝑵 identical solar cells (Fig. 1b). The 
relation between the cell voltage 𝑽𝑽𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄and the module voltage 𝑽𝑽𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎 is: 

 

𝑽𝑽𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 = 𝑽𝑽𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎+𝑰𝑰𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝑹𝑹𝒔𝒔,𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎
𝑵𝑵

    (6) 
where 𝑹𝑹𝒔𝒔,𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎is the module series resistance. The shunt current through the 
module shunt resistance 𝑹𝑹𝒔𝒔𝒔𝒔,𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎 is: 
 

𝑰𝑰′ = 𝑽𝑽𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎+𝑰𝑰𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝑹𝑹𝒔𝒔,𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎
𝑹𝑹𝒔𝒔𝒔𝒔,𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎

   (7) 

And the total module current 𝑰𝑰′′ is given by: 
 

𝑰𝑰′′ = 𝑰𝑰𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝑴𝑴 = 𝑰𝑰𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎 + 𝑰𝑰′    (8) 
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Using the solar cell two-diode model (Sec. 2.1) and Eqs. (2.6) – (2.8), the PV 
module current–voltage relation becomes:  

𝑰𝑰𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎 = 𝑴𝑴𝑰𝑰𝒑𝒑𝒑𝒑 −𝑴𝑴(𝑰𝑰𝑫𝑫𝟏𝟏 + 𝑰𝑰𝑫𝑫𝟐𝟐) − 𝑰𝑰′   
 (9) 

 
With 

𝑰𝑰𝑫𝑫𝟏𝟏,𝟐𝟐 = 𝑰𝑰𝟎𝟎,𝟏𝟏/𝟐𝟐 �𝐞𝐞𝐞𝐞𝐞𝐞�
𝑽𝑽𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 + 𝑹𝑹𝒔𝒔𝑰𝑰𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄

𝒏𝒏𝟏𝟏/𝟐𝟐𝑽𝑽𝑻𝑻
� − 𝟏𝟏� ,𝑽𝑽𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 =

𝑽𝑽𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎 + 𝑰𝑰𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝑹𝑹𝒔𝒔,𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎

𝑵𝑵
 

 
Eq. (2.9) is an improved version of the classical module model [16], accounting for 
the module shunt resistance 𝑹𝑹𝒔𝒔𝒔𝒔,𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎. The module power is: 

𝑷𝑷𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎 = 𝑰𝑰𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝑽𝑽𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎    (10) 
 

The energy balance for the entire module is: 
𝑴𝑴𝑴𝑴𝑨𝑨𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝑮𝑮𝑻𝑻(𝝉𝝉𝝉𝝉)𝒔𝒔 − 𝑴𝑴𝑴𝑴𝑨𝑨𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝑼𝑼𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄(𝑻𝑻𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 − 𝑻𝑻𝒂𝒂) − 𝑰𝑰𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝑽𝑽𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎 = 𝟎𝟎  (11) 

 
where 𝑼𝑼𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄and 𝑻𝑻𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄are average module values of the convective heat transfer 
coefficient and cell temperature, and 𝑻𝑻𝒂𝒂is ambient temperature. The first term 
represents solar energy absorbed by the module, the second term represents 
convective heat losses (including Joule heating in module resistances), and the third 
term is the electrical energy extracted. 
 
The PV module efficiency is defined as: 

𝜼𝜼 = 𝑷𝑷𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎
𝑮𝑮𝑻𝑻𝑨𝑨𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎

     (12) 

𝐰𝐰𝐰𝐰𝐰𝐰𝐰𝐰𝐰𝐰 𝐭𝐭𝐭𝐭𝐭𝐭 𝐏𝐏𝐏𝐏 𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦 𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚 𝐢𝐢𝐢𝐢 𝐠𝐠𝐠𝐠𝐠𝐠𝐠𝐠𝐠𝐠 𝐛𝐛𝐛𝐛 𝑨𝑨𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎 = 𝑴𝑴𝑴𝑴𝑨𝑨𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 
 
The model provides a rigorous framework for simulating PV module performance 
under non-uniform illumination, fully accounting for series and shunt losses. 

 
3. Correlation of Meteorological Parameters with Photovoltaic Energy 

Production: Experimental Study and Modeling 

In this chapter, the authors analyzed the energy produced by a PV panel 
used in a building-integrated photovoltaic (BIPV) architecture, in correlation with 
meteorological parameters, as well as their influence on the panel’s actual 
performance. This approach enabled the assessment of the accuracy and limitations 
of the models used to describe the real energy behavior of PV systems [30]. 

Fig. 2 presents the conceptual diagram of a BIPV system consisting of PV 
panels with nominal power of 410 Wp. For the analysis, a single PV panel was 
considered, and the PV Lighthouse platform [31], which integrates software tools 
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dedicated to photovoltaic systems, was used for modeling. The SISIFO application 
[32], suitable for modeling and simulating PV systems in various specific 
applications, was also used.  

 
Fig. 2. Conceptual structure of a Building-Integrated Photovoltaic System (BIPV): AEO – PV 

width ratio, DEO - deviation ratio of the supporting structure, βG - generator inclination angle, βF - 
façade inclination angle, LCN - module separation ratio, zenith–nadir direction, 

3.1.Input Data: Meteorological Parameters 

The meteorological parameters were obtained from the SISIFO application, 
which integrates satellite databases and numerical weather forecast models, 
allowing the simulation and estimation of short- and medium-term atmospheric 
conditions, using advanced algorithms for detailed analysis of climate data and for 
improving the accuracy of forecasts. 

A. Solar radiation: The data considered for the analysis covered a one-
month period (June 1–29, 2023), with both daily and hourly resolution. The data 
indicated a daily average global horizontal irradiation varying between 5.5 and 8.5 
kWh/m², without sudden fluctuations. 

Fig. 3 shows the daily evolution of solar irradiation during the period June 
1–29, expressed in kWh/m². The radiation curves represented in the graph 
correspond to 1) horizontal irradiance, i.e. the global value measured on a horizontal 
plane; 2) incident irradiance, i.e. the total radiation received on the tilted surface of 
the panels; and 3) effective irradiance, representing the useful energy, corrected for 
the orientation and tilted of the system. Horizontal irradiance values reached a 
maximum of over 8.5 kWh/m² on June 7, 22 and 23, which directly corresponds to 
the high levels of energy production shown on Fig. 8.  
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Fig. 3. Daily Solar Radiation Values, Including Their Specific Components  

The minimum values were observed on June 2, 11, 17, 25, and 28, when 
irradiance decreased below 4 kWh/m², resulting in corresponding dropped in daily 
efficiency and energy output. The differences between incident and effective 
irradiance, particularly under shading and spectral variations, indicate significant 
losses, estimated between 10÷25% on the affected days. The daily representation 
provides an overall picture of available solar energy but may mask important 
intraday variations. In contrast, Fig. 4 and Fig. 5, which present hourly profiles, 
clearly highlight the dynamics of the energy flow and enable a detailed analysis. 
The hourly representation allows the identification of periods of reduced or absent 
radiation caused by (1) the presence of clouds or rapidly changing meteorological 
conditions, (2) shading from obstacles, and (3) the beginning and end of the day. 
These variations are not apparent in aggregated daily values, which may mask 
occasional drops in performance that are offset by higher radiation during other 
periods of the day. 

By correlating hourly irradiance with energy production allows evaluation 
of system behavior under fluctuating conditions, responses to shading, and 
deviations between irradiance and generated energy.   

 

 
Fig. 4. Hourly Dynamics of Solar Energy Flux   
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Fig. 5. Hourly evolution of Global Horizontal Irradiation (GHI, blue) and Diffuse Horizontal 

Irradiation (DHI, orange), representing total and diffused solar radiation on a horizontal surface. 

To conclude, hourly representation is essential for an accurate and detailed 
assessment of PV system performance, while daily data provides a useful summary 
for general climate or energy evaluations. 

B. Ambient temperature: This varies between approximately 17°C at night 
and 32–35°C in the afternoon, following a typical profile. Although useful for 
simulations, these data do not record the extreme events, such as heat waves, which 
can significantly reduce module performance by reducing the voltage. 

Fig. 6 shows the hourly variation of background temperature for the 
reference month. Rising temperature reduces the efficiency of photovoltaic cells, a 
phenomenon pronounced in crystalline silicon (c-Si) technology, due to the increase 
the internal resistance that limits the flow of current. High ambient temperatures, 
above 30°C, decrease the terminal voltage, reducing the power and total energy 
delivered by the system. Thus, thermal effects represent a critical factor in 
evaluating and optimizing the global performance of the PV system. 

 

 
Fig. 6. Evolution of Ambient Temperature 

Although ambient temperature values are useful for standard PV 
performance simulations, they do not capture real or extreme conditions, such as 
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equipment overheating or atypical meteorological events. Therefore, integrating 
actual temperature measurements in PV system analysis is essential for adjusting 
temperature coefficients in the model, validating estimated efficiency, and 
attenuation losses through appropriate cooling or ventilation approach. 

C. Wind speed and direction: According to Fig. 7, wind speed ranged from 
0.5 to 6.5 m/s, while direction varied between 0 and 360°. In this case the wind 
plays a double role, namely: 1) it provides passive cooling of the panels, enhancing 
efficiency during hot days, and 2) it affects the structural design through mechanical 
loads. At high temperatures, cell performance decreases, but effective airflow 
induced by wind can lower panel temperatures and reduce thermal losses. At wind 
speeds of 3–5 m/s, improved efficiency can be achieved even under elevated 
ambient temperatures. Wind direction also influences the optimal orientation of 
panels and the design of appropriate protection systems for BIPV. 

 

 
Fig. 7. Evolution of Wind Speed and Direction 

In addition to irradiance and temperature, wind completes the model for 
predicting the actual performance of the system, exerting an indirect impact on the 
overall efficiency. On days with high irradiance and moderate wind (3–4 m/s), 
maximum net energy production is usually achieved. 

To conclude, wind is an often-underestimated climatic factor, yet it plays an 
important role in evaluating the real behavior of photovoltaic systems. 

3.2.Output Data: Energy Production 

In this section, the authors analyzed the effective alternative current (AC) 
output, which closely follows the effective irradiance profile, including low 
irradiance and spectral effects, indicating a direct correlation between radiation 
availability and energy production. Days with high irradiance and moderate 
temperatures, combined with constant wind (June 7, 15, and 22), generated the 
highest daily performance (above 0.9 kWh/kWp/hour and 5 kWh/kWp daily), while 
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days with persistent clouds and high temperatures (June 2, 11, and 25) significantly 
reduced production (below 0.3 kWh/kWp/hour and 2 kWh/kWp daily). 

The DC versus AC curves indicate minimal conversion losses, and the overlap 
between AC output and effective irradiance suggests good efficiency under real-
world conditions. Meteorological data remains an essential tool for simulation and 
initial sizing, but daily averages do not fully capture real-world variations. Hourly 
evaluation of irradiance, temperature and wind allows a more precise understanding 
of daily fluctuations, although losses caused by shading or panel fouling require 
further analysis. The combination of meteorological data and optimization 
techniques contributes to improving operational performance, model validation and 
increasing the stability of PV systems.  

Fig. 8 shows the daily energy performance of the PV system during the period 
1–29 June, expressed in kWh/kWp. The graph shows: the virtual DC yield at MPPT 
(theoretical maximum energy), the real DC yield at the panel terminals and the AC 
energy delivered to the consumer. The comparison highlights the system efficiency, 
the losses between the panel and the consumer and the MPPT performance. The PV 
generator reached high values on 1, 6–7, 15, 19 and 21–23 June, exceeding 4.5 
kWh/kWp under favorable conditions. 

Conversely, June 2, 10–11, 17, 25, and 28–29 is characterized by low 
performance, with values varying between 1.2 and 2.5 kWh/kWp, due to the cloud 
cover or other shading factors. The virtual DC curve consistently lies slightly above 
the real DC and AC curves, indicating minor losses due to system-related factors 
(temperature, orientation, soiling). The small difference between real DC and AC 
values reflects very high inverter efficiency and low conversion losses. 

The next chapter proposes the use of MPPT algorithms for optimizing the 
overall performance of PV generators. 

 

 
Fig. 8. Evolution of Daily Energy Production of the PV Generator 

Pronounced day-to-day fluctuations in performance indicate a strong 
dependence on solar irradiance, emphasizing the need to integrate meteorological 
data into predictive models. 
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The results presented in Fig. 9 indicate that depending exclusively on daily data 
may introduce a positive bias in the estimation of PV system performance under 
real operating conditions. A detailed hourly analysis of energy production is 
essential for optimizing PV system sizing and preventing power losses. However, 
it is recommended to integrate real measurement data into simulation models based 
on MPPT optimization techniques, to achieve a more accurate performance. 

 
Fig. 9. Evolution of Hourly Energy Production of the PV Generator 

 
4. Operational Optimization of PV Systems using MPPT Techniques  

This chapter presents and discusses the results, which were analyzed to 
highlight the benefits of modeling and numerical simulation of photovoltaic (PV) 
systems, with a central focus on the adoption of Maximum Power Point Tracking 
(MPPT) techniques. This approach enabled a detailed investigation of the influence 
of partial shading on PV system performance, as well as an evaluation of the gain 
of MPPT algorithms in optimizing the conversion of solar energy into electrical 
energy. 

Using a comprehensive MATLAB/SIMULINK-based modeling and 
simulation approach, the authors evaluated the energy performance of the PV 
generator and its adaptability under varying operating conditions. MPPT 
(Maximum Power Point Tracking) algorithms, such as Perturb and Observe with 
Fuzzy Logic Control (P&O FLC) and Incremental Conductance (INC), are suitable 
for maintaining the PV generator near its maximum power point under variable 
irradiance and temperature, optimizing total energy output.  

Table 1 summarizes the simulation inputs, including meteorological 
conditions (solar irradiance, ambient temperature, wind speed), PV system 
electrical parameters (voltage, current, power), and total energy produced. 
Experimental data were correlated with simulation results in order to validate the 
MPPT models. 

The study also examined two key factors: partial shading and bypass diode 
configuration. Simulations demonstrated that MPPT algorithms ensure stable 
maximum power point tracking; while shading and diode layout significantly affect 
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system efficiency and energy yield by mitigating power losses and protecting the 
photovoltaic modules. 

Table 1. 
Experimental Data Corresponding to the Analyzed PV System 

 Meteorological parameters Electrical parameters 

Time 
step 

Irradia
- nce 

[W/m²] 

Temper 
- ature 

[℃] 

Wind 
[m/s] 

Power 
[Wp] 

Vmpp 
[V] 

Impp 
[A] 

Energy 
[Wh] 

Energy 
yield 

[kWh/kW] 
00:00:00 0.8 16.79 0.9 0.328 39 0.0084 0.328 0.0008 
01:00:00 2.2 16.8 0.62 0.902 38.99 0.0231 0.902 0.0022 
02:00:00 5.7 16.81 1.59 2.337 38.99 0.0599 2.337 0.0057 
03:00:00 13.5 16.81 1.1 5.535 38.97 0.142 5.535 0.0135 
04:00:00 29.3 16.82 1.17 12.013 38.93 0.3086 12.013 0.0293 
05:00:00 58.7 16.83 1.66 24.067 38.85 0.6195 24.067 0.0587 
06:00:00 108.3 16.83 2.62 44.403 38.73 1.1465 44.403 0.1083 
07:00:00 184.1 16.84 1.24 75.481 38.54 1.9585 75.481 0.1841 
08:00:00 288.4 16.85 1.45 118.244 38.28 3.0889 118.244 0.2884 
09:00:00 416.4 21.6 2.28 170.724 37.96 4.4975 170.724 0.4164 
10:00:00 554.1 22.53 3.38 227.181 37.61 6.0404 227.181 0.5541 
11:00:00 679.5 25.18 3.03 278.595 37.3 7.469 278.595 0.6795 
12:00:00 768 28.64 2.11 314.88 37.08 8.4919 314.88 0.768 
13:00:00 850 29.75 3.86 348.5 37 9.4189 348.5 0.85 
14:00:00 768 30.79 3.79 314.88 37.08 8.4919 314.88 0.768 
15:00:00 679.5 30.82 2.28 278.595 37.3 7.469 278.595 0.6795 
16:00:00 554.1 28.11 2.62 227.181 37.61 6.0404 227.181 0.5541 
17:00:00 416.4 27.27 3.17 170.724 37.96 4.4975 170.724 0.4164 
18:00:00 288.4 26.7 1.66 118.244 38.28 3.0889 118.244 0.2884 
19:00:00 184.1 25.16 1.17 75.481 38.54 1.9585 75.481 0.1841 
20:00:00 108.3 23.54 1.59 44.403 38.73 1.1465 44.403 0.1083 
21:00:00 58.7 21.04 2.14 24.067 38.85 0.6195 24.067 0.0587 
22:00:00 29.3 18.63 1.66 12.013 38.93 0.3086 12.013 0.0293 
23:00:00 13.5 17.61 1.38 5.535 38.97 0.142 5.535 0.0135 

 
4.1.Maximum Power Point Tracking Efficiency 

The MPPT algorithms implemented for the PV generator successfully 
extracted the maximum available power, thus confirming the accuracy of the model. 
As shown in Fig. 10, a correlation can be observed between solar irradiance and the 
generated electrical energy, particularly in the time interval 11:00–14:00, when 
irradiance exceeds 600 W/m² and energy production reaches its highest levels. 
Under these conditions, the system maintains an almost constant operating voltage, 
around 𝑉𝑉𝑚𝑚𝑚𝑚 ≈ 37–38 V, while the current 𝐼𝐼𝑚𝑚𝑚𝑚 varies nearly linearly with solar 
irradiance. This indicates that the MPPT algorithm effectively adapts to rapid 
changes. 

The maximum power reached is approximately 348.5 Wp at an irradiance 
level of 850 W/m², indicating high specific efficiency, typical for panels operating 
in the 17–20% efficiency range under ideal conditions. 
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4.2. PV System Behavior under Partial Shading Conditions and the Role of 
Bypass Diodes 

A critical aspect in evaluating the performance of a photovoltaic system is how 
MPPT algorithms respond to both variations in solar irradiance and the presence of 
partial shading, a phenomenon frequently encountered in real applications. The 
analysis of the data presented in Fig. 10 highlights two relevant time intervals—
09:00–11:00 and 15:00–17:00—during which variations in meteorological 
parameters, particularly the reduction in solar irradiance caused by partial shading, 
significantly affect electrical energy production. 

During these intervals, although MPPT algorithms implement dynamic 
adjustments to keep the maximum power point, a decrease in generated energy is 
still observed, indicating inadequate tracking system performance.  

In order to reduce this effect, the role of bypass diodes was also analyzed, as 
illustrated in Fig. 10 by automatically bypassing shaded cells, these diodes allow 
unaffected cells to continue operating, thereby preventing voltage drops and 
protecting system components.  

 
Fig. 10. Analysis of Electrical Energy Production under Partial Shading Conditions Using MPPT 

Optimization Techniques and Bypass Diodes 
 

In the analysis of PV generator behavior under shading, it is essential to define 
clear thresholds: extreme shading occurs when more than 60% of the panel surface 
receives no direct solar irradiation. However, in the absence of bypass diodes, even 
localized shading affecting only 1–3% of the panel area (e.g., a few fully shaded 
cells) can significantly reduce power output, potentially leading to total energy loss. 
This is due to the series connection of cells, where the current is limited by the least 
illuminated cell. As illustrated in Fig. 11, without bypass diodes, no MPPT 
algorithm regardless of strategy can effectively recover or optimize energy 
production, as the system enters a constrained operating state caused by current 
limitation within the string. 
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By contrast, when bypass diodes are implemented to protect groups of cells 
(typically ~20 cells per diode), partial shading does not cause abrupt power drops. 
The affected diode becomes forward biased, bypassing the shaded section and 
allowing the remaining cells to continue operating. As a result, energy losses are 
limited, and the power curve remains relatively stable, enhancing system reliability 
under non-uniform shading conditions. 

 
Fig. 11. Analysis of Electrical Energy Production under Extreme Shading Conditions Using MPPT 

Optimization Techniques and Bypass Diodes 

5. Discussion and Conclusion  
 
The results obtained in this study highlight the limitations of industrial 

software platforms in evaluating the performance of photovoltaic (PV) systems. 
Although these tools are useful for estimating annual yield, they typically generate 
overly optimistic forecasts because they fail to adequately capture system dynamics 
under partial shading conditions or during rapid fluctuations in meteorological 
parameters. Consequently, underestimation of the factors leading to system 
imbalances requires high-resolution modeling. 

The transition to the MATLAB/Simulink environment has facilitated a 
much more detailed analysis at the component level. Simulations have 
demonstrated that the performance of both traditional and advanced maximum 
power point tracking (MPPT) techniques - such as Perturb and Observe (P&O), 
Incremental Conductance, and Fuzzy Logic Control - depend largely on irradiance 
uniformity. Although these methods effectively handle standard meteorological 
variations, the current study shows that, under severe partial shading conditions, the 
algorithms become inefficient. This inefficiency is caused by the distortion of the 
power-voltage (P-V) characteristic curve and the appearance of local maximum 
power points (LMPP), where algorithms risk converging incorrectly. 

Furthermore, the analysis underlines the vital importance of hardware-
software synergy. Bypass diodes act not merely as protective elements against the 
hot spot effect but actively reconfigure the circuit to limit power losses that the 
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MPPT alone could not recover. These findings indicate that, for practical 
implementations, numerical simulation must invariably be corroborated by 
experimental validation, thereby ensuring an accurate correlation between active 
and passive components, and control algorithms. 

Given the challenges identified in managing non-uniform irradiance, future 
research directions will focus on photovoltaic systems using bifacial panels. In this 
context, modeling the capture of reflected radiation (albedo) will introduce new 
shading variables on the back side, requiring the development of even more robust 
control architectures to ensure both stability and efficiency. 
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