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 The main objective of this study is to evaluate the performance of a 

photovoltaic (PV) system under real-world conditions by analyzing three 

key climatic variables on a monthly scale: insolation, average daily 

temperature, and photovoltaic power output. Insolation, defined as the 

average daily sunshine duration, is a critical parameter for estimating the 

solar energy potential in the Ghardaïa region, which is characterized by a 

desert climate. Average daily temperature directly influences the efficiency 

of PV panels, as elevated temperatures tend to reduce their performance. 

Photovoltaic power output, expressed in kWh/m²/day, is calculated based on 

solar radiation, providing a measure of actual energy generation under 

prevailing climate conditions. The analysis of these three climatic 

parameters offers valuable insights into seasonal variations and their impact 

on solar energy production in the Ghardaïa region. To optimize PV system 

performance, the study emphasizes the importance of accurate system design 

supported by advanced numerical methods. We extend the modeling from 

individual solar cells to complete PV modules and arrays, accurately 

reproducing their electrical characteristics. Simulations are performed in 

MATLAB/Simulink to validate the proposed model, which is based on an 

enhanced two-diode representation that reflects realistic operating 

conditions. 
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1. INTRODUCTION 

Since the beginning of the 21st century, global energy consumption has grown steadily across most 

regions of the world [1]. This trend is expected to continue, driven by ongoing economic growth and 

increasing per capita electricity demand. Currently, the majority of electrical energy is generated from 

conventional sources such as oil, natural gas, coal, and nuclear power. Although these sources are widely 

utilized, they pose two major drawbacks: they are non-renewable and contribute significantly to 

environmental pollution, thereby threatening both human health and ecological balance [2]. Despite its 

numerous advantages, photovoltaic (PV) energy has historically faced criticism due to its intermittency 

(day/night cycles, seasonal variation), perceived low reliability, and an initially unfavorable energy return on 

https://creativecommons.org/licenses/by-sa/4.0/


                ISSN: 2252-8792 

Int J Appl Power Eng, Vol. 15, No. 3, September 2026: 1409-1421 

1410 

investment (i.e., high manufacturing energy costs compared to energy output). However, recent technological 

advancements in photovoltaic cell design and energy management systems have effectively addressed many 

of these concerns [3], [4]. 

This study focuses on the electrical and mathematical modeling of photovoltaic cells using both one-

diode and two-diode models. Simulations of current-voltage (I–V) and power-voltage (P–V) characteristics 

are carried out on a photovoltaic module, accompanied by a comparative performance analysis. To 

demonstrate the practical applicability of these techniques, the study is conducted using real data from the 

Ghardaïa region, which is characterized by a Saharan climate. This area experiences high solar potential, with 

an average annual solar energy input of 5.8 kWh/m²/day. The annual global solar irradiance on a horizontal 

surface exceeds 6,000 Wh/m², and the region benefits from over 3,000 hours of sunshine per year. 

Furthermore, the study evaluates the performance of a photovoltaic system under real-world 

conditions by analyzing three key climatic variables on a monthly basis: insolation, average daily 

temperature, and photovoltaic power output. This analysis offers critical insights into seasonal climate 

variations and their impact on solar energy production in the Ghardaïa region. Ultimately, the objective is to 

deepen the understanding of both the challenges and opportunities associated with deploying photovoltaic 

systems in desert environments, and to develop optimized strategies for meeting local energy needs more 

effectively. 

 

 

2. PV TWO-DIODE MODEL 

The two-diode model provides a more accurate representation of solar cell behavior, particularly 

under low irradiance conditions. It includes a photocurrent source, two diodes (Figure 1) accounting for 

recombination mechanisms [5], and series and shunt resistances modeling ohmic and leakage losses, 

respectively. Although more complex than the single-diode model, it significantly improves the accuracy of 

current–voltage characteristics [6], [7]. 

 

 

 
 

Figure 1. Two-diode model of the photovoltaic cell [5] 

 

 

By applying Kirchhoff’s laws to the equivalent circuit of the photovoltaic cell, the following current 

equation [7], [8] is obtained: 

 

I = Iph − Id1 − Id2 − Ish (1) 

 

Where:  

I: is the output current of the cell. 

Iph: is the photo-generated current. 

Id1 and Id2: are the currents flowing through diodes D1 and D2, respectively. 

Ish: is the leakage current through the shunt resistance Rsh. 

The currents through the two diodes are given by the following expressions [8]: 

 

Id1 = Is1 [exp (
V+Rs∗I

A1∗Ns∗Vt
) − 1] (2) 

 

Id2 = Is2 [exp (
V+Rs∗I

A2∗Ns∗Vt
) − 1] (3) 

 

𝐼𝑠1 = 𝐼0𝑟𝑒𝑓1
(

𝑇𝑐

𝑇𝑐𝑟𝑒𝑓

)

3

∗ 𝑒𝑥𝑝 ((
𝑞∗𝐸𝑔𝑎𝑝

𝐴∗𝐾
) ∗ (

1

𝑇𝑐𝑟𝑒𝑓

−
1

𝑇𝑐
)) (4) 
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𝐼𝑠2 = 𝐼0𝑟𝑒𝑓2
(

𝑇𝑐

𝑇𝑐𝑟𝑒𝑓

)

3

∗ 𝑒𝑥𝑝 ((
𝑞∗𝐸𝑔𝑎𝑝

𝐴∗𝐾
) ∗ (

1

𝑇𝑐𝑟𝑒𝑓

−
1

𝑇𝑐
)) (5) 

 

and the shunt current is as (6). 

 

Ish =
V+Rs∗I

Rsh
 (6) 

 

By combining all these expressions, the complete current equation is obtained as (7). 

 

I = Iph − Is1 [exp (
q(V+Rs∗I)

A1∗Ns∗K∗T
) − 1] − Is2 [exp (

q(V+Rs∗I)

A2∗Ns∗K∗T
) − 1] −

V+Rs∗I

Rsh
 (7) 

 

A₁: is the ideality factor of the first diode, related to diffusion current densities. 

A₂: is the ideality factor of the second diode, related to recombination current density. 

 

 

3. PARAMETER ESTIMATION 

The accuracy of the two-diode PV model relies on the proper estimation of its seven parameters: Iph, 

Is1, Is2, Rs, Rp, A1, and A2. While some parameters can be derived analytically, Rs and Rp are typically 

determined using analytical, numerical, or optimization-based methods because of their significant influence 

on the I–V and P–V characteristics, particularly around the maximum power point (MPP) [9], [10]. 

 

3.1.  Photo-generated current Iph 

The photo-generated current varies with the irradiance G and the cell temperature Tc. It can be 

estimated from its reference value Iph_ref, provided under standard test conditions (STC), using the 

following relation [11], [12]: 

 

Iph =
G

Gref
(Iphref

+ μsc∆T) (8) 

 

- Iph: Photo-generated current under STC. 

- G: Irradiance (W/m²). 

- Gref: Irradiance at STC = 1000 W/m². 

- ΔT = Tc – Tc_ref  

- Tc_ref: Cell temperature at STC = 25 °C + 273 = 298 K. 

- μsc: Temperature coefficient of the short-circuit current (A/K), provided by the manufacturer. 

 

3.2.  Saturation currents Is1 and Is2 

The reverse saturation currents of the diodes, Is1 and Is2, represent the leakage current in the p-n 

junctions in the absence of light [12], [13]. They are strongly influenced by the operating temperature and 

can be expressed using Shockley’s exponential law as follows: 

 

𝐼𝑠1 = 𝐼01 = 𝐼0𝑟𝑒𝑓1
(

𝑇𝑐

𝑇𝑐𝑟𝑒𝑓

)

3

∗ 𝑒𝑥𝑝 ((
𝑞∗𝐸𝑔𝑎𝑝

𝐴∗𝐾
) ∗ (

1

𝑇𝑐𝑟𝑒𝑓

−
1

𝑇𝑐
))  

 

𝐼𝑠2 = 𝐼02 = 𝐼0𝑟𝑒𝑓2
(

𝑇𝑐

𝑇𝑐𝑟𝑒𝑓

)

3

∗ 𝑒𝑥𝑝 ((
𝑞∗𝐸𝑔𝑎𝑝

𝐴∗𝐾
) ∗ (

1

𝑇𝑐𝑟𝑒𝑓

−
1

𝑇𝑐
)) (9) 

 

𝐸𝑔𝑎𝑝: Bandgap energy of the cell, and 

 

𝐼0𝑟𝑒𝑓1
=

𝐼𝑠𝑐𝑟𝑒𝑓

[𝑒𝑥𝑝(
𝑉𝑜𝑐∗𝑞

𝐴1∗𝑁𝑠∗𝐾∗𝑇
)−1]

 , 𝐼0𝑟𝑒𝑓2
=

𝐼𝑠𝑐𝑟𝑒𝑓

[𝑒𝑥𝑝(
𝑉𝑜𝑐∗𝑞

𝐴2∗𝑁𝑠∗𝐾∗𝑇
)−1]

 (10) 

 

Figure 2 shows the detailed implementation of the currents I0ref and Is in MATLAB. 
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(a) 

 
(b) 

 

Figure 2. Simulink implementation of the PV model parameters: (a) detailed implementation of 𝐼01ref  

and (b) detailed implementation of 𝐼𝑠 

 

 

4. SIMULATION OF THE PV MODULE 

The photovoltaic module model was implemented in MATLAB/Simulink, based on the  

previously derived analytical equations. The PWX 500 module was used as reference. Its electrical 

characteristics under STC are reported in Table 1, distinguishing between the single- and two-diode model 

parameters [6]. 

Figure 3 shows the implementation of the two-diode model in Simulink for validating the dynamic 

behavior of the photovoltaic module. Figure 4(a) shows the current–voltage (I–V) characteristics of a 

photovoltaic cell simulated using the single-diode and two-diode models. At low voltage, the current remains 

close to the short-circuit current Isc, then decreases to zero at the open-circuit voltage Voc. The two-diode 

model predicts a slightly lower Voc due to its improved representation of internal recombination effects, 

resulting in a more realistic description of the cell behavior. Figure 4(b) presents the power–voltage (P–V) 

characteristic. The output power increases with voltage, reaches a maximum at the MPP, and then drops to 

zero at Voc. The two-diode model provides a more accurate estimation of the MPP, which is important for 

the optimal control and efficiency of photovoltaic systems. 
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Table 1. Electrical characteristics of the PWX 500 module [14] 
Parameter Adjusted parameters for the single-diode model Adjusted parameters for the two-diode model 

𝑃max 49 W 49 W 

𝐼max 2.88 A 2.88 A 

𝑉max 17 V 17 V 

𝐼𝑠𝑐 3.11 A 3.11 A 

𝑉𝑜𝑐 21.8 V 21.8 V 

𝑅𝑠 0.55 Ω 0.3 Ω 

𝑅𝑠ℎ 1000 Ω 200 Ω 

𝐴1 1.3 1 

𝐴2 - 1.2 

𝐼𝑠1 4.116*10-8 A 1.782*10-10 A 

𝐼𝑠2 - 9.075*10-9 A 

𝑁𝑂𝐶𝑇 45 °C 45 °C 

𝜇𝑠𝑐 1.3*10-3 (/°K) 1.3*10-3 (/°K) 

𝐸𝑔𝑎𝑝 1.12 1.12 

𝑁𝑠 36 36 

 

 

 
 

Figure 3. Detailed two-diode PV module model in MATLAB/Simulink 

 

 

  
(a) (b) 

 

Figure 4. PV cell characteristics for the single-diode and two-diode models: (a) P–V characteristics and  

(b) I–V characteristics 
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5. SERIES–PARALLEL TWO-DIODE PV MODEL 

The output power of a single photovoltaic cell is relatively low (typically less than 2 W at 

approximately 0.5 V). To obtain practical voltage and power levels, cells are interconnected in series and 

parallel to form a photovoltaic module [8], as shown in Figure 5 [15]. Series connections increase the total 

output voltage, whereas parallel connections increase the current. Multiple modules can then be combined in 

series and/or parallel to form a PV array capable of delivering the voltage and current required by the 

photovoltaic system [11], [14], [16]. 

 

 

 
 

Figure 5. Series–parallel (Ns and Np) two-diode solar modules [15] 

 

 

Regardless of the number of modules connected in series and parallel, the current generated by this 

model is given by (11). 

 

I′ = Iph
 

′ − Id1
′ − Id2

′ − Ish
′  (11) 

 

With: 

 

Iph
′ = NpIph, Id

′ = NpId (12) 

 

Ish
′ =

V′+Rs
′ ∗I′

Rsh
′  And Rs

′ =
Ns

Np
Rs, Rsh

′ =
Ns

Np
Rsh (13) 

 

The final equation is therefore [17], [18]: 

 

I′ = NpIph − NpIs1

[
 
 
 
 

e

(
q(V′+

Ns
Np

Rs∗I′)

A1∗Ns∗K∗T
)

− 1

]
 
 
 
 

− NpIs2

[
 
 
 
 

e

(
q(V′+

Ns
Np

Rs∗I′)

A2∗Ns∗K∗T
)

− 1

]
 
 
 
 

−
V′Np

Ns
+Rs∗I

′

Rsh
  

 

Figure 6 shows the implementation of the two-diode PV array model in MATLAB/Simulink, used to 

simulate the electrical behavior of the photovoltaic generator. 

Figure 7 illustrates that the short-circuit current increases proportionally with the number of parallel-

connected cells, while the open-circuit voltage increases with the number of series-connected cells, leading to 

an enhancement of the overall power output of the photovoltaic generator. This study also evaluates the 

impact of partial shading on the PV array performance [19], [20] under different partial shading scenarios. 

– Case 1: No shaded PV module (full irradiation on solar PV array): 1000 W/m2. 

– Case 2: One shaded module (receives irradiation of 800 W/m2), others receive full irradiation of  

1000 W/m2. 

– Case 3: Two shaded modules (receive irradiation of 800 and 600 W/m2), others receive full irradiation of 

1000 W/m2. 

– Case 4: Three shaded modules (receive irradiation of 800, 600 and 200 W/m2), with the others receive 

irradiation of 1000 W/m2. 
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Figure 6. Two-diode PV model in series–parallel configuration (MATLAB/Simulink) 

 

 

  
(a) (b) 

 

Figure 7. Characteristics of the two-diode model for different 𝑁𝑠 and 𝑁𝑝 configurations: 

(a) I–V characteristics and (b) P–V characteristics 

 

 

Figure 8 shows the MATLAB/Simulink model of the solar PV array under partial shading 

conditions. The model is used to simulate the effect of non-uniform solar irradiance on the electrical behavior 

and power generation of the PV array. Under partial shading, multiple local maximum power points may 

appear, making the PV system more challenging to operate at its global maximum power point. 

The MPP is one of the most critical parameters of a photovoltaic panel, as it represents the operating 

point at which maximum efficiency is achieved. However, since the current–voltage (I–V) characteristic 

depends on solar irradiance and temperature, the MPP varies accordingly. Therefore, a MPPT system is an 

essential component of any PV installation [21]. These challenges become more significant under partial 

shading conditions. In large PV arrays, it is difficult to ensure uniform irradiance across all panels [22].  

In practice, modules may experience different levels of irradiance due to dust, clouds, trees, or surrounding 

obstacles. This phenomenon, known as partial shading, leads to complex I–V and power–voltage (P–V) 

characteristics, often characterized by multiple power peaks [23]. As shown in Figure 9, local maximum 

power points may appear in addition to the global maximum power point. Consequently, MPPT algorithms 

must be capable of distinguishing between local and global maxima to ensure optimal system performance 

[24]. Investigating partial shading effects is essential in the design of PV systems. Accurate analysis under 

varying irradiance and temperature conditions requires a reliable electrical model of the PV cell [25], [26]. 
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Figure 8. Simulation model of solar PV array under partial shading 

 

 

  
(a) (b) 

  

(c) (d) 

 

Figure 9. I–V and P–V characteristics of a PV array under different partial shading conditions: (a) uniform 

irradiance, (b) light partial shading, (c) moderate partial shading, and (d) severe partial shading 
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6. PV SYSTEM PERFORMANCE UNDER REAL CONDITIONS 

The proposed methodologies were applied to the Ghardaïa region as a case study. This Saharan area 

has a high solar potential of approximately 5.8 kWh/m²/day, with annual global irradiation exceeding 6000 

Wh/m² and more than 3000 sunshine hours per year. 

 

6.1.  Climatology of Ghardaïa 

The Ghardaïa region is characterized by a typical Saharan climate, distinguished by significant 

thermal amplitude between day and night, as well as between summer and winter. The area experiences 

extremely low precipitation and high evaporation rates, which lead to the disappearance of vegetative cover. 

These conditions enhance the mechanical impact of even light winds, making aeolian processes particularly 

influential. The climatic variables analyzed in this study include precipitation, temperature, wind speed, 

relative humidity, solar radiation (insolation), and evapotranspiration over the period from 2003 to 2013, 

based on data from the National Office of Meteorology – Ghardaïa (O.N.M., 2013). 

 

6.2.  Numerical evaluation 

The estimation of reference evapotranspiration (ETo) for the study area was conducted using 

meteorological data from the Ghardaïa station, provided by the National Office of Meteorology (O.N.M. 

Ghardaïa, 2013). This station was selected due to the availability and reliability of long-term climatic records, 

simplifying the modeling process. The Ghardaïa region is located at an altitude of 464 meters, with a latitude 

of 32°23′ N and a longitude of 3°46′ E. The monthly climatic parameters and the corresponding computed 

values of ETo are summarized in Table 2. 

 

 

Table 2. Monthly climatic data and reference evapotranspiration (ETo) for the Ghardaïa region  

(2003–2012 average) 
Month Min temp (°C) Max temp (°C) Humidity (%) Wind (m/s) Sunshine 

(h/day) 
Solar radiation 
(MJ/m²/day) 

ETo 
(mm/day) 

January 6.1 17.4 56 3.9 8.1 13.0 2.92 

February 7.4 18.9 45 3.8 8.9 16.2 3.84 
March 10.9 24.4 38 3.1 9.0 19.4 5.0 

April 14.9 28.6 34 4.1 9.9 23.2 7.17 

May 18.6 33.1 29 3.7 10.7 25.7 8.4 
June 24.3 38.3 25 3.2 11.2 26.8 9.28 

July 27.3 42.1 21 2.4 10.9 26.0 8.85 

August 27.5 41.1 26 2.2 10.4 24.2 8.09 
September 22.6 35.8 37 2.4 9.0 20.1 6.62 

October 17.9 28.4 44 2.4 8.2 16.2 4.72 

November 11.4 22.9 48 2.6 8.3 13.6 3.49 
December 7.1 17.9 55 2.2 7.5 11.6 2.29 

Average 16.3 29.1 38 3.0 9.3 19.7 5.89 

 

 

The Pearson correlation coefficient between solar radiation and reference evapotranspiration is r = 

0.988. A Pearson correlation analysis was performed to quantify the relationship between climatic parameters 

and reference evapotranspiration. The results indicate a very strong positive correlation between monthly 

solar radiation and reference evapotranspiration, with a correlation coefficient of r = 0.988, highlighting the 

dominant role of solar energy in evapotranspiration processes under the arid climatic conditions of the 

Ghardaïa region. 

 

 

6.3.  Analysis and interpretation of the curves 

6.3.1. Sunshine duration analysis 

Figure 10 shows the daily solar irradiance profiles for January, March, and June. All curves follow a 

typical bell-shaped pattern, with increasing peak irradiance and daylight duration from winter to summer. 

June provides the highest irradiance and longest sunshine duration, offering optimal PV production 

conditions. However, January irradiance remains sufficient for effective year-round photovoltaic operation. 

Understanding seasonal variations in sunshine duration is essential for designing efficient photovoltaic 

systems, predicting their performance, and planning hybrid configurations, particularly in regions such as 

Ghardaïa, where solar resources are abundant but vary seasonally. 
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Figure 10. Daily variation of irradiance for the Ghardaïa region 

 

 

6.3.2. Daily temperature analysis 

Figure 11 illustrates the diurnal variation in ambient temperature for the months of January, March, 

and June. A clear seasonal trend is observed: 

– January: temperatures remain relatively low, with a peak of around 17-18 °C occurring in the early 

afternoon. 

– March: a moderate increase is observed, with temperatures reaching approximately 24 °C. 

– June: the temperature rises sharply, peaking near 38 °C, reflecting typical summer conditions in arid 

regions. 

In all cases, the temperature follows a parabolic trend: it rises steadily from morning, peaks around midday to 

early afternoon, and then declines towards the evening. These variations in temperature have a direct impact 

on the electrical performance of photovoltaic modules. Higher temperatures typically lead to a reduction in 

output voltage, which can significantly decrease the overall energy conversion efficiency of PV systems. 

 

 

 
 

Figure 11. Daily variation of temperature in the Ghardaïa region under MATLAB 

 

 

6.3.3. Photovoltaic power generation curve 

Figure 12 shows the hourly PV output for January, March, and June. Power peaks increase from 

25 W in January to 42 W in June, following the solar path. Minor deviations from the irradiance pattern are 

due to temperature effects, but overall output is dominated by solar radiation. This curve is essential for the 

sizing of photovoltaic or hybrid solar systems. It also helps in estimating energy storage requirements or the 

need for supplementary energy sources during low-production periods. 
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Figure 12. Daily variation of photovoltaic output power in the Ghardaïa region under MATLAB 

 

 

7. CONCLUSION 

Photovoltaic solar energy involves the direct conversion of solar radiation into electrical energy 

through the photovoltaic effect—a physical phenomenon exploited by solar cells. In this study, the electrical 

behavior of photovoltaic modules was modeled using the two-diode model, which offers improved accuracy, 

particularly around the maximum power point. This modeling approach enables more precise system sizing 

and enhanced control of photovoltaic systems. Our results confirm that the performance of photovoltaic 

modules is highly sensitive to environmental conditions, particularly solar irradiance and temperature. The 

efficiency of PV modules is also affected by partial shading, which was investigated through simulations 

using the developed photovoltaic network and available PV modules. Climatic curve analysis for the 

Ghardaïa region revealed several key insights into PV system performance. Summer months, marked by high 

irradiance and strong solar radiation, are the most favorable for optimal solar energy production. However, 

even during winter, when sunlight and irradiance levels are lower, the energy yield remains significant—

demonstrating that solar energy can be a viable and continuous source of power throughout the year. While 

elevated temperatures tend to decrease panel efficiency, this effect can be mitigated through proper system 

design tailored to local environmental conditions. To ensure optimal performance, photovoltaic systems 

should be dimensioned based on seasonal variability in solar resources. Additionally, incorporating energy 

storage systems is recommended to compensate for low-production periods—especially during winter—

thereby maintaining a stable and reliable solar energy supply year-round. 
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  I =  I ph −  I  d 1 −  I  d 2 −  I sh


   I  d 1 =  I  s 1  [ exp  (   V +  R s ∗ I   A 1   ∗ N s ∗  V t ) − 1 ]


   I  d 2 =  I  s 2  [ exp  (   V +  R s ∗ I   A 2   ∗ N s ∗  V t ) − 1 ]


    I  s 1 =   I   0  r e f 1    (     T  c    T    c  r e f ) 3 ∗ e x p  (  (   q ∗   E  g a p  A ∗ K ) ∗  (  1    T    c  r e f −  1    T  c ) )


    I  s 2 =   I   0  r e f 2    (     T  c    T    c  r e f ) 3 ∗ e x p  (  (   q ∗   E  g a p  A ∗ K ) ∗  (  1    T    c  r e f −  1    T  c ) )


   I sh =   V +  R s ∗ I   R sh


  I =  I ph −  I  s 1  [ exp  (   q  ( V +  R s ∗ I )   A 1 ∗  N s ∗ K ∗ T ) − 1 ] −  I  s 2  [ exp  (   q  ( V +  R s ∗ I )   A 2   ∗ N s ∗ K ∗ T ) − 1 ] −   V +  R s ∗ I   R sh


   I ph =  G   G ref  (  I  p  h ref +  μ sc ∆ T )


    I  s 1 =   I 01 =   I   0  r e f 1    (     T  c    T    c  r e f ) 3 ∗ e x p  (  (   q ∗   E  g a p  A ∗ K ) ∗  (  1    T    c  r e f −  1    T  c ) )


    I  s 2 =   I 02 =   I   0  r e f 2    (     T  c    T    c  r e f ) 3 ∗ e x p  (  (   q ∗   E  g a p  A ∗ K ) ∗  (  1    T    c  r e f −  1    T  c ) )
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    I   0  r e f 1 =     I  s c r e f  [ e x p  (     V  o c ∗ q  A 1   ∗ N  s ∗ K ∗ T ) − 1 ]  


    I   0  r e f 2 =     I  s c r e f  [ e x p  (     V  o c ∗ q  A 2   ∗ N  s ∗ K ∗ T ) − 1 ]
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