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Abstract—This study investigates the characteristics of 

photovoltaic (PV) cells using iterative methods and MATLAB® 

2024a software. Its main objective is to analyze the power-

voltage (P-V) and current-voltage (I-V) characteristics for 

various series resistances and solar irradiation levels. The 

precision and dependability of this study are improved by the 

software utilized for numerical simulations and analysis. Since 

the PV cells are nonlinear, numerical techniques are favored in 

this situation to solve their nonlinear equations. In order to 

investigate different curves and their characteristics, the study 

makes use of numerical simulations, the single diode model, and 

the Newton-Raphson method (NRM), which is iterative and 

converges to an optimal solution of the problem to be solved. 

The behavior of PV cells under the variation of solar irradiance 

and different values of series resistance is described by the I-V 

and P-V characteristics. From the data, we notice that the 

influence of sun irradiance on PV cells, demonstrates that 

higher solar irradiance gives more current and power, and 

higher series resistance decrease the output power. The highest 

efficiency of a solar cell measured is roughly 47.1%. Future 

technical advancements in these crucial areas for humankind 

will result in further increases in the maximum efficiency of 

solar cells. 

Keywords—PV Cells, Irradiation, Simulation, MATLAB 2024® 

Software, PV Characteristics 

I. INTRODUCTION 

The use of solar energy (SE) dates back to the 7th century. 

For example, through a magnifying glass that was used to 

focus a ray of sunlight on a certain point to light a cooking 

fire. In the 3rd century, people used a large mirror-reflected 

sunlight to light lanterns used in religious ceremonies [1]-[3]. 

The phenomenon of the photovoltaic (PV) effect (the 

conservation of light into electricity) was first observed by 

French physicist Edmund Becquerel in 1839 [4], [5]. He 

noted that the amount of electricity produced increases when 

the cell is exposed to sunlight [6], [7]. Afterward, in 1873, 

Willoughby Smith discovered that selenium could be a 

photoconductor [8], [9]. Three years later, William Grylls 

Adams and Richard Evans Day combined these two 

discoveries while noting that it was possible to produce 

electricity using sunlight [10], [11]. In 1883, American 

inventor Charles Fritts created the first fully functioning solar 

cell based on selenium [12], [13]. According to [14], PV cells 

(Fig. 1) comprise a semiconductor material - silicon - which 

is added substances, named doping to create a suitable means 

for establishing the PV effect, i.e. direct conversion of power 

linked to the solar radiation into DC electrical power. 

Furthermore, Castro (2008) states that the cell is the smallest 

element of the PV system, producing electrical power 

typically of the order of 1.5 Wp (corresponding to a voltage 

of 0.5 V and a current of 3 A) [14], [15].  

 

Fig. 1. The internal constitution of a typical PV cell [14] 

Applications of PV cells are in solar power systems, off-

grid power, and spacecraft. PV cells have been used in 

spacecraft to power instruments and systems because they are 

reliable and can work in outer space's abundant sunlight. 

Currently, space missions are very important because, as we 

know, it is a new field of research for exoplanets in which life 

is thought to exist. To carry out space missions, scientists 

send satellites to some special positions in space, which are 

called Lagrange points [16], [17]. To carry out these 

missions, SE is also used through solar panels that are 

installed in spaceships [18], [19]. PV cells were first used in 

space missions in the 1950s. In the 1950s, there was a 

significant development of space expansion and spacecraft 

technology, which began to be equipped with PV cells. The 

first such machines were the Vanguard I (1958), Vanguard II, 

Explorer III, and Sputnik-3 satellites (Wolfe 2018). In 1964, 

the US government agency responsible for the national 

spaceflight program, NASA, launched the Nimbus satellite, 

which was powered solely by a 470-watt photovoltaic panel 

array [20], [21]. Shortly after, the technology gradually began 

to be used in homes, factories, and public buildings.  

Currently, the total installed solar PV power capacity in 

the European Union is about 160 GW [22], [23]. About 60% 

of this capacity is from residential and commercial rooftop 

installations [24], [25]. The cumulative installed capacity in 

the 171 European Union and Britain accounts for about 21% 
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of those worldwide [26], [27]. The number of solar PV cell 

power plants (some with storage) is growing yearly in more 

and more countries. In 2021, Germany had the leading market 

for PV elements with 5.3 GW of newly installed capacity. 

After Germany was Spain with 3.8 GW, then the Netherlands 

with 3.3 GW, Poland with 3.2 GW, and France with 2.5 GW 

[24], [28].  

The level of SE radiation in Albania is quite high and its 

territory is suitable for installing PV elements. The territory 

of Albania is in the Western Balkans, part of the European 

continent. It is situated between latitudes 39o38’ - 42o38’ and 

longitudes 19o16’ - 21o04’ east [29], [30]. Most areas of 

Albania are exposed to more than 1500 kWh/m2 per year 

varying from 1185 to 1690 kWh/m2 per year [29], [31]. 

Albania is a country with great potential for SE due to its 

geographical location and favorable climate conditions. 

Albania's high levels of sunlight offer a chance for the nation 

to use PV technology to harness SE. Currently, the total 

installed capacity of SE in Albania is around 70 MW, which 

represents only a small fraction of the country's potential. 

Most of the existing solar power plants in Albania are small-

scale installations, with a capacity of less than 5 MW [32], 

[33].  

Several papers have proposed different models to study 

the PV cell output characteristics. The most used are; single 

and double diode models [34], [35]. In this study, we use the 

single-diode model. The characteristic current-voltage (I-V) 

is a non-linear equation with multiple parameters classified 

as follows: those provided by constructors, those known as 

constants, and the ones that must be computed. Sometimes, 

searchers develop simplified methods where some unknown 

parameters cannot be calculated. They are thus assumed 

constant [36]. Experimenting with PV cells in the laboratory 

is a time-consuming and costly task. So, to overcome this 

problem, numerical iterative methods and simulation 

techniques are used to simulate the behavior of PV cells under 

different conditions [37]. Output I-V and P-V characteristic 

curves and performance at different series resistance, shunt 

resistance, temperature, and solar irradiance are analyzed. 

Thus, this research work helps understand the behavior of the 

PV cell.   

The remainder of this paper is organized as follows. 

Section II describes the methods used in this study. We use a 

single-diode model of the PV Cells and some numerical 

techniques, such as Newton's method and Newton-Raphson's 

method. In Section III, we describe our results and discussion, 

and our conclusions are presented in Section IV. 

II. MATERIAL AND METHODS 

The iterative Newton's method is used in several 

mathematical and engineering problems to find the numerical 

solutions of the nonlinear equations [38], [39]. This method 

is iterative and the iteration sequences converge to an optimal 

solution of the problem to be solved. However, this method 

can be introduced and discussed in a general context as the 

following equation: 

𝑥𝑘+1 = 𝑥𝑘 −
𝑓(𝑥𝑘)

𝑓′(𝑥𝑘)
 (1) 

where, 𝑥𝑘+1 =   the (𝑘 + 1)estimate of the desired root𝑥𝑟 , 

𝑥𝑘 = the 𝑘th estimate of the desired root 𝑥𝑟𝑓(𝑥𝑘) =, and the 

function 𝑓(𝑥) evaluated at 𝑥 = 𝑥𝑘𝑓′(𝑥)𝑥 = 𝑥𝑘. This 

equation is repeatedly applied until 𝑓(𝑥𝑘+1) is sufficiently 

close to zero and 𝑥𝑘+1 = 𝑥𝑘 [40], [41]. 

A single diode represents the best model (Fig. 2), where 

IP, ID, and ISD denote the current through a shunt resistor, 

diode current, and the diode's reverse saturating current, 

accordingly. So, to obtain the equivalent circuit equations, 

mathematical analysis steps must be established [42]. By 

applying Kirchhoff’s law in Fig. 2 a (for Rs = 0 and Rsh= 0), 

we have: 

𝐼 = 𝐼𝑝ℎ − 𝐼𝐷 (2) 

The diode current is 

𝐼𝐷 = 𝐼0 (𝑒
𝑉

𝑛𝑠𝑉𝑇−1), (3) 

Where 

𝑉𝑇 =
𝑛𝑘𝐵𝑇

𝑒
, (4) 

And 𝑘𝐵=1.381×10-23 J/K is the Boltzmann’s constant, e = 

1.602×10-19 C is the electron charge, T is the operating 

temperature in Kelvin (K), 𝐼0 is the saturation current of the 

diode. Substituting equation (3) into (2) we get the 

photovoltaic current in this form: 

𝐼 = 𝐼𝑝ℎ − 𝐼0 (𝑒
𝑉

𝑛𝑠𝑉𝑇−1) (5) 

 
Fig. 2. (a) PV module approach without shunt and series resistance, (b) 

PV cell equivalent circuit for SDM [43] 

The SDM configuration typically contains one diode (D) 

in parallel with a shunt resistor (Rsh) and photogenerated 

current (Iph). This configuration, as manifested in Fig. 2 b, is 

put in series with another (RS). The SDM current output (I) is 

mathematically formulated [44], [45]: 

𝐼 = 𝐼𝑝ℎ − 𝐼𝐷 − 𝐼𝑝 = 𝐼𝑝ℎ − 𝐼0 (𝑒
𝑉

𝑛𝑠𝑉𝑇−1) −
𝑉 + 𝐼𝑅𝑠

𝑅𝑝

 (6) 

where 𝐼𝑝is the shunt resistance current.  

The photo-current 𝐼𝑝ℎ is generated on the absorption of 

solar radiation by solar cells hence photo-current value is 

directly related to variation in solar irradiance and 

temperature and that is [46], [47]:  

𝐼𝑝ℎ =
𝐺

𝐺𝑛

[𝐼𝑝𝑣𝑛 + 𝐾𝑖(𝑇 − 𝑇𝑛)] (7) 

where 𝐼𝑝𝑣𝑛 is rated solar current at nominal weather 

conditions (25 𝑜𝐶 and 1000 W/m2) or short circuit current, 𝐾𝑖 

is short circuit temperature coefficient, G is solar irradiance 

in W/m2, 𝐺𝑛 is nominal irradiance in normal weather 

conditions (25 oC and 1000 W/m2) and 𝑇𝑛 is nominal 

temperature (298.15 K). The saturation current of the diode 

is. 
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𝐼0 = 𝐼𝑜𝑛 (
𝑇

𝑇𝑛
)

3

𝑒𝑥𝑝 [
𝑞𝐸𝑔

𝑎𝑘𝐵
(

1

𝑇𝑛
−

1

𝑇
)] (8) 

where 𝐼𝑜𝑛 is reverse saturation current of the PV cell for 

nominal temperature and irradiance values and 𝐸𝑔 is band-

gap energy of silicon. The reverse saturation current of the 

PV cell is: 

𝐼𝑜𝑛 =
𝐼𝑠𝑐𝑛

[𝑒𝑥𝑝 (
𝑉𝑜𝑐𝑛

𝑎𝑉𝑇𝑛
) − 1]

 
(9) 

where 𝐼𝑠𝑐𝑛 nominal SC is current, 𝑉𝑜𝑐𝑛  is nominal OC voltage 

constant. We know that series resistance is very small then 

for an ideal solar cell there is no series resistance (no series 

losses) and no leakage to ground (no shunt resistance) 

therefore 𝑅𝑠 and 𝑅𝑠ℎ are neglected by putting 𝑅𝑠 = 0 and 𝑅𝑠ℎ 

= ∞. Shunt resistance has a significant effect on the operating 

characteristic curves of PV cells as low power output is 

recorded if the value of shunt resistance varies from 0.07 

ohms to 1700 ohms [48], [49].  

The bandgap energy 𝐸𝑔 (in eV) for silicon:  

𝐸𝑔 = 1.16 − 7.02 × 10−4 (
𝑇2

𝑇 − 1108
) (10) 

The power output can be expressed [29]:  

𝑃 = {𝐼𝑝ℎ − 𝐼0 [𝑒𝑥𝑝 (
𝑒(𝑉 + 𝐼𝑅𝑠)

𝑎𝑁𝑠𝑘𝐵𝑇
) − 1] −

𝑉 + 𝐼𝑅𝑠

𝑅𝑝
} 𝑉 (11) 

At the maximum power point (MPP), this equation becomes: 

𝑃𝑚𝑝𝑝 = {𝐼𝑝ℎ − 𝐼0 [𝑒𝑥𝑝 (
𝑒(𝑉𝑚𝑝𝑝 + 𝐼𝑚𝑝𝑝𝑅𝑠)

𝑎𝑁𝑠𝑘𝐵𝑇
) − 1] −

𝑉𝑚𝑝𝑝 + 𝐼𝑚𝑝𝑝𝑅𝑠

𝑅𝑝

} 𝑉𝑚𝑝𝑝 (12) 

 The current-voltage characteristic equation of the equivalent 

circuit for the PV module arranged in Np parallel and Ns 

series can be described as [50], [51]: 

𝐼𝑚 = 𝑁𝑝𝐼𝑝ℎ − 𝑁𝑝𝐼0 [𝑒𝑥𝑝 (

𝑉𝑚

𝑁𝑠
+

𝐼𝑚𝑅𝑠

𝑁𝑝

𝑎𝑉𝑡
) − 1] −

(
𝑁𝑝

𝑁𝑠
) 𝑉𝑚 + 𝐼𝑚𝑅𝑠

𝑅𝑝
 (13) 

where Np is the cell's parallel number; Ns is the cell's series 

number. 

In this study, the Newton iterative method is used. This 

method is the most popular iterative method for a nonlinear 

function. The output current is computed iteratively [52], 

[53]:  

𝐼𝑘+1 = 𝐼𝑘 −
[𝐼𝑘 − 𝐼𝑝ℎ + 𝐼0 𝑒𝑥𝑝 (

𝑉 + 𝐼𝑅𝑠

𝑎𝑉𝑇
) − 𝐼0]

1 +
𝐼𝑅𝑠

𝑎𝑉𝑇
+  𝑒𝑥𝑝 (

𝑉 + 𝐼𝑅𝑠

𝑎𝑉𝑇
)

 , (14) 

where, 𝐼𝑘 present an 𝑘𝑡ℎ iteration and 𝐼𝑘+1 presents 

the(𝑘 + 1)th iteration. It is well known that PV module power 

equals to value that voltage multiplies current, and can be 

described as:  

𝑃 = 𝐼𝑀𝑉𝑀 (15) 

On the other hand, the solution to the voltage at maximum 

power point (MMP) for the module with the Newton-

Raphson method can be described as:  

𝑉𝑘+1
𝑚 = 𝑉𝑘+1

𝑚 −
𝑃′(𝑉𝑘

𝑚)

𝑃″(𝑉𝑘
𝑚)

, (16) 

where 𝑉𝑘 is 𝑘𝑡ℎ an iterative voltage at MPP, 𝑉𝑘+1 is (𝑘 + 1)th 

an iterative voltage at MPP [54], [50]. 

III. RESULTS AND DISCUSSIONS 

In this study, MATLAB® 2024a version is used to get the 

I-V and P-V characteristic curves of PV cells for different 

series resistances and different irradiance. MATLAB® is a 

software owned by MathWorks. This programming language 

is an environment designed for researchers for numerical 

calculations, and technical, scientific, and engineering 

calculations. MATLAB® has a high–quality graphical 

display environment. The version MATLAB® 2024b is 

around 90 % to 100 % reliable but the version MATLAB® 

2024a is 100 %.  

Table 1 shows the distribution of the global average daily 

solar irradiance in Razem, Peshkopi, Elbasan, Xarra, 

Sarande, Vlore, and Fier. From the data presented in Table 1, 

we see that the maximum solar radiation is in the city of Fier. 

The maximum value of solar radiation in this city is 7210 

W/m2. This value of solar radiation corresponds to the 

maximum power with a value of 338.528 W. Fig. 3 shows the 

power–voltage characteristic curve for G = 7210 W/m2, Gn 

= 1000 W/m2, a = 1.3, 𝐸𝑔 = 1.12. Nominal OC voltage is 

constant Vocn = 32.9; Temperature voltage is constant Kv=-

0.123; Temperature current constant Ki = 0.0032; No. of 

series conected cells is Ns = 54; Operating temperature is 

chosen T = 10 oC, and Nominal temperature is Tn = 10 oC. 

Some physical and environmental parameters used in this 

paper have been assumed to accomplish the work and they 

are shown in Table 2. For G = 6371 W/m2, we have the 

maximum power of 313.998 W. This value of power 

corresponds to the maximum value of irradiance in the zone 

of the Razem. For G = 6448 W/m2, the maximum power is 

316.34 W (City of Peshkopia, see Fig. 4).  

Table 1. The daily average of solar radiation for some zones in Albania 

(W/m2) 

Zone Razem Peshkopi Elbasan Xarra Sarande Vlore Fier 

January 1699 1613 1884 1999 1940 1931 1941 

February 2286 2331 2535 2636 2620 2618 2654 

March 3165 3229 3340 3574 3523 3535 3596 

April 4130 4328 4417 4679 4625 4757 4863 

May 5154 5303 5422 5853 5764 5829 5990 

June 5803 6152 6243 6703 6559 6753 6946 

July 6371 6448 6520 6846 6768 6984 7210 

August  5602 5674 5837 6088 6003 6117 6358 

September  4327 4355 4515 4752 4667 4808 4824 

October 2930 2978 3167 3282 3250 3293 3324 

November 1814 1812 2009 2229 2177 2095 2146 

December 1481 1403 1615 1789 1746 1680 1705 

 

Another result shows that the maximum power of PV 

cells in the city of Elbasan is 318.496. In the zone of Xarra, 

the maximum power of PV cells is 328.381 W, etc. The effect 

of increasing irradiance while temperature was fixed is 

increasing the output and short circuit current, the output 

voltage almost not affected very much. For more about the 

current-voltage and power–voltage characteristic curves for 

parametric variation of series resistance Rs, shunt resistance 

Rsh, and various irradiation and constant temperatures [55]. 

The effect of increasing solar irradiance while the 

temperature was fixed is increasing the output and short 

circuit current, the output voltage is almost not affected very 

much. The increase in irradiance values, the values of the cell 

current, and the maximum power also increase 

proportionately, but cell voltage increases very less. This is 
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because the open circuit voltage is logarithmically dependent 

on the solar irradiance, yet the short circuit current is directly 

proportional to solar irradiance.  

Table 2. Photovoltaic Model Parameters 

Parameters Value 

kB 1.38065e-23 J/K 

e 1.602e-19 C 

Iscn 8.3 A 
Vocn 33.3 V 

Kv -0.125 
Ki 0.00333 

Ns 54 

T 10 (oC for many tests) 
Tn 10 (oC for many tests) 

G 
6371, 6448, 6520, 6846, 6768, 6984, 7210 (W/m2 for 

many tests) 
a 1.33 

Eg 1.13 

Rs 
0, 0.05 Ω, 0.1 Ω, 0.15 Ω, 0.2 Ω, 0.25 Ω, 0.3 Ω, 0.35 Ω, 

0.4 Ω, 0.45 Ω (for many test) 

 

 
Fig. 3.  P-V characteristic curves of PV cells for G = 7210 W/m2 

 
Fig. 4. P-V characteristic curves of PV cells for G = 6448 W/m2 

Fig. 5 and Fig. 6 show I-V and P-V characteristic curves 

for ten different values of 𝑅𝑠, respectively. As seen in these 

Figures, the variation of 𝑅𝑠 affects the slope angle of the I-V 

characteristic curves resulting in a deviation of the MPP. It 

was shown that higher values of 𝑅𝑠 reduce the power output 

of PVCs.  

PV cells are very important in urban or remote areas and 

can power stand-alone devices, tools, and meters. The PV 

cells can meet the need for electricity for radio transmitters, 

parking meters, emergency phones, temporary traffic, 

lighting for roadways, space flights, etc. Research about the 

PVCs is important. Additionally, research is being conducted 

to improve the conversion efficiency of solar cells, including 

exploring strain engineering in two-dimensional materials 

and investigating the low efficiency of quantum dot PVCs.  

Oxford PVCs succeeded in developing a hybrid perovskite-

silicon cell with an efficiency of more than 29% in 2020. 

However, scientists believe that much higher values are 

possible. Recently, the focus of the research has been to 

enhance efficiency by using innovative nanomaterials such as 

silicon nanowires, nanotubes, non-silicon materials, organic 

dies, and conducting polymers (third-generation PVCs) [56]. 

P-V characteristic curves for parametric variation of series 

resistance 𝑅𝑆 shown in Fig. 6. 

 
Fig. 5. I – V characteristic curves for parametric variation of RS 

Fig. 7 shows the current as a function of the voltage, 

demonstrating the nonlinear relationship in the PV cells. For 

this result we write a simple script in MATLAB. First, we 

define physical constants like the electron charge, the 

Boltzmann constant, and the temperature (T=29 ℃). 

Additionally, we set parameters for the PV cell like the 

ideality factor (n=1.33), the reverse saturation current (10−9 

A), the series resistance (0.12 Ω), the shunt resistance (105 

Ω), and the photocurrent (5.7 A). The photocurrent is also 

defined. The script simulates the I-V characteristics for a 

voltage range from 0 V to 1.1 V, using linspace to create a 

range of voltages. Since the I-V equation is nonlinear, the 

script uses a simple iterative method (NR) to find the current 

I corresponding to each voltage V. The iteration process 

refines the current estimate until the solution converges 

within a specified tolerance. 
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Fig. 6. P-V characteristic curves for parametric variation of series 

resistance RS 

The maximum power point (MPP), where the product of 

current and voltage is maximized, is also highlighted on the 

graph. The plot shows the current as a function of the voltage, 

demonstrating the nonlinear relationship. The script also 

calculates and marks the MPP, which is important for 

maximizing the efficiency of the PV cell.  

Application of renewable energy sources is a relevant area 

of energy supply for urban infractucture. However, these 

systems require an improvement in their efficiency that can 

be achieved by introducing electric vehicles. They can 

accumulate, store and transfer surplus energy to the city’s 

power grid. A solution to this problem is a smart charging 

infrastructure. The existing studies in the field of charging 

infrastructure organization for electric vehicles consider only 

models locating charging stations in the city or the calculation 

of their required number [57]. 

 
Fig. 7. 'I-V characteristics of a photovoltaic cell' 

The maximum efficiency recorded for a third-generation 

solar cell is about 44%, but the studies have not yet been 

commercialized. Under laboratory conditions, a maximum 

value of 47.1% has so far been achieved [58]. These results 

and the study of the maximum efficiency or the maximum of 

the power PV cells is very important and can help us better 

understand the functioning of solar cells and helps us to better 

understand their function and their complexity of nonlinear 

dynamics. Photovoltaic technology continues to advance, 

with research focusing on improving efficiency, reducing 

costs, and developing new materials for higher performance 

in various environmental conditions. The maximum 

efficiency of PV cells, is of critical importance for several 

reasons, particularly in the context of renewable energy 

generation.  

IV. CONCLUSIONS 

PV-SE has been increasingly used to generate electric 

power from sunshine. Based on the data collected for solar 

radiation in Albania, it results that the maximum radiation 

intensity in W/m2 is in the city of Fier. This value is 7210 

W/m2. The maximum power of 54 solar panels connected in 

series, which corresponds to this value is 338.528 W. The 

effect of irradiance (solar radiation) on PVCs, reveals that 

higher irradiance gives higher current and higher power. The 

higher values of 𝑅𝑠 reduce the power output of PVCs. 

Maximizing the efficiency of PVCs is fundamental for 

improving the practicality, affordability, and environmental 

benefits of SE. It allows for greater energy production, 

reduces costs, and accelerates the transition to sustainable 

energy sources. 
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