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Abstract— Solar photovoltaic (PV) energy systems is one of clean energy technologies actively being used. It is also finding 

its wide usage in countries with abundance of sunlight. One of such places is Republic of Botswana where PV systems used in 

different applications such as street lighting, borehole water pumping, telecommunications repeater stations, household lighting. 

The usage prompted further research on improvement of power output and overall efficiency of the system. Dealing with power 

output means studying further PV module which is an important part of solar photovoltaic energy system. Important role played 

by solar photovoltaic module is to convert solar power into electrical power. To study the PV module output, a PV cell electrical 

characteristics can be studied because it will resemble the characteristic behavior of the module considering that the PV panel 

is an assembly of cells of photovoltaic material that are connected together mechanically and at the same time making a complete 

electrical circuit. The characteristics of interest are the outputs of voltage and power at its maximum value. The electrical 

characteristics of the module are affected by a different factors such as ambient temperature, amount of solar radiation, humidity, 

and wind velocity. To study the PV module electrical characteristics being yearly voltage output profile and profile of the 

maximum power, this paper presents Simulink-model to analyse a model of single diode used to represent a PV cell used in 

simulations. The results show generally constant value of voltage output obtained all year round whereas the profile of 

maximum power follows the solar insolation profile.  

Keywords— Photovoltaic cell, temperature, solar insolation, single diode model.

1. Introduction 

 
Solar photovoltaic (PV) energy systems is made up of 

mechanical and electrical interconnection components to 
produce electricity using solar energy as its energy source. 
One of such components is the PV module which plays a 

critical role in the operation of PV system. This is where the 
photon energy from the sun is converted into electrical energy. 
The PV module also consists of assembly of solar 
photovoltaic cells which are also electrically and mechanically 
connected together. Connecting them in series increases the 
voltage output of the module while parallel connection 
increase the current out of the PV module. The PV cells are 
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manufactured from the semiconductor materials [1]. The 
semiconductor materials are themselves made from elements 
of group IV in periodic table or from group 14 of the modern 
periodic table [2]. The characteristic of these materials are in 
between conductors and insulators hence they are neither 
conductors nor insulators. Having PV module available in all 
solar PV energy systems and being used under different 
conditions such as wind velocity, rainfall/ relative humidity, 
ambient temperature, solar radiation, geographical locations, 
it is pertinent to study and understand its output while 
operating under normal operating conditions because the 
manufacturers provide PV module data tested under 
controlled conditions (standard test conditions).  This paper, 
therefore, uses data obtained from Clean Energy Research 
Centre at the University of Botswana (CERC) to profile yearly 
outputs of the voltage out power at its maximum value. The 
remaining  sections are presented as follows. Section II 
explains operation of PV cell  and details the mathematical 
equations used in the modelling of voltage and power. Section 
III outlines the process of modelling the output voltage 
maximum power. Section IV give presentation and analysis 
and discussion the results. Lastly Section V concludes on the 
findings of the study.   

2. Principle of Operation of Photovoltaic cell and 

Equivalent Equations for Modelling  

 
The characteristics of group IV elements which make 

semiconductor are such that they are between conducting and 
non-conducting properties. To conduct the semiconductor 
materials need be supplied with thermal energy which makes 
the atoms to vibrate and in the process cause the covalent 
bonds of the atomic structure to break up hence enabling the 
electrons to disengage from the atom. The free moving 
electrons then migrate to conduction band leaving behind 
positively charged carriers called holes. The movement of 
electrons to the conduction band causes the apparent 
movement to holes to the opposite side as in Fig.1 The 
movement the these positively charged particles, electrons and 
holes, ultimately lead to the net flow of current referred to as 
photon current (Iph) [1]. Not all electrons result in Iph because 
some of them recombine with the positively charged holes, a 
process referred to as recombination process and it takes place 
in a junction called cell or diode pn-junction. The process 
results in a reduced net flow of current in the circuit because 
the recombining charged particles appear as leakage current. 

 

Fig.1.  Pn junction with diffusion and drift currents [1] 

To model PV cell, a model which normally uses single 
diode shown in Fig.2 is used to represent a PV cell [2, 3, 5, 6, 
9]. The diode is connected parallel to the current sourced 
denoted with photon current (Iph). Also parallel to both the 

current source and the diode, a resistance is connected denoted 
shunt resistance (Rsh). Another resistance denoted series 
resistance (Rs) is connected between Rsh node and terminal 
of the model. The Rsh resistance represents those leakages 
(Ish) which are experienced by the PV cell. It is normally very 
much higher than the series resistance (Rs) which is the 
resistance between cell terminals and source resistance.  

 

Fig.2. A model using single diode to represent solar 
photovoltaic cell  

The current flow expressions of the model with a forward-
biased pn-junction of a semiconductor diode shown in Fig.3 is 
expressed in (1) [1]. The current through the diode (𝐼𝐷), is the 
difference between diffusion current ( 𝐼𝑑 ) and reverse 
saturation current (𝐼𝑠)  

 

Fig.3. Diffusion and drift currents on a pn-junction with a 

forward biased mode [1] 
 

𝐼𝐷 = 𝐼𝑑 − 𝐼𝑠     (1) 

The diffusion current itself is a function of reverse 
saturation current, diode voltage, and temperature as shown in 
(2). The expression of (2) shows that the environmental 
variable, temperature, has an effect on the current of a PV cell. 
The other contants in the expression are electron charge, q, 
with a value of (1.602×10-19 C) and the Boltzmann constant, 
k, with a value (1.381×10−23 J/K).  Due to the forward biased 
mode of the pn-junction the potential difference across the pn 
junction decreases and as it does so the diffusion of majority 
carriers (𝐼𝑑) increases because of the availability of applied 
voltage from external source.  

𝐼𝑑 = 𝐼𝑠𝑒
𝑞𝑉𝐷
𝑘𝑇       (2) 

Substituting (2) in (1) gives an expression of diode current in 

terms of diode voltage, 𝑉𝐷 and the temperature T with units 

kelvin (K),  of the PV module expressed in Kelvin (K). When 

expressing the diode voltage by considering the voltage 

output, 𝑉𝑃𝑉  and output current , 𝐼𝑃𝑉 , of a PV module 

respectively, series resistance, 𝑅𝑆,  the number of cells 

connected in seriese, 𝑁𝑆, and cell’s ideality constant, n, then 

the current through the diode can be further stated as in (4). 

The output voltage, 𝑉𝑃𝑉 ,  can be expressed as open circuit 
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voltage, 𝑉𝑂𝐶 , if there is no load connected to the terminals and 

are left open [4].  

𝐼𝐷 = 𝐼𝑠𝑒
𝑞𝑉𝐷
𝑘𝑇  − 𝐼𝑠 = 𝐼𝑠(𝑒

𝑞𝑉𝐷
𝑘𝑇  − 1)    (3) 

𝐼𝐷 = 𝐼𝑆 [𝑒
𝑞(𝑉𝑃𝑉+𝐼𝑝𝑣𝑅𝑆)

𝑁𝑆𝑛𝑇𝑘 − 1]    (4)  

In calculating electrical characteristics, the photovoltaic 
current 𝐼𝑝𝑣, of the model detailed in Figure1 can be expressed 

as in (5) and with other important components of the cell 
current being photon current, 𝐼𝑝ℎ , and shunt current, 𝐼𝑠ℎ  being 

expressed in (6) to (8) respectively [4, 5, 9].   

𝐼𝑝𝑣 = 𝐼𝑝ℎ − 𝐼𝐷 − 𝐼𝑠ℎ      (5) 

Where 

𝐼𝑝ℎ =  [𝐼𝑆𝐶𝑟 + 𝐾𝑖(𝑇 − 298)
𝐺

𝐺0
]   (6) 

 The expression (6) shows that photon current is depended 
on various variables being the temperature (T) and irradiance 
(G) recorded during normal operating conditions of the PV 
module. They are considered with the corresponding values 
measured under standard test conditions (STC) of Irradiance 
1000 𝑊/𝑚2, Temperature 25𝑜𝐶, Air Mass (𝐴𝑀 1.5) , Other 
factors to consider include the short-circuit current (𝐼𝑆𝐶𝑟)  and 
the short circuit temperature coefficient (𝐾𝑖) which are also 
measured at standard test conditions.  

The mathematical model also defines the presence of another 

current, reverse saturation current, 𝐼𝑠, in (7). The expression 

shows that the instantaneous value of this current is 

influenced by different factors. The factors are gap energy of 

semiconductors (J), 𝐸𝑔𝑜 , and the constant, B, with a value 

varying from 1.5 to 1.6,  reference temperature, 𝑇𝑟 , and 

reverse saturation current, 𝐼𝑟𝑠 , at reference temperature 

(25𝑜𝐶)   

𝐼𝑠 = 𝐼𝑟𝑠 (
𝑇

𝑇𝑟
)

3

𝑒
(

𝑞𝐸𝑔𝑜

𝐵𝑘
(

1

𝑇𝑟
−

1

𝑇
))

   (7) 

 

To calculate the shunt current, 𝐼𝑠ℎ, the following terms in 

the model need to be known. PV module output voltage𝑉𝑃𝑉, 

series resistance, 𝑅𝑠,  PV module output current, , 𝐼𝑃𝑉  and 

shunt resistance, 𝑅𝑠ℎ . Therefore, can be expressed as in 

expressed in (8).  

𝐼𝑠ℎ =
𝑉𝑃𝑉+𝑅𝑠𝐼𝑃𝑉

𝑅𝑠ℎ
     (8) 

With voltage output and current output now known, PV 
module power output can be determined according to (9).  

𝑃𝑜𝑢𝑡 = 𝐼𝑝𝑣𝑥𝑉𝑃𝑉      (9) 

3. Modelling, Simulation and |Profiling Maximum 

output power 

 
Single diode model was used to model and simulate the 
maximum output power. To get the maximum power output 
basing on single diode model, simulink models in Fig.4, Fig.5 
and Fig.6 were designed. The models have temperature and 
irradiance as inputs and determine how the Pmax will change 
as different values and irradiance are entered in the model 
because both the temperature and irradiance have influence on 
the amount of maximum power output of the module as 

expressed by (5) and  (6) respectively [7]. With the model it is 
possible to get the value of the current (Ipv), module output 
voltage, Vpv and the the maximum power out, Pmax [2, 8]. 
Fig.6 was designed such that Pmax can be read directly from 
the scope and imported into the excel spreadsheet. Using 
readings from scope an excel spreadsheet it is possible profile 
the Pmax, graphically and determine its relationship with 
associated current, Ipv and the voltage output, Vpv.  

 

Fig.4. Modelled subsystem of reverse saturation current and 

product of  NsAKT, 
 

 
 

Fig.5. Modelled subsystem of output voltage and output 

current 

 
 

Fig.6. Comprehensive systems encompassing all subsystem 

models 
 

Entries for the temperature and the irradiance are monthly 
averages of the daily recordings of the data collected at CERC 
in Gaborone. The geographical positioning system location 
coordinates of Gaborone are 24° 39' 11.7252'' S and 25° 54' 
24.4512'' E [10 ]. The data is how in table 1 which details the 
specifications of the PV module at the same station. Table 2 
shows the GHI and the average temperature of the year 2015 
from January to December obtained at the same station. 
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Table 1. Specification of a photovoltaic module used in the 

simulation 

 
 

 

 

Table 2. Data recorded on daily basis from CERC station in 2015  

 
 

 

4. Results and Analysis 

 

Table 3 shows the average values of global horizontal 
irradiance and the average temperature of 2015 obtained from 
CERC station. The results obtained from simulation models is 
consistent with places in southern hemisphere where the GHI 
is lowest during the months of low temperatures which 
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happens in winter. In Botswana this season comes in May, 
June and July, whilst the highest is recorded around summer 
season which occurs around November, December and 
January. Fig.7, Fig.8 and Fig.9 show the results from January 
to and including the month of December obtained from scopes 
of simulink models. Voltage output was general constant 
throughout the year while the Pmax was varying with month 
of the year.  

 

 

Table 3. Temperature and irradiance recorded at CERC in 

2015  

 
 

 
 

Fig. 7. The  module power  out for the months of January to 

December 

 
 

Fig.8. Graphical representation showing exact value of 

output power at its maximum vales for input temperature and 

irradiance of model in Fig.6 
 

 

  
 

Fig.9. Graphical representation showing exact value of 

output for input temperature and irradiance of model in Fig.6  
 

Using the data in Fig.7 and Fig.8 the PV module electrical 
parameters being  𝑃𝑚𝑎𝑥   and   𝑉𝑃𝑉  for months of January to 
December were entered in table 4.   From table 4, a Pmax 
profile of the year 2015 was developed as shown in Fig.10. 
The results show yearly constant voltage output and a 
maximum power whose value various throughout the year 
with the minimum recorded experienced in winter season..

 y = 0.0008x
5
 - 0.0469x

4
 + 0.8196x

3
 - 5.0664x

2
 + 7.6369x 

+ 36.912            (6) 

 

Table 4.  Output values of maximum power, voltage and 

current recorded from simulation models  
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Fig.10. Profiling of output voltage and power output at its 

maximum values   
 

5. Conclusion  

The study's findings, as illustrated in figures 5, 6, and 7, 

indicate that the module's maximum power output and voltage 

output are dependent on, among other parameters, the ambient 

temperature and irradiance. This confirms other prior findings 

in the literature that revealed the same thing. From January to 

December, the voltage output was relatively steady around 

17.6 V, whereas the maximum output varied each month. The 

Pmax was lowest in June/July and highest in 

December/January. 
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