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A B S T R A C T  
 

 

This paper provides experimental and simulation tools to characterize a Photo-Voltaic (PV) panel. To 
achieve this objective, we start from a PV electrical model and we propose a circuit using Diode-

based-equivalent PV (DBEPV) panel. This circuit is presented as a prototype of an equivalent PV 

panel. It is designed to emulate a real PV module in different climatic conditions (irradiance and 
temperature). In addition, a new characterization tool for the PV panel, based on the automatic 

progression of the duty cycle of a Pulse-Width-Modulation (PWM) signal driving DC/DC buck 

converter, is  developed. This characterization tool can emulate a variable resistance from a zero value 
to the highest one. An ISIS software package and a MATLAB®/Simulink® environment are used to 

simulate the characterization of a real PV panel, and the proposed prototype is experimentally 

validated. The experimental results were obtained and compared with those extracted from simulation. 
An identification of the parameters of the nonlinear mathematical model of the PV panel is necessary 

to validate our new approach characterization of a real PV panel and a prototype DBEPV one. A 

parametric characterization method based on iterative algorithm is applied. A good agreement was 
achieved. Indeed, our comparison showed the efficiency and feasibility of DBEPV prototype and our 

characterization method.  

doi: 10.5829/ije.2018.31.08b.09 
 

 
1. INTRODUCTION1 
 
Recently, there has been a strong penetration of 

renewable energy sources into power supply networks. 

A lot of studies and researches in this area have 

registered significant progress and provided new 

concepts and solutions for realistic and practical 

generation systems, using renewable energy by 

converting sunlight energy into electricity. Photo-

Voltaic (PV) cells are considered a part of this 

renewable energy. A PV cell plays a very important role 

in this field. It can supply electrical energy by directly 

converting solar energy through the PV effect. To be 

useful for high energy; these PV cells must be arranged 

in series and parallel-connected modules [1]. The output 

power of a PV module is influenced by the irradiation 

and temperature of solar cells [1, 2]. Therefore, to 

maximize the efficiency of a PV system, it is necessary 

to track the maximum power point of the input source 

[3-5]. To achieve this task, PV parameters must be 

                                                           
*Corresponding Author’s Email: m_boussaada@yahoo.fr (M. 
Boussaada) 

identified from an I-V characteristic curve representing 

the output of an equivalent electric model of a PV panel.  

An I-V curve is built using a variable resistor, a 

capacitive load, an electronic charge and a DC-DC 

converter [6]. This converter easily emulates a variable 

resistance from the smallest value to the largest one; so 

that it can accomplish the task more correctly. 

Electronic loads propose variable load impedance, 

composed of a MOSFET in series with a resistor 

connected to the terminals of a PV panel [7].  

In the literature, we are encouraged by a lot of work 

using DC-DC converters for an I-V measurement, to 

design reliable and more accessible loads. Different DC-

DC converter topologies, like buck, boost and the buck-

boost-derived converters being variable resistance 

emulators were used [8, 9]. 

Actually, characterization tools are still often 

expensive in the market. For this purpose, we have 

sought to realize in the laboratory a suitable way to 

characterize our PV panel based on an electronic load 

(DC-DC buck converter), which can emulate a variable 

resistance from its smallest values to its highest ones. 

TECHNICAL 

NOTE 
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Still, DC-DC coverters have several problems and 

limitations, mainly related to the determination of the 

open-circuit voltage 𝑉𝑜𝑐  and the short-circuit current 𝐼𝑠𝑐. 

In addition, the characteristics of I-V and P-V specific 

zones are partly attained [10]. Therefore, we proposed a 

DC-DC buck  controller to correctly and accurately 

generate an I-V curve. It is possible in ISIS simulation 

and in an experimental test bench to scan the entire I-V 

curve of a PV generator from 𝑉𝑜𝑐  to  𝐼𝑠𝑐.  

In general, the characterization of a PV panel is 

based on the upward or downward load impedance 

variation, which is usually connected directly to the PV 

panel. In our work, we replace that variable load by a 

fixed one connected to a DC-DC buck converter, which 

is commanded with an analog Pulse-Width-Modulation 

(PWM) signal, mainly to create a PWM signal with a 

time-varying duty cycle with an increasing or 

decreasing behavior. When the duty cycle is zero, the 

PV  will be disconnected from the load and will be in an 

open-circuit operating  𝑉𝑜𝑐. When the duty cycle is equal 

to one, the PV will be connected to the load. 

Accordingly, using a low load assures that PV is in 

short-circuit operating  𝐼𝑠𝑐. The progressive increase or 

decrease in the duty cycle can be obtained by comparing 

a linear, progressive voltage with a saw-tooth signal. To 

achieve this, we developed an electronic card based on 

an electronic counter associated to a Digital-to-Analog 

Converter (DAC). Both the counter and DAC transform 

a progressive number to a progressive voltage signal. 

This latter is compared to a saw-tooth signal and 

delivers the PWM signal with a variable duty.  

In this context, and to obtain I-V and P-V 

characteristics of a PV panel, we developed an 

experimental bench: a prototype of an equivalent PV 

(PEPV) panel (electric current source shunted with a set 

of diodes), a PWM card, and a DC-DC converter 

connected to a fixed load. To validate our design, the 

experimental I-V and P-V characterizations were 

compared to those simulated in ISIS and MATLAB 

environments. With the ISIS software, we implement 

and simulate a PEPV panel and our proposed load 

tracer. The characteristics of this latter were compared 

to those given by a real PV panel and an experimental 

PEPV panel, respectively. Using 

MATLAB®/Simulink®, we identified the PEPV 

parameters, and then the mathematical model 

characteristics were compared to the experimental ones. 

In this paper, a new DC-DC controller is suggested 

to act as a variable load across a PV generator. The 

experimental and simulation tests confirmed our 

proposal. Section 2 describes the PV principle and 

operation, followed by explaining the influence of the 

temperature and irradiance on the I-V and P-V curves. 

In section 3, we emulate the variable resistor based on a 

new controller. Section 4 provides the plot of the I-V 

and P-V characteristics obtained from the mathematical 

model. The experimental results validate the theoretical 

analysis. The conclusion is drawn in section 5. 

 

 

2. PHOTO-VOLTAIC PANELS  
 

2. 1. Analytical Model of a PV Cell       A PV cell can 

be modeled as illustrated in Figure 1 [11]. The current 

of a solar cell can be expressed by:  

𝐼𝑃 = 𝐼𝑝ℎ − 𝐼𝑑 − 𝐼𝑟𝑠ℎ (1) 

where, 𝐼𝑝 is the output current, 𝐼𝑝ℎ is the photo 

generated current, 𝐼𝑑 is the dark saturation current, and 

𝐼𝑟𝑠ℎ is the current flowing shunt resistance, given: 

𝐼𝑟𝑠ℎ = (𝑉𝑝 + 𝑅𝑠𝐼𝑝)/𝑅𝑠ℎ (2) 

where, 𝑉𝑝 is the output voltage, 𝑅𝑠 is the series 

resistance, and 𝑅𝑠ℎ is the shunt resistance. Equation (1) 

is developed to be as follows:  

𝐼𝑃 = 𝐼𝑝ℎ − 𝐼𝑠[𝑒𝑥𝑝(𝑉𝑝+𝑅𝑠𝐼𝑝)/𝑉𝑇 − 1] − (𝑉𝑝 + 𝑅𝑠𝐼𝑝)/ 𝑅𝑠ℎ  (3) 

where, 𝐼𝑠  is the reverse saturation current, 𝑉𝑇 = 𝐴𝐾𝑇/𝑞 

is the thermodynamic voltage, 𝐴 is the diode ideality 

constant, 𝑞 = 1.6 ∗  10−19°C is the electronic charge, 

𝐾 = 1.38 ∗ 10−23𝐽/𝐾 is the Boltzmann constant, and 𝑇 

is the ambient temperature in Kelvins. Equation (3) can 

be plotted versus the output voltage  𝑉𝑃 (a continuous 

line in Figure 2). Thus, multiplying equation (3) by 𝑉𝑃 

results in: 

𝑃 =  𝑉𝑃 𝐼𝑃 = (𝐼𝑝ℎ − 𝐼𝑠[𝑒𝑥𝑝(𝑉𝑝+𝑅𝑠𝐼𝑝)/𝑉𝑇 − 1] −

(𝑉𝑝 + 𝑅𝑠𝐼𝑝)/ 𝑅𝑠ℎ)𝑉𝑃  
(4) 

The power expression in equation (4) is then plotted 

versus voltage 𝑉𝑃, leading to a curve in the form shown 

in Figure 2 with a dashed line. Both curves are plotted 

for constant temperature and irradiance. In this figure, 

𝑃𝑀 is the optimal power, 𝑉𝑀 is the optimal voltage, 𝐼𝑀 is 

the optimal current, 𝐼𝑆𝐶  is the short circuit current, and 

𝑉𝑂𝐶  is the open circuit voltage. 

 

 

 
Figure 1. Electric model of a PV cell 

 

 

 
Figure 2. I-V and P-V characteristics of a PV cell 
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A maximum power operation of PV module 

applications is a challenging problem, since it requires 

that the system load is capable of using all available 

power from the PV system at all times. 

In any case, any operating point is given by the 

intersection of the I-V characteristics of the connected 

load with the I-V characteristics of the PV array. In 

other words, a variation in the load under average 

irradiance and temperature conditions involves the 

movement of the operating point along the I-V 

characteristic of the PV module from open-circuit to 

short-circuit conditions. Based on the electric energy 

production, as needed, PV modules can be arranged into 

arrays to raise the electrical output. The groups of 

modules are connected in parallel and in series to form a 

solar array or panel to get the necessary voltage and 

current. Those kinds of PV panels require a large area to 

be planted and are generally mounted on roofs. To 

simplify this huge and difficult plant of PV cells, we 

propose an equivalent PV panel based on 32 power 

diodes connected in series, called a Diode-based-

equivalent circuit of a PV (DBEPV) panel, which is 

simple to use and easy to design. 

 

2. 2. Diode-based Equivalent Circuit of a PV Panel       
Based on the electric model of a PV module, an 

equivalent PV generator can be designed as in [12]. The 

principle of this prototype is based on a current souce 

shunted to a set of diodes and devoted to supply the 

same short-circuit current as any real PV panel 

operating at any condition. Also, 𝑉𝑜𝑐  can be adjusted 

across a diode panel by the number of diodes connected 

in series. Thus DBEPV panel can accomplish static and 

dynamic characteristics like any PV array. Figure 3 

depicts DBEPV panel simulated on a Proteus ISIS 

environment. It is designed to deliver an open-circuit 

voltage 𝑉𝑂𝐶 = 34.1 𝑉 and a short-circuit current  𝐼𝑆𝐶 =
3.24 𝐴. To extract I-V and P-V characteristic curves, we 

proposed an electronic load acting as an I-V tracer to 

sketch these curves, as shown in Figure 4. 

 

 

3. PROPOSED ELECTRONIC LOAD 
 
We suggested an electronic load made of an L-C filter 

composed of an inductor L and a capacitor C, a DC-DC 

buck converter with an appropriate PWM control 

module, and a resistor R0. Connected to our DBEPV 

module, this load scans all operating points on both 

current and power-source voltage curves, to characterize 

a PV source from 𝑉𝑂𝐶  to  𝐼𝑆𝐶 .  

 

3. 1. Buck Converter and PWM Controller   The 
most appealing method consists in sweeping the IV-

curve, using a variable resistor as proposed  in literature 

[8]. 

 
Figure 3. Proteus ISIS-based DBEPVP model 

 

 

 
Figure 4. ISIS simulation 

 

 

The DBEPV-load system can start from a minimal 

allowed voltage (or maximal allowed current) and then 

it gradually rises until reaching the maximal allowed 

voltage (or minimal allowed current). Our proposed 

system presents an electronic load based on a buck 

converter connected to a resistor. The buck converter is 

commanded by a PWM controller. Both of them were 

designed as inner parts of the proposed load. Their 

equivalent circuits are shown in Figure 4.  

 
3. 2. Simulation in ISIS Environment       The 

suggested system, composed of a DBEPV panel and an 

electronic load, is developed and simulated in an ISIS 

environment. Figure 4 illustrates the buck converter 

connected to the output (J1, J2) of the prototype diode 

panel provided in Figure 3. The CMOS transistor is 

controlled by a variable PWM result by comparing 

between a ramp signal and a saw-tooth signal. This 

performs an automatic switching of the operating point 

between the open-circuit and short-circuit conditions. 

The measurement of the output voltage, current and 

power versus time are given in Figure 4.  

 
3. 3. Experimental Results Using Proposed 
Electronic Load        The aforementioned DBEPV 

panel  and electronic load were built in electronic cards 

in our research laboratory, as shown in Figure 5. A ramp 

card and a PWM generator card are also realized. 

The ramp card is based on an analog circuit design, 

where a counter (4520) and DAC gradually provide an 

increasing ramp-signal slope. This latter is compared to 

a saw-tooth signal delivering a PWM controller signal 

and it generates an automatic time-varying duty cycle in 

the range of [0 1], as simulated and depicted in Figure 6. 
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Figure 5. Experimental set-up 

 

 

 
Figure 6. Simulation sample of progressive duty cycle 

 

 

3. 3. 1. I-V and P-V Characteristics of a Real Panel       
To validate DBEPV panel, the simulation results sketch 

its I-V and P-V characteristic curves, compared to those 

extracted from a real PV panel (IFRI250-60). This latter 

is implanted on the roof of our laboratory. The 

experimental curves are extracted using our suggested I-

V tracer under various climatic conditions (temperature 

and irradiation). The PV electronic load is the same as 

shown in Figure 5, but the DBEPV panel is replaced by 

a real laboratory PV panel. A lot of experimental tests 

were conducted during different periods. Examples of 

tests are given in Figure 7 for (G= 632.93 W/m² &T 

31.91°C) and Figure 8 for (G= 566.21 W/m² &T 

31.83°C).  

In Figures 7 and 8, we sketched the simulation 

results given by the DBEPV-load system modeled on an 

ISIS environment at the same conditions of the 

examples of the experimental tests. Compared to the 

current-voltage and power-voltage curves extracted 

from the real PV panel, as illustrated in Figures 7 and 8, 

our DBEPV panel model can prove its validity as an 

alternative that can simulate a real PV panel. 

 

 

 
Figure 7. Comparison of simulated and measured curves of a 

real PV panel (G=632.93 W/m²): a) I-V characteristic, b) P-V 

characteristic 

 
Figure 8. Comparison of simulated and measured curves of a 

real PV panel (G=566.21 W/m²): a) I-V characteristic, b) P-V 

characteristic 
 

 

3. 3. 2. I-V and P-V Prototype Characteristic        
The results given by the simulated DBEPV model are in 

concordance with the experimental results of the 

current-voltage I-V and power-voltage P-V 

characteristics sketched out from our DBEPV-load 

electronic cards, as it can be seen in Figure 9. The ISIS 

simulation curves of the model are in a solid line and 

the experimental results are in a dotted line. Both curves 

are built at the same conditions: an open-circuit voltage 

of 34.1V and a short current of 3.24 A.  

We can specify here that contrary to a real PV 

panel, DBEPV panel registers the lack of temperature 

and irradiance dependencies. This shortcoming forces 

us to validate the experimental results of DBEPV panel 

by comparing them to those given by the ISIS model, 

because this simulated model can be adapted to 

meteorological data by adding or removing diodes from 

the chain and adjusting the values of  𝑅𝑠 and 𝑅𝑠𝐻.  Once 

simulated, the model is validated. The comparison study 

between DBEPV panel and its ISIS model (Figure 9) is 

sufficient to prove this PV prototype.  
 

 

4. PARAMETER IDENTIFICATION  
 

During the characterization of a PV panel, we measured 

the voltages and currents produced at these terminals. It 

is possible to reconstitute the characteristics of an 

energy PV panel by its mathematical model while 

applying a series of voltage levels between 0 and 𝑉𝑂𝐶  

and calculating their corresponding currents. This model 

is non-linear and contains unknown parameters, which 

depends on several factors such as climatic conditions 

[1, 13, 14]. In practice, the obtained I-V curve implies 

that the parameters are not accessible.  
 
 

 
Figure 9. Comparison of simulated and measured curves of 

DBEPV model: a) I-V characteristic, b) P-V characteristic 
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To extract them, we used a Parametric 

Characterization Method (PCM) based on minimizing 

quadratic difference between the experimental 

measurements and the results of the theoretical models 

describing the PV system. This method is described in 

Figure 10. 

The parametric characterization presented in this 

paper requires experimental (voltage, current) 

measurements and a mathematical model of a PV panel. 

Our task is to apply this method on DBEPV module to 

convert it into a mathematical model of four parameters. 
The PCM method consists in assessing inaccessible 

physical quantities in an experience (β) to another 

measuring magnitude (I, V), which is directly accessible 

to an experience. Given V, I is calculated from a 

mathematical model of the problem. For a PV panel, the 

mathematical model is given by Equation (3). The latter 

is adopted to predict the DBEPV model. First, an initial 

vector β and current IP are chosen. After that, a reverse 

calculus method is applied, based on the Newton-

Raphson method, to get the first calculated current IP.  

𝐽(𝛽)  is a quadratic criterion depending on the residual 

error given between 𝐼𝑝−𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑  and  𝐼𝑝−𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑. 

If 𝐽(𝛽) < 0.01 , then the present vector 𝛽 is 

retained. Otherwise, another initial vector 𝛽 is 

calculated. This part of the algorithm is based on the 

Gauss Newton method. The process will continue until 

the condition on 𝐽(𝛽) is approved.  

Table 1 presents the results obtained by the 

proposed parametric characterization method. Using the 

experimental data given DBEPVP and starting from a 

well-chosen initial vector 𝛽, we can have an 

approximated four-parameter model of the DBEPVP, 

with  𝐼𝑝ℎ = 3.24 𝐴,  𝑉𝑂𝐶 = 34.10 𝑉, and 
 
 𝐴 = 1.32. 

As shown in Figure 11, the I-V and P-V 

characteristics of the DBEPV mathematical model are 

in concordance with those obtained by the DBEPV-load 

cards. It is noted that the accuracy of the estimated 

values depends upon the chosen tolerance band and the 

initial vector 𝛽. The PCM validation is done by 

calculating the errors in the curves obtained using the 

estimated parameters with respect to those curves 

obtained experimentally, as illustrated by Figure 12. 
 
 

 
Figure 10. PCM flowchart 

TABLE 1. Estimation results (DBEPV, parameter model) 

β parameters Initial values Optimal values 

𝐼𝑆 (A) 3.0 10-13 3.29 10-12 

𝑉𝑇 (V) 1.1 1.23 

𝑅𝑠 (ohm) 1.4 1.42 

𝑅𝑠ℎ (ohm) 80 5.610+3 

 

 

 
Figure 11. Comparison of measured and calculated 

characteristics of a DBEPV model using estimated parameters: 

a) I-V characteristic, b) P-V characteristic  

 

 

 
Figure 12. Residual error 

 

 

5. CONCLUSION 
 
In this paper, a DBEPV panel prototype and a DC-DC 

buck controller have been proposed. The objective of 

this work is to make from this panel prototype a 

possible alternative for an emulated PV panel. To 

accomplish this goal, characterization is realized by a 

novel I-V tracer technique applied on a simulated model 

of the DBEPV panel using the ISIS software and 

compared to the experimental results given by a real PV 

panel. We have designed DBEPV module and the I-V 

tracer in electronic cards. The experimental I-V and P-V 

characteristics of the prototype are in agreement with 

those delivered by simulation. To extract the parameters 

of the equivalent electric DBEPV model, a parametric 

characterization method based on the iterative algorithm 

has been applied. The experimental characteristics of 

the prototype curves are compared to those given by this 

mathematical electric model, proving the success and 

efficiency of the proposed PV alternative. ISIS has 

become available to simulate any PV  panel application, 

especially the maximum power point tracking. Finally, 

identifying the real model is under active investigation. 
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 چكيده

 

 

ای دستیابی به این ( فراهم می کند. برPVاین مقاله ابزار تجربی و شبیه سازی را برای مشخص کردن یک پنل عکس ولتاژ )

ی اس پیشنهاد مشروع می کنیم و یک مدار با استفاده از پانل بر پایه دیود بر اس PVهدف، ما از یک مدل الکتریکی 

(DBEPV) PV  کنیم. این مدار به عنوان یک نمونه از پانلPV  ست که یک امعادل ارائه شده است. این طراحی شده

شخصه ک ابزار مرا در شرایط مختلف آب و هوایی )تابش و درجه حرارت( تقلید کند. علاوه بر این، ی PVماژول واقعی 

ه مبدل بک توسع DC / DCمبدل  PWMل بر اساس پیشرفت اتوماتیک چرخه کار یک سیگنا PVجدید برای پانل 

اری فزا یک بسته نرم یافته است. این ابزار مشخصه می تواند یک مقاومت متغیر از مقدار صفر به بالاترین را تقلید کند.

ISIS  و یک محیطMATLAB® / Simulink® یات پانل واقعی خصوص سازی شبیه برایPV  استفاده می شود و

ه سازی ز شبیانمونه اولیه پیشنهاد شده به صورت تجربی تایید شده است. نتایج تجربی بدست آمده و با آنهایی که 

دید رویکرد ما جبرای تایید ویژگی  PVاستخراج شده مقایسه شده اند. شناسایی پارامترهای مدل غیر خطی ریاضی پانل 

ی اعمال لازم است. یک روش توصیف پارامتری بر اساس الگوریتم تکرار DBEPV 1و یک نمونه  PVیک پانل واقعی 

ثربخشی و که ا می شود. توافق خوب به دست آمده است. در واقع، مقایسه بین نتایج تجربی و شبیه سازی نشان می دهد

 .و روش توصیف پیشنهاد شده DBEPVامکان سنجی نمونه اولیه 
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