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Comparative Study of the Performance of Three
Modeling Approaches for a Photovoltaic Panel
Emulator based on the Single-diode Model and

Using a Buck-boost DC/DC Converter

S. Jenkal, M. Kourchi, A. Rachdy, O. Oussalem, H. Idadoub,
M. QOubella and M. Ajaamoum

Abstract--- The photovoltaic emulator provides an efficient solution to maintain the same current-voltage output
of photovoltaic module. It includes three major parts: the Photovoltaic model, a controlling strategy, and converter
for power stage. The precise determination of the current-voltage characteristic curve is an challenge for the
researchers until today. This paper provides three approaches for the modelling of photovoltaic arrays and presents
the synthesis results by the simulation of the current-voltage characteristic performances obtained by the modeling
approaches. Then an evaluation of the photovoltaic emulator’s behavior under different conditions. An
identification method is developed using Newton Raphson's, and linear interpolation methods. The mathematical
model is built using MATLAB/SIMULINK and a sized buck-boost converter for the power stage. Following this
comparative study, we came to a high agreement between the experimental and simulated current-voltage

characteristics for the emulator under study.

Keywords--- Buck-Boost Converter, Photovoltaic system, Mathematical Modelling, Matlab.

I. INTRODUCTION
The theoretical modelling of solar cells is crucial for the optimization of the efficiency and the diagnostics of the

photovoltaic (PV) generator. It has been today amply demonstrated [1], [2]. The PV module is normally defined by
an equivalent circuit [3][4] with parameters experimentally calculated by using the current-voltage characteristic.
However, the obtained results requires a validation through experiments where the setup is complex and the

temperature of manipulation is not flexible [5].

Therefore, a PV emulator, which is an electronic system able to reproduce the characteristics of current-voltage
output of a PV module, provides a useful test facility solution for PV applications; designing and testing PV power
systems, PV generation analysis, development of control systems, and power electronic interfaces, among others,
with less weight, less bulky, independence of weather conditions and flexibility, etc.. The device can be built with

low-cost components in a compact arrangement with the portability and ease of use [6].

S. Jenkal, LASIME Laboratory, National school of applied sciences, Agadir, Morocco.E-mail: samia.jenkal@edu.uiz.ac.ma

M. Kourchi, LASIME laboratory, Higher school of technology, Ibn Zohr University, Agadir, Morocco. E-mail: m.kourchi@ uiz.ac.ma

A. Rachdy, LASIME laboratory, Higher school of technology, Ibn Zohr University, Agadir, Morocco. E-mail: a.rachdy@ uiz.ac.ma

0. Oussalem, LASIME Laboratory, National school of applied sciences, Agadir, Morocco. E-mail: otman.oussalem@edu.uiz.ac.ma

H. ldadoub, LASIME Laboratory, National school of applied sciences Agadir, Morocco. E-mail: hicham.idadoub@edu.uiz.ac.ma

M. Oubella, LASIME laboratory, Higher school of technology, Ibn Zohr University, Agadir, Morocco. E-mail: m.oubella@ uiz.ac.ma

M. Ajaamoum, LASIME laboratory, Higher school of technology, 1bn Zohr University, Agadir, Morocco. E-mail: m.ajaamoum@ uiz.ac.ma

DOI: 10.37200/1JPR/V2413/PR200820
Received: 12 Jan 2020 | Revised: 30 Jan 2020 | Accepted: 02 Feb 2020 633


mailto:samia.jenkal@edu.uiz.ac.ma
mailto:otman.oussalem@edu.uiz.ac.ma
mailto:hicham.idadoub@edu.uiz.ac.ma

International Journal of Psychosocial Rehabilitation, Vol. 24, Issue 03, 2020
ISSN: 1475-7192

In order to carry out an operational evaluation of the characteristics of the performance of a PV cell system, a
specific mathematical model is a main tool for researchers. Solar cell modeling primarily involves the formulation of
the non-linear current vs. voltage (I1-V) curve. Several models have been developed to represent the behavior of the
system under different operating conditions. They vary from models with simple assumptions to advanced models

with many physical variables[7], [4].

In practice, there are two major equivalent circuit models to describe the behavior of a solar cell system: the single
and double diode models [8], [9]. The solar cell models comprise a group of parameters, namely, photo-generated
current based on the single-diode model is presented. This PV emulator system is employed using the

MATLAB/SIMULINK application.

In this context, the work we have carried out has allowed us to present a comparative study of three different

approaches and to be able to choose the most appropriate for our PV emulator.

The rest of this paper is arranged as follows: Section 2 provides a description of the system that we proposed, the
two line approach, the five line approach and the Newthon-Raphson method are explained; Simulation results and

discussions are given in Section 3 and finally, conclusion is presented is Section 4.

Il. METHODOLOGY
A. System Description

The proposed system is schematically shown in Fig.1. This solution consists in achieving a programmable power

supply based on a buck boost converter DC/DC piloted by a control unit.

A Solar PV model is built in MATLAB/SIMULINK with datasheet values taken from Solarex MSX-64 Solar
PV panel[10]. Further, this model serves as a reference to obtain any operating point on the Solar PV characteristic,

irradiation, temperature corresponding to the expected I-V characteristics of Solar PV

Buck-Boost
corverter

Figure 1: Overview of the Proposed System

B. Mathematical model of PV panels
As the smallest elements of a PV module, the PV cells directly convert solar irradiation to electricity due to the
photovoltaic effect [11]. In fact, a solar cell can be represented in different variations. The most common is the so-

called "single diode" [12], because of its simplicity and easy implementation shown in Figure 2
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Figure 2: Electrical equivalent circuit of a solar cell

According to Fig. 1, the output current of the model is described as follows:

V + Rl Vp, + Rl
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The mathematical model presented is an explicit type because of its universality by developing compatibility
with different types of PV panel, thus adaptable to changing weather conditions (G and T).
C. DC-DC Buck-boost Converter

The authors, in their previous work, have used DC-DC Buck converter to control emulators due to the
preference of step down operation[7].

A DC-DC Buck-Boost converter can minimize the input voltage.[13] We can use a 12V voltage source to
emulate a panel with an open circuit voltage that goes to 30V, and less costly compared to most of the other
converters.

The output of DC-DC Buck-Boost converter is inverted which introduces complexity in the sensing and
feedback circuit. Therefore, the designed converter is represented in figure 3 and the configuration of sensors must

possess the ability to replicate the characteristics of Solar PV panel selected. The values of L and C are designed
with the help of the following equations:

Vo Lc

Vs “|L(-D)? (6)
RLmax(1=Dmmin)?
Lcmin — Lma: (zfs min) (7)

Dmax Vomax
fs.RLmin AVo

(8)

Cmin -

Further, equation (6) helps to know the range of duty cycle and also safety factor are taken into consideration in
the design process. The DC-DC Buck-Boost converter is operated at switching frequency of 40 kHz with Vin =12V,

voltage and current ripple are set to 1% and <1.5% respectively. The computed values of L and C are 1.49mH and
1,23mF respectively.
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To limit the current and the voltage ripple at the load, a low-pass LC filter has been added [14].
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Figure 3: Buck-boost converter equivalent circuit

D. Performance Of The Solar Emulator And Modeling Approaches
D.1 Five Line Approach

To model our PV panel, we, first propose a system of polynomial equations allowing the calculation of six points

of the I-V characteristic (Fig. 4). These six points will then serve to calculate, by linear interpolation, the other
points of the characteristic 1-V.

5
4 Isc 1 12
A A Imp
O
3 1/2Voc 5
z v
2 ' Vmp
1 1/2(Voc+Vmp)
0 : P . sVoc
0 5 10 vpv 15 20 25

Figure 4: Equivalent Circuit of a Solar Cell with Rs and Rp

We need to select N + 1 points from the curve to generate N number of fitting lines. To begin with, the two end
points from the curve are the open-circuit voltage (Voc, 0 A) and short-circuit current (0 V, Isc). The third point
(Vmp, Imp), is selected as the maximum power point (MPP) of the curve. To improve the accuracy of the
adjustment curve method, we have selected three other points: ((Voc + Vmp)/2,13), (V2, 12), (Voc/2, 11).

Consequently, we will get six points and five lines.
Voo =Cp +C1 Xy +Cy X3
Vmp =Cg +Cy X3 +Cy Xy +C3 Xq X3
lge =Cqy Xg +Cy Xy
I, =C1 Xy +Cp Xy +C3 X1 Xy 9
I, =Cyp+Cy Xy +Cy Xy +C5 Xq Xy
Imp =Co +C1 X; +C5 X5 +C3 X X
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In these equations x;, X, and X; present the functions of temperature T and radiation G, according to the
following equations:
X, =G/G,
X2 :T —Tﬂ
X3 =l0g15(G/Gn)
Where G,= 1000 W/m? and T, =T =25 °C
Co, C1, Cp, C3 and ¢, are the interpolation coefficients ensuring a good smoothing.
D.2 Two Line Approach
In this approach, we propose a system of polynomial equations allowing the calculation of three points of the
characteristic 1-V (Fig. 5). These three points will then serve to calculate, by linear interpolation, the other points of
the characteristic 1-V. The two end points from the curve are the open-circuit voltage (Voc, 0 A) and short-circuit

current (0 V, Isc). The third point (Vmp, Imp), is selected as the maximum power point (MPP) of the curve.

0.8

0.7}

06

051

04

03

02F

0'10 5 10 15 20 25

Figure 5: Model of the two line approach
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Figure 6: Two lines approach flowchart
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D.3 Newton Raphson Method

The Newton-Raphson method, or Newton Method, is a powerful technique for solving equations numerically.
Like so much of the differential calculus, it is based on the simple idea of linear approximation. The Newton Method
requires knowledge of the panel parameters [15], [16], [17].

The algorithm corresponding to this method, presented by the flowchart in Figure 7, is based on the Taylor
development, stipulated for each iteration, the equation (1) is linearized at a current point, and the point next is taken

equal to the zero of the linearized function. Thus, the current | of equation (1) can be calculated iteratively according
to the relation (9).

The stop criterion of the iterations is expressed by the relation (10) giving € = f (I, V) which represents the value

of the equation (1) for the current I, ; which is expressed by:

V+Rs Iy V+Rs I
Iph—Io[exp( Ave )—1] Rp Ik
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Figure 7: Newton Raphson method flowchart

E. Models Of Solar Emulator In Matlab / Simulink
E.1 Five Lines Approach

DOI: 10.37200/1JPR/V2413/PR200820
Received: 12 Jan 2020 | Revised: 30 Jan 2020 | Accepted: 02 Feb 2020 638



International Journal of Psychosocial Rehabilitation, Vol. 24, Issue 03, 2020
ISSN: 1475-7192

The schematic diagram of the PV emulator based on five line approaches is established in the following figure:

nifuous
el Swik

powerul

Figure 8: The developed PV emulator based on five lines approach model in Matlab / Simulink
It consists of four blocks: the PV block, the function block, the PWM control and the Buck-boost converter
block. PV block represents the mathematical model of the photovoltaic panel studied, it determines the reference
voltage Vref according to the current load Ipv, irradiance (G) and temperature (T). The control unit generates a
PWM signal duty ratio a for switching the DC / DC converter. Finally the Buck-boost converter block represents the
power stage between the photovoltaic module and the load.

E.2 Two Lines Approach

The schematic diagram of the PV emulator based on the two line approach is established in the following figure:
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Figure 9: The developed PV emulator based on two lines approach model in Matlab / Simulink

E.3 Newthon-Raphson Method

The schematic diagram of the PV emulator based on the newthon-raphson method is established in the

following figure:
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Figure 10: The developed PV emulator based on newthon-raphson method model in Matlab / Simulink

I11.RESULTS AND DISCUSSION
In this section we expose the various parameters of simulation. Then, we will expose the simulation results and the

obtained measurements. The modeling of I-V characteristics is validated through the datasheet of PV module Solarex
MSX-64.

I-V characteristics for the PV module Kyocera MSX-64 obtained from datasheet are listed in the following table:

The results are validated through the datasheet of PV panel Solarex MSX-64. Tables 1 summarize the electrical
characteristics of the panel under study.

Table 1: Typical Electrical Characteristics of MSX-64: 25 °C, AM 1.5, 1000 W/M2

Parameter Value
Voltage at point of maximum power (V) 175V
Current at maximum power (1) 3.66 A
Cell number (Ns) 36
Nominal open-circuit voltage (Vo) 21.3V
Nominal short-circuit (Iscn) 40144 A
Kv temperature coefficient of the voltage circuit open 0.074107
Ki temperature coefficient of the short circuit 0.004832

The algorithms are coded and executed in the Matlab environment to identify the cell parameters using the single
diode model. Tables 2,3,4, summarize the results of efficiency, for each model and the efficiency of the model on
our emulator.
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Figure 12: Comparison between experimental and theoretical results

Figure 11: Comparison between experimental and theoretical results on five line approach.

on two line approach
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Figure 13: Comparison between experimental and theoretical results on Newthon-Raphson method
In order to confirm the quality of each approach, the statistical analysis based on mean absolute error (MAE) is

made. Tables 2,3,4, show the relative error (eq (10)) for each measurement along with the MAPE (eq (11)

The MAPE (Mean Absolute Percent Error) measures the size of the error in percentage terms. It is calculated as the

average of the unsigned percentage error [18].

e = Imeasured —Icalculed (10)
Imeasured
MAPE = (23N |e;]) x 100 11
- N i=1 € X ( )
Table 2: Mean absolute error (MAE) based on the extracted Table 3: Mean absolute error (MAE) based on the extracted
parameters (Newthon-Raphson method). parameters (five lines approach ).
V(1) V(t) Relative V() V() Relative
Measurement | . \culated measured error Measurement |, 1Yo | measured error

! 053 0.75 0.415094 1 0,5201 | 0,652 0,253605
2 4,32 4,36 0,009259 2 15,8017 | 15,9427 0,008923
3 10,1655 10,59 0.041759 3 16,4393 | 16,6853 0,014964
4 124328 | 13,0057 0,04608 4 16,9524 | 17,2032 0,020103
> 12,7925 13,358 0,044206 5 17,1614 | 17,5007 0,019771
6 13,6997 13595 0,007643 6 17,3601 | 17,6981 0,01947
7 15,8881 16,0301 0,008938 . 17519% | 17886 0.019169
8 16,92 17,3419 0,024935 8 17,8176 | 18,1515 0,01874
9 17,9431 | 18,3834 0,024539 9 185982 | 18,9177 | 0,017179
10 19,5896 19,837 0,012629 10 190192 | 192781 | 0,013613
13 21,0505 | 21,1463 0.004551 13 21,938 | 21,1755 | 0,000863

MAPE 4,77068 MAPE 2,995232
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Table 4: Mean absolute error (MAE) based on the extracted parameters (Two lines approach).

Measurement V(t) calculated V(t) measured Relative error
1 0,4205 1,3211 2,141736
2 10,4776 11,3524 0,083492
3 16,5319 16,3198 0,01283
4 16,7314 16,8737 0,008505
5 17,1631 17,8107 0,037732
6 17,8182 18,3324 0,028858
7 18,484 18,8746 0,021132
8 19,2608 19,5219 0,013556
9 20,5796 20,6583 0,003824
10 20,7555 20,8135 0,002794
11 20,8623 20,9083 0,002205
12 21,0787 21,0991 0,000968
13 21,1821 21,1544 0,001308
MAPE 16,84957

Fig. 11 shows the measured results on the prototype using the two line approach. The results are very close to the
two operating lines. Tables 11,12,13 shows error results on the three approaches. The result approved that the five line
approach has the most efficiency on the emulator based on buck-boost converter. Due to the memory limitation of the
low cost micro-controllers, multiple straight lines for modeling an 1-V curve of the PV panel is fast and straight-
forward.

To improve the accuracy of modeling further, however, the Newton-Raphson method that requires the
exponential expressions can be used and a more powerful micro-controller needed to be used.
IV. CONCLUSION

This paper presents the modelling, design and simulation of a PV emulator based on a buck-boost DC/DC
converter and a multiple approach for emulating Solar PV characteristics. The PV emulator has been tested using
resistive loads. A comparative study is performed conclude on the performance of the modelling methods of
photovoltaic panels for the emulators based on a buck-boost controller. After modelling, simulating the different
approaches, for a PV emulator, under Matlab / Simulink, the five line approach perform better according to the
theoretical curve. In the case of the efficiency of the model, the Newthon-Raphson is more efficient and it can be

used with powerful micro-controller.

NOMENCLATURES

A. Acronyms

DC Controllable direct current

AC Alternating current
I Current

\ Voltage

PV Photovoltaic
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B. Symbols / Parameters

Ion - Photocurrent.

lo: Reverse saturation current for an ideal pn-junction diode.
a: ldeality factor of the solar cell.

Vi = NsKT / g: thermal voltage.

Ns: Number of cells connected in series.

K: Boltzmann's constant (1.38 10-23 J / K).

T: Real junction temperature (K).

g: Elementary charge.

Rs: Series resistance (Q).

Rp: Shunt resistance (Q).

Impp: Current at the Maximum Power Point (A)

Vimpp: Voltage at the Maximum Power Point (A)

Voc: Open-circuit voltage of the panel (V)

Isc: Short circuit current of the cell (A)

Impp,n: NOominal current at the Maximum Power Point (A)
Vmppn: Nominal voltage at the Maximum Power Point (V)
lsen: : Nominal short-circuit current (A)

Voc.n: Nominal open-circuit voltage (V)

Vin: Nominal thermal voltage.

G: Real Irradiance level (W/m?).

G,: STC irradiance levels (W/m2).

T,: Nominal temperature (K).
Ki: Temperature coefficient of the short-circuit
Kv: Temperature coefficient of the open-cirvuit voltage

Ioh,n - Nominal photocurrent.

REFERENCES

[1] E. Z. O. Barambones and F. O. Echavarri, “Modelling of a Photovoltaic Panel Based on Their Actual
Measurements,” Int. J. Tech. Phys. Probl. Eng., no. December, pp. 3741, 2014.

[2] A. Triki-lahiani, A. B. Abdelghani, and I. Slama-belkhodja, “Partial Shading Effect Investigation on PV
Performance Indicators,” in The 9th International Renewable Energy Congress (IREC 2018) Partial, 2018.

[3] H.Can, “Model of a photovoltaic panel emulator in MATLAB-Simulink,” Turkish J. Electr. Eng. Comput. Sci.,
pp. 301-308, 2013.

[4] S. Lineykin, M. Averbukh, and A. Kuperman, “Five-parameter model of photovoltaic cell based on STC data
and dimensionless,” 2012 IEEE 27th Conv. Electr. Electron. Eng. Isr. IEEEI 2012, pp. 1-5, 2012.

[5] O. Oussalem et al., “Realization of a control platform of a photovoltaic system optimized by MPPT strategy
‘perturb and observe,”” Int. Rev. Autom. Control, vol. 12, no. 3, pp. 115-122, 2019.

[6] A. V. Rana and H. H. Patel, “Current Controlled Buck Converter based Photovoltaic Emulator,” J. Ind. Intell.

Inf., vol. 1, no. 2, pp. 91-96, 2013.

DOI: 10.37200/1JPR/V2413/PR200820
Received: 12 Jan 2020 | Revised: 30 Jan 2020 | Accepted: 02 Feb 2020 643



International Journal of Psychosocial Rehabilitation, Vol. 24, Issue 03, 2020
ISSN: 1475-7192

[7]

(8]
[°]

[10]

[11]

[12]
[13]
[14]
[15]

[16]

[17]

[18]

M. Hasnaoui, A. Bennani-Ben Abdelghani, and I. Slama-Belkhodja, “Implementation of a PV Panel Model
based on the Look-up Tables Method for a PV Generator Emulator,” in Proceedings of the International
Conference on Recent Advances in Electrical Systems, Tunisia, 2016, pp. 290-295.

I. Moussa, A. Khedher, and A. Bouallegue, “Design of a Low-Cost PV Emulator Applied for PVECS,”
Electronics, vol. 8, no. 2, p. 232, 2019.

A. Yahfdhou, M. M. Menou, A. M. Yahya, N. D. Eida, A. K. Mahmoud, and I. Youm, “Valuation and
Determination of Seven and Five Parameters of Photovoltaic Generator by Iterative Method,” Smart Grid
Renew. Energy, vol. 07, no. 09, pp. 247-260, 2016.

SOLAREX, “MSX-60 and MSX-64 Photovoltaic Modules.” [Online]. Available:
https://www.solarelectricsupply.com/media/custom/upload/Solarex-MSX64.pdf.

S. Jenkal, M. Kourchi, A. Rachdy, M. Ajaamoum, O. Oussalem, and H. Idadoub, “Design and implementation
of an agilent-based platform for PV feature generator based on LUT tables,” Mater. Today Proc., vol. 24, pp.
95-99, 2020.

M. G. Villalva, J. R. Gazoli, and E. R. Filho, “Comprehensive Approach to Modeling and Simulation of
Photovoltaic Arrays,” IEEE Trans. POWER Electron., vol. 24, no. 5, pp. 1198-1208, 2009.

M. C. Di Piazza and G. Vitale, “Photovoltaic Sources,” 2013, pp. 76—86.

P. H. To and D. Q. Phan, “A photovoltaic emulator using dSPACE controller with simple control method and
fast response time,” in Proceedings - 2017 International Conference on System Science and Engineering,
ICSSE 2017, 2017, pp. 718-723.

L. Adriana and T. Grisales, “Techniques for modeling photovoltaic systems under partial shading,” Tecnura,
vol. 20, no. 48, pp. 171-183, 2016.

A. Castillo Atoche, J. Vazquez Castillo, J. Ortegdn-Aguilar, R. Carrasco-Alvarez, J. Sandoval Gio, and A.
Colli-Menchi, “A high-accuracy photovoltaic emulator system using ARM processors,” Sol. Energy, vol. 120,
pp. 389-398, 2015.

K. Amini, F. Rostami, and G. Caristi, “An efficient Levenberg — Marquardt method with a new LM parameter
for systems of nonlinear equations,” Optimization, vol. 1934, pp. 1-15, 2018.

L. Hernandez-callejo, S. Gallardo-saavedra, and V. Alonso-gémez, “A review of photovoltaic systems : Design
, operation and maintenance,” Sol. Energy, vol. 188, pp. 426-440, 2019.

DOI: 10.37200/1JPR/V2413/PR200820
Received: 12 Jan 2020 | Revised: 30 Jan 2020 | Accepted: 02 Feb 2020 644



