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Abstract- This work aims to develop models that best 

reproduce the electrical characteristics of photovoltaic 

panels (PV) of different technologies regardless of 

temperature and irradiance conditions. In this study, we 

examined two classes of PV panel models. The first class 

is derived from the theory of semiconductors taking into 

account the physical properties of PV cells. The second 

class uses a piecewise linear model obtained by linear 

interpolation between particular points of the I(V) 

characteristics of the PV modules. So as to identify the 

parameters of the proposed PV models, we operated an 

experimental database of the platform Green Energy Park 

of Benguerir (GEP). To determine and adjust the 

parameters, we used the robust optimization algorithm 

Levenberg-Marquardt and the adaptive inference system 

ANFIS. 

    

Keywords: Photovoltaic Panel, Four-Parameter Model, 

Three-Parameter Model, Piecewise Linear Model, ANFIS. 

 

I. INTRODUCTION  

Solar energy is becoming an alternative technology of 

petroleum energy in the face of economic fluctuations, 

climate change and the progressive demand for energy in 

social life [1, 2]. The major problem of this new 

technology is its deficiency in conversion efficiency (30%) 

and the low competitiveness in the market because of the 

high cost of one-kilowatt hour. 

In recent years, photovoltaic energy applications have 

largely developed under autonomous models, or connected 

to the network in several social, technical and economic 

sites. The conversion of solar energy to electrical energy 

that is given by photovoltaic systems (PVS) depends on 

the model estimating the equivalent circuit parameters, 

which are used to develop the photovoltaic emulators.  

The photovoltaic emulator facilitates the experimental 

analysis of PVS, emulates the physical characteristics of 

solar and photovoltaic energy receivers. it is used to power 

systems under development and testing to evaluate its 

performance and behavior in various atmospheric 

conditions [3, 4]. It is based on a modeling of photovoltaic 

sources. However, the proper functioning of these 

emulators depends on the quality of the mathematical 

models used for the photovoltaic generators. The choice of 

these models directly affects the static and dynamic 

performance of the photovoltaic emulator.  

This work aims to develop models that best reproduce 

the electrical characteristics of photovoltaic panels (PV) of 

different technologies regardless of temperature and 

irradiance conditions. These models will serve as a basis 

for real-time control of photovoltaic panel emulators. 

In the first part, we present the two classes of the 

studied models of the PV panel. The first class is derived 

from the theory of semiconductors taking into account the 

physical properties of PV cells, and it is based on a single 

diode equivalent circuit [5]. The second class of models 

uses a piecewise linear model obtained by linear 

interpolation between particular points of the I(V) curves 

of the PV modules [6]. 

We then describe the methods for identifying the 

parameters of the proposed PV models, which require the 

use of an up-to-date experimental database representative 

of the meteorological conditions in Morocco. To do this, 

we operated an experimental database collected at Green 

Energy Park in Benguerir. For the determination and 

adjustment of the parameters, we used the robust 

optimization algorithm Levenberg-Marquardt and the 

adaptive inference system ANFIS [7]. 

Finally, we compare the experimental characteristics 

obtained for each of the four PV technologies with the 

simulation results of the proposed models, thus confirming 

their validity. The choice of best performance is based on 

criteria of simplicity, precision, and speed of execution. 

 

II. STUDIED MODELS 

Optimal operation of the emulators requires precise 

modeling of the PV source. Such modeling makes it 

possible to define the appearance of photovoltaic sources 

and to evaluate its behavior in the face of variable loading 

and meteorological conditions. 
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Figure 1 presents the two classes of models studied: 

The first class is derived from the theory of 

semiconductors; Which is based on the PV cell models 

with single exponential, namely the so-called “four- 

parameter model” and "three-parameter model". The 

identification of the parameters of these models uses three 

particular points of the electrical curve I(V) of the 

photovoltaic module. this method reduces the 

measurement effort and precisely reconstructs the 

electrical appearance of the photovoltaic source [8]. 

The second class is presented as piecewise affine 

functions, which uses two other points of characteristic 

I(V) in addition to the three points of the first class. The 

latter are used to determine the characteristic I(V) by linear 

interpolation. 

The five particular points used by piecewise affine 

functions are estimated by a system of equations based on 

irradiation and temperatures, which uses the LM algorithm 

(Levenberg-Marquardt) and ANFIS (the adaptive neuro-

fuzzy inference system) for smoothing experimental 

measurements [5, 6, 7, 22 and 23]. 

 

 
 

Figure 1. Model flowchart 

 

A. Four-Parameter Model 

The four-parameter model is represented in Figure 2 by 

the simplified equivalent electrical scheme of the PV 

module [7, 8]. 

 

 
 

Figure 2. Equivalent diagram of the four-parameter model 

 

The current discharged by the PV panel, follows the 

Equation (1): 

0 exp  1s
ph

t

V R I
I I I

AV

  +
= − −  

   

 (1) 

Since model (1) is an implicit nonlinear equation, only 

iterative methods can solve it. In our case, we use the 

Newton-Raphson (N-R) method, which has a fast rate of 

convergence and is one of the most used methods for 

solving nonlinear equations. Thus, the current I generated 

by the photovoltaic panel can be calculated iteratively 

according to Equation (3). 
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Here is Equation (1) in a simple form: 

( )( )1 2 2exp exp( )ph sI I V R I K K K= − + + +  (3) 

where 
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The behavior of the PV source can be studied if the four 

parameters 1 2, , ,  and s phR  K  K I  are identified. The above-

mentioned parameters can be obtained by first calculating 

their initial values by the following system of equations: 
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 (4)                         

The resolution of the system of nonlinear equation in 

Equation (4) will follow the steps mentioned: 

1) Initial value for ph scI I= ; 

2) Calculate 1K  by replacing phI  in the first system 

Eequation (4); 

3) Calculate sR  and 2K  respectively by replacing phI  

and 1K  in the second and third system Equation (4); 

4) Calculate  ph newI  the new value of phI  by replacing 

1 2,K  K  and sR  in the fourth system Equation (4); 

Iterations from 2 to 4 are stopped by the variation     

 ( )ph ph new phI I I = −  is below a threshold. Generally, the 

convergence is achieved in some iterations. 

 

B. Three-Parameters Model  

This model enables the calculation of the electrical 

characteristic I(V) of the PV panel regardless of the 

irradiance and temperature conditions using Equation (5): 
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( )( ) 1 21 exp    1m
scI I C C V= − −  (5) 

The three unknown parameters 1 2, ,C  C  and m are 

determined according to ,, ,mp mp ocV  I V  and   scI  for a 

given solar irradiance and temperature. The coefficient  

1C  is fixed at 0.01175 [7] by manufacturers, while the 

coefficients m and 2C  are identified according to 

Eequations (6) and (7): 
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C. Piecewise Linear Model: Four-Segment 

The objective here is to draw the curve I(V) consisting 

of segmented straight lines, with a number of points given 

at the start. The choice of these starting points is an 

important element for the elaboration of the piecewise 

linear model. These points are determined on the basis of 

G and T and can then be used to calculate the other points 

of characteristic I(V) by linear interpolation [8]. To 

improve accuracy, we selected five points:  

( ) ( )
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2
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2
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V
I I V I

V V
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As a result, we will have five points and four lines 

Figure 3. 

 

 
 

Figure 3. Four-segment interpolation model 

 

The four equations representing the four lines are given 

by: 
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where 

 1 2,
2 2
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D. Identification of Five I(V) Points 

 To identify the five particular points of characteristic 

I(V), we solved the estimation problem using a system of 

equations obtained by adjusting the experimental data. The 

calculation of ocV  and mpV  voltages was established by 

the neuro-fuzzy system ANFIS, which does not require a 

particular form of modeling given the difficulties of 

modeling encountered by simple parametric equations. 

 

D.1. Identification of Currents 

 The model is based on three particular points 

,  ( , )sc mp mpI I V and ocV  calculated by adjusted 

equations: 
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  

= + + −  
  

     (9) 

 The Levenberg-Marquardt algorithm determines the 

coefficients ,  ,  i i ia b c . This is a specific optimization 

method for the minimization of non-linear least squares 

problems, and it is very often used in parameter 

identification. It makes it possible to adjust the coefficients 

,  ,  i i ia b c  in order to minimize the difference between the 

measured and calculated points. 

To evaluate the   scI  and mpI  currents predicted by the 

model (9), we compared them with the models using the 

manufacturer’s data. The data sheets provide temperature 

coefficients at maximum power, short-circuit and open-

circuit points. With the help of the temperature 

coefficients, the currents   scI  and mpI  can be expressed by 

the temperature and the radiation according to the 

Equation (10). 
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( )

( )

sc scn i n
n

mp mpn mp n
n

G
I I K T T

G

G
I I K T T

G


= + −



 = + −


 (10) 

 

D.2. Identification of Voc and Vmp 

For the identification of Voc and Vmp, we opted for the 

neuro-fuzzy approach. The neuro-fuzzy systems that 

combine fuzzy logic and neural networks have proven 

their effectiveness in a variety of industrial problems. They 

are useful for the identification of non-linear, complex 

systems, which are difficult to model.  

Indeed, the experimental voltages  Voc and Vmp resisted 

our attempts to model by simple parametric equations. 

Therefore, we chose to use the neuro-fuzzy adaptive 

inference systems ANFIS, which do not require taking on 

a particular form of modeling. It is a five-layer multilayer 

Perceptron neuron network for which each layer 

corresponds to the completion of a step of a Takagi 

Sugeno-type fuzzy inference system (FIS) [13]. 

A Matlab code is developed for the generation of the 

ANFIS model according to the flowchart in Figure 4.  

 

 
 

Figure 4. The flowchart of the code developed 

 

After several learning tests, we arrived at the 

architecture of the simplest and most efficient ANFIS 

model illustrated in Figure 5. 

 

 
 

Figure 5. ANFIS architecture used 
 

It has two inputs and a polynomial output of order 1. 

Each entry is represented by two fuzzy sets of Gaussian 

type. The inputs x and y are expressed in terms of the 

radiation G and the temperature T of the PV module 

according to the equation system (11). 

( )
( )

273.15 log
273.15

n
n

n
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
= + −
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   (11) 

To evaluate the ocV  and mpV  voltages predicted by the 

ANFIS model, we compared its results with those 

calculated by the proposed model (12) obtained by 

smoothing the experimental measurements. 
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4 4

5 5
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  

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= + + − 

 

  (12) 

 

III. RESULTS AND EXPERIMENTAL VALIDATION 
 

A. Development Tools 

The experimental bench used to characterize the 

parameters of the panels is located in Green Energy Park 

of Benguerir-Morocco [11]. It is comprised of an active 

charge, a temperature sensor (pt 1000), a sun sensor 

(hemispherical solar radiation), and a data acquisition 

server (PV Analyser - SQL Connect Center) [18]. 
 

 
 

Figure 6. GEP measuring station 

 

To simulate the different models, we chose the Matlab 

2016a environment. It is complete, open, and expandable 

for calculation and visualization. The PV technologies 

studied are of four types. Their technical specifications are 

grouped in Table 1. 
 

Table 1. Electrical parameters of the solar modules used 
 

PV Module Amorphous [21] CIS [23] Mono-Si [20] Cdte [22] 

( )maxP W  135 120 190 77.5 

sN  -- -- 72 -- 

( )scI A  3.41 3.22 5.52 1.92 

( )mpI A  2.88 2.81 5.18 1.68 

( )mpV V  47 42.8 36.8 46.6 

( )ocV V  61.3 58.3 45.1 62 

( )%/°CiK  0.07 0.1 mA/C 0.05 0.02 %/K 

( )%/°CvK  -0.3 -170 mV/ C -0.35 -0.24 %/K 

( )%/°CmpK  -0.24 -0.39 -0.45 -0.25 %/K 

( )°CNOCT  -- -- 46 45 

 

B. Evaluation Criteria 

To assess the precision of the estimated parameters and 

the smoothing quality, we calculated the Rd and the RMSE 

respectively coefficient of determination and  mean square 

error for each technology studied [14, 15].  
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The coefficient of determination is an indicator of the 

quality of a linear, single or multiple regression. Its value 

is taken between zero and one. The reason why the 

coefficient of determination   dR  is a better measure is due 

to the fact that it tells us about the effect of the independent 

variable on the dependent variable. It is calculated by 

taking into account the parameters of the model, according 

to the expression (13): 

( )

( )

2

1

2

1

( ) ( )

1

( )

N

mes

i
d N

mes mes

i

G i G i

R

G i G

=

=

−

= −

−




 (13)                                   

where,  1

( )
N

mes

i
mes

G i

G
N

==


 is the arithmetic mean of the 

measured magnitude G. 

The RMSE mean square error also known as the RMSD 

(Root Mean Square Deviation) is according to the formula 

of Equation (14) [16]. 

( )
2

    

1

N
i mes i cal

i

G G
RMSE

N=

−
=   (14)          

In order to estimate the speed of execution of each of 

the models studied, we evaluated the average calculation 

time, CPUt  necessary for the calculation of characteristics 

I(V) of all the measures considered. For the processing 

performed during our investigations, we used a PC-type 

computer with the Intel(R) Core (TM) i5-4310U CPU @ 

2.00GHz processor, 2601 MHz, 2 core(s), 4 logic 

processor(s), with a RAM memory of 4 GB capacity. 

 

C. Results of Identification of Five Points Curve I(V) 

 

C.1. Current Identification Results 

The identified values of the coefficients ,  ,  i i ia b c of 

Equation (9) for the four technologies are summarized in 

Table 2. Figures 7 shows a comparison between the 

experimental values and the values predicted by the system 

of Equations (9) of the four technologies studied. 

 
Table 2. Identified parameters 

 

Parameter Coef. Amorphous CIS Mono-Si CdTe 

scI  

a1 -0.0053 -0.0043 0.0061 -0.0009 

b1 0.9768 0.9731 1.0247 0.9800 

c1 0.0002 -0.0003 0.0002 0.0000 

 
Imp 

 

a2 -0.0060 -0.0014 0.0079 -0.0370 

b2 0.9712 0.9591 1.0161 0.9226 

c2 0.0005 -0.0002 0.0000 -0.0018 

1I  

a3 -0.0052 -0.0039 0.0020 -0.0291 

b3 0.9430 0.9487 1.0261 0.9242 

c3 0.0004 -0.0003 0.0000 -0.0013 

2I  

a3 0.0064 0.0236 0.0342 -0.0026 

b3 0.5907 0.5102 0.6671 0.4912 

c3 0.0003 0.0004 -0.0003 -0.0006 

 

  
 

Figure 7. Comparison of simulated and measured currents for 

Amorphous technology 
 

 
 

Figure 8. Comparison of simulated and measured currents for CIS 

technology 
 

 
 

Figure 9. Comparison of simulated and measured currents for Mono 

technology 
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Figure 10. Comparison of simulated and measured currents for CdTe 

technology 
 

The calculated values of Rd and RMSE for each 

parameter are grouped in Table 3. We proceeded to 

compare the proposed model (9) with the model (10) using 

the manufacturer’s data. 

 
Table 3. Comparison of simulated and measured currents 

 

Technology Par. 
Model (9) Model (10) 

Rd RMSE Rd RMSE 

Amorphous 

scI  0.9995 0.0237 0.9914 0.0956 

Imp 0.9989 0.0284 0.9950 0.0619 

1I  0.9992 0.0283 -- -- 

2I  0.9992 0.0173 -- -- 

CIS 

scI  0.9983 0.0370 0.9882 0.0972 

mpI  
0.9983 0.0316 0.9967 0.0443 

1I  0.9984 0.0344 -- -- 

2I  0.9976 0.0237 -- -- 

Mono-Si 

scI  0.9992 0.0447 0.9936 0.1283 

mpI  
0.9993 0.0390 0.9617 0.2904 

1I  0.9993 0.0435 -- -- 

2I  0.9982 0.0444 -- -- 

CdTe 

scI  0.9993 0.0134 0.9926 0.0439 

mpI  
0.9981 0.0170 0.8453 0.1546 

1I  0.9987 0.0165 -- -- 

2I  0.9981 0.0109 -- -- 

 

The results obtained show that the system of Equations 

(9) is more precise for the four technologies than the 

system (10) using the manufacturer’s data. This 

demonstrates the suitability and validity of the chosen 

mathematical model. 

 

C.2. Results of Identification of Tensions Voc and Vmp 

In Figure 8, the values predicted by the ANFIS model 

and the model (12) are compared with the experimental 

values corresponding to the four technologies studied. 

 

 
 

Figure 11. Comparison of simulated and measured voltages for 

amorphous technology 
 

 
 

Figure 12. Comparison of simulated and measured voltages for CIS 

Technology 
 

 
 

Figure 13. Comparison of simulated and measured voltages for Mono 
technology 
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Figure 14. Comparison of simulated and measured voltages for CdTe 
technology 

 

Table 4 summarizes the calculated values of the dR  

and the RMSE corresponding to the calculation of ocV  and 

mpV  voltages by the model ANFIS and model (12). 

 

Table 4. Comparison of model ANFIS and model 12 
 

Technology Par. 
Model ANFIS Model (12) 

Rd RMSE Rd RMSE 

 
Amorphous 

Voc 0.9825 0.1709 0 1.4509 

Vmp 0.9670 0.2010 0.0390 1.0854 

CIS 
Voc 0.9826 0.1642 0 1.5613 

Vmp 0.9763 0.1787 0 1.5823 

Mono-Si 
Voc 0.9815 0.1246 0.6854 0.5142 

Vmp 0.9888 0.1538 0.8477 0.5661 

CdTe 
Voc 0.9908 0.1588 0 2.3241 

Vmp 0.9835 0.1840 0 2.4752 

 

The results are satisfactory for both ocV  and mpV  

voltages. The different comparisons allow confirming the 

performance and the correct concordance between 

measurement and modeling by the ANFIS neuro-fuzzy 

system. This shows us the efficiency and the ability to 

identify this model. 

 

D. Characteristic I(V): Results Calculation 

This section presents some results for Comparing the 

experimental characteristics I(V) and those obtained by the 

proposed models. For all measurement samples, model 

performance is summarized in Table 5 for the four 

technologies.  

 

D.1. Four Parameters Model 

Figure 15 shows an example of four-parameter model 

application results for the four technologies studied. I(V) 

characteristics are recorded for various values of G and T. 

We found that the simulated values are consistent with the 

experimental measurements. 

D.2. Three Parameters Model 

Figure 16 shows an example of 3-parameter model 

application results for the four technologies studied. I(V) 

characteristics are recorded for variant values of G and T. 

We find that the simulated values are consistent with the 

experimental measurements. 

 

D.3. Piecewise Affine Model  

Figure 11 shows an example of the application results 

of the piecewise affine model for the four technologies 

studied. The I(V) characteristics are recorded for different 

values of G and T. A good coincidence is found between 

simulated values and experimental measurements. 

 

 
 

Figure 15. Experimental and simulated I(V)  characteristics of the four-

parameter model 

 

 
 

Figure 16. Experimental and simulated I(V) characteristics by the 

three-parameter model (5-7) 

 

D.4. Summary Results 

For the completely experimental database, the results 

for comparing the performance of the models used in this 

study are grouped in Table 5. 
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Figure 11. Experimental and simulated I(V) characteristics of the 4-

segment affine model 
 

Table 5. Summary of performance and calculation time tCPU 
 

Technology Critria 
Four-

parameter 

model 

Three-
parameter 

model 

Four-

segment 

affine 
model 

SHARP 
NS-F135G5 

Amorphous 

Rd 0.9884 0.9977 0.9864 

RMSE 0.0993 0.0444 0.1076 

tCPU(s) 0.0381 0.0375 0.0398 

Power Max 

STRONG 120 
CIS 

Rd 0.9984 0.9651 0.9948 

RMSE 0.0347 0.1627 0.0626 

tCPU(s) 0.0351 0.0413 0.0369 

TSM-DC01A 
Mono-Si 

Rd 0.9960 0.9233 0.9834 

RMSE 0.0964 0.4244 0.1974 

tCPU(s) 0.0384 0.0395 0.0372 

Calyxo Cx3 

Cdte 

Rd 0.9746 0.9971 0.9966 

RMSE 0.0845 0.0283 0.0308 

tCPU(s) 0.0368 0.0444 0.0366 

 
Table 6. Average criteria for the four technologies 

 

Average 

criteria 

Four-parameter 

model 

Three-
parameter 

model 

Four-segments 

affine model 

Rd 0.9894 0.9708 0.9903 

RMSE 0.0787 0.165 0.0996 

tCPU(s) 0.0371 0.041 0.0376 

 

To evaluate the performances of the studied models, 

we calculated the average values of the different criteria in 

Table 6. The analysis of the results in Table 6 shows that 

there is a small difference between the four-segment model 

and four-parameter model on a precision level (about 

0.99). However, the four-parameter model adds more the 

squared error (0.0787) and speed of execution, which 

attained 0.03908s. 

 

IV. CONCLUSION 

This article focused on experimental validation applied 

to  PV  panel  models.  In  this  study,  we  searched for the  

model that best reproduces the characteristics of the PV 

panels of four technologies: Monocrystalline silicon 

(TSM-DC01A), microcrystalline amorphous (SHARP 

NS-F135G5), CIS (Power Max STRONG 120) and the 

CdTe (Calyxo Cx3 cdte). 

The problem of estimating the currents 1 2,  ,  ,  sc mpI I I I  

for the four technologies is solved by using a system of 

equations obtained by adjusting the experimental data. For 

the calculation of ocV  and mpV voltages, we have 

successfully used the ANFIS neuro-fuzzy system. The 

study results show that the models proposed are more 

precise than those which use data from the PV modules 

data sheet.  

Following the comparisons made, we found that a very 

good compromise of precision and speed of execution is 

obtained by the implicit model with four-parameter. 

 

NOMENCLATURES 

sN : Number of cells in series 

phI : Photocurrent generated (A) 

sR : Series resistance (  ) 

0I : Reverse diode saturation current (A) 

scI : Short circuit current (A) 

ocV : Open circuit voltage (V) 

k: Boltzmann Constant ( 231.381 10  J/K− ) 

q : Electron charge ( 191.6 10  C− ) 

 /s tV N k q= : Thermodynamic potential of connected 

cells in series 

mpI : Maximum power current (A) 

mpV : Voltage at maximum power (V) 

mpK : Temperature coefficient of the maximum power 

point  

vK : Open circuit voltage temperature coefficient  

iK : Temperature coefficient of the short-circuit current 

( )omA/ C  

T: Solar Temperature ( )°C  

G: Solar Irradiance in ( )2W/m  

maxP : Maximum panel power (W) 
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