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Abstract

:

The I–V curve serves as an effective representation of the inherent nonlinear characteristics describing typical photovoltaic (PV) panels, which are essential for achieving sustainable energy systems. Over the years, several PV models have been proposed in the literature to achieve the simplified and accurate reconstruction of PV characteristic curves as specified in the manufacturer’s datasheets. Based on their derivation, PV models can be classified into three distinct categories: circuit-based, analytical-based, and empirical-based models. However, an extensive analysis of the accuracy of the reconstructed curves for different PV models at the maximum power point (MPP) has not been conducted at the time of writing this paper. The IEC EN 50530 standard stipulates that the absolute errors within the vicinity of MPP should always be less than or equal to 1%. Therefore, this review paper conducts an in-depth analysis of the accuracy of PV models in reconstructing characteristic curves for different PV panels. The limitations of existing PV models were identified based on simulation results obtained using MATLAB and performance indices. Additionally, this paper also provides suggestions for future research directions.
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1. Introduction


Over the past three decades, there has been a rapid increase in global energy demand for residential and commercial purposes [1]. Although conventional fossil fuel energy sources such as the burning of coal and natural gas have dominated the energy markets due to their high energy density, the combustion of these fuels results in the release of carbon dioxide (CO   2  ) and other greenhouse gases into the atmosphere, thereby contributing to climate change and other environmental issues [2]. As a result, countries all over the world are enacting laws and policies aimed at ensuring a smooth energy transition to cleaner and more sustainable energy such as solar, wind, ocean, and biomass [3].



Photovoltaic cells (PV) are tools used for the effective and sustainable conversion of the abundant and radiant light energy from the sun into electrical energy [4,5,6,7,8]. In its basic form, a PV is an interconnection of multiple solar cells aimed at achieving maximum energy output (see Figure 1). In recent years, there has been significant progress in the fabrication of high-efficiency solar cells [9,10,11,12,13], with multijunction solar cells now approaching 50% efficiency [14]. Nonetheless, most PV panels used in the industry typically have conversion efficiencies between 17 and 20% [15,16,17].



The PV characteristic curve, which is widely known as the I–V curve, is the representation of the electrical behavior describing a solar cell, PV module, PV panel, or an array under different ambient conditions, which are usually provided in a typical manufacturer’s datasheet. Due to several constraints such as the cost of equipment, the exact replication of the specific ambient conditions required for the reconstruction of the I–V curve is quite a challenge for researchers all over the world. To address this challenge, several alternative methods, known as PV models, have been developed to achieve a simplified and accurate representation of these nonlinear characteristics.



A PV model can be simply described as a mathematical representation of the electrical behavior of PV panels for simulating and predicting the performance of PV panels [22] in commercial software environments such as MATLAB/SIMULINK, PSIM, etc. [23,24,25,26]. Following the approach utilized in the derivation of their mathematical equations, PV models can be broadly categorized into circuit-based, analytical-based, and empirical-based models.



Due to the in-depth understanding of the experimental behavior of PV panels across different ambient conditions, the equivalent-circuit-based models were first developed. These equivalent circuits are a combination of several electrical components including diode(s) and resistors [27,28,29,30,31,32]. By applying circuit analysis, an implicit characteristic equation describing the typical I–V curve has been derived, which varies in mathematical complexity and relies heavily on an accurate estimation of the fitting parameters [33,34,35,36,37,38,39,40].



To ease the complexity of these implicit circuit-based models, analytical-based PV models have been proposed, which decouple the exponential function in the widely used single-diode model [41]. In essence, these analytical-based models are a series of interconnected equations that are used for the domain conversion of the exponent into simple algebraic equations [42,43]. Although these PV models offer explicit equations of the I–V curve, they are still somewhat dependent on the fitting parameters of the circuit-based models.



Recently, empirical-based models have emerged as another alternative for the effective modeling and simulation of PV panels. These empirical models, which often involve curve fitting, are based on observed unique graphical characteristics between the typical I–V curve and the underlying mathematical equation, describing a wide range of similar shapes [42,43,44,45]. In comparison to the circuit-based and analytical-based models, the fitting parameters of the empirical-based models are completely independent of the physical representation of the PV panel.



In practical PV installations, the performance of any PV panel, regardless of its cell material, can be effectively evaluated from the accurate reconstruction of its PV characteristic curves. Hence, the IEC EN 50530 standard provides a set of design requirements and conditions establishing an interconnected relationship between the maximum power point (MPP) of the typical PV characteristic curves (i.e., I–V and P–V), the incident irradiance on the PV panel, the open circuit voltage, and the short-circuit current point, respectively. This standard specifies that for any PV simulator, the power output should not deviate by more than 1% within the range of   ± 10 %   of the voltage at MPP   (  V  m p   )  , as compared to the rated conditions of the predetermined characteristic curve of the simulator [46] (see Appendix A).



Thus, this review paper aims to:




	
Provide a comprehensive summary of some of the widely used PV models in literature.



	
Evaluate the accuracy of these models at MPP in accordance with the IEC EN 50530 standard.



	
Identify limitations in existing photovoltaic (PV) models and propose potential research directions in this field with the aim of advancing toward energy sustainability.








The structure of the paper is as follows. Section 2 discusses the theoretical and mathematical derivations of the equivalent-circuit-based models for PV panels. By decoupling the exponent term in the characteristic equation describing the single-diode model, several approximate PV models have been derived and are carefully examined in Section 3. Next, Section 4 examines the empirical-based models, which are completely independent of the electrical parameters of the PV panel. In accordance with the IEC EN 50530 standard, a comprehensive evaluation of the accuracy of these PV models is carried out in Section 5. Finally, based on these simulation results, possible research directions and conclusions are provided in Section 5.4 and Section 6, respectively.




2. Equivalent-Circuit-Based Models


Equivalent-circuit-based models remain one of the most widely utilized approaches for representing the behavioral characteristics of the I–V curve. These models utilize conversion principles that describe a typical PV panel and can be classified based on the number of its diode components as single-diode, double-diode, or triple-diode models, as shown in Figure 2.



2.1. Single-Diode Model


The single-diode model, consisting of a single-diode component and five electrical parameters, is one of the most basic representations of the inherent nonlinear characteristics of PV panels. By applying circuit theories to Figure 2a, an implicit mathematical equation known as the typical I–V characteristic equation has been defined as [47,48]


      i  p v   =  I  p h   −  I o   ·    e     v  p v   +  i  p v    R s     A o  N  V t      − 1  −    v  p v     +    i  p v    R s    R  s h    ,     



(1)




where   i  p v    is the PV output current (A),   v  p v    is the PV output voltage (V),   I  p h    is the photovoltaic current (A),   I o   is the saturation current of the diode (A),   A o   is the ideality factor, while   R s  ,   R  s h   , and N are the series resistance ( Ω ), parallel resistance ( Ω ), and number of cells in a series string inside the panel, respectively. The thermal voltage   V t   has also been defined mathematically as    V t  =   k T  q   , where k is the Boltzmann constant, defined as   1.380649 ×  10  − 23     J/K, and q is the elementary charge,   1.602176634 ×  10  − 19     C.



By carrying out further circuit analysis, a mathematical correlation can be established between   I  p h    and the incident ambient condition of the solar cell (irradiance, G, and temperature, T) as [49,50]


      I  p h   =  G  G n     I  s c n   +  β I   ( T −  T n  )   ,     



(2)




where all the terms in (2) are defined such that   I  s c n    is the short-circuit current at standard test conditions (STCs)   (  T n  = 298.14   K  ,  G n  = 1000   W/m   2  ) while   β I   is the temperature coefficient of   I  s c   .



Likewise,   I o   in (1) can, therefore, be further expressed as [51,52]


      I o  =    I  s c n     +    β I   ( T   −    T n  )     e    V  o c n   +  β V   ( T −  T n  )     A o   V t       −   1   ,     



(3)




where   V  o c n    is the open-circuit voltage at STCs and   β V   is the temperature coefficient of   V  o c   .




2.2. Double-Diode Model


In practice, the diode ideality is a function of the voltage across the solar cells. Due to its simplicity, the single-diode model assumes a constant value as defined by   A o   in (1). To account for the recombination effect in the space charge region, researchers proposed the introduction of an extra diode component in parallel, as shown in Figure 2b. Likewise, by applying circuit analysis, an upgraded characteristic equation describing the I–V can be expressed as [53,54,55,56]


      i  p v   =  I  p h   −  I  o 1    ·    e     v  p v   +  i  p v    R s     A 1  N  V t      − 1  −  I  o 2    ·    e     v  p v   +  i  p v    R s     A 2  N  V t      − 1  −    v  p v     +    i  p v    R s    R  s h    ,     



(4)




where   I  p h   ,   R s  , and   R  s h    remain as defined in Section 2.1, while   I  o 1   ,   I  o 2   ,   A 1  , and   A 2   are the reverse combination current and diode ideality for each diode component.




2.3. Triple-Diode Model


Based on the conversion principle, the triple-diode model has also been proposed, as shown in Figure 2c, with the third diode element accounting for the recombination effects in the defect region of the solar cell [57]. Hence, by applying circuit analysis, the I–V characteristic equation has been defined as [53,58,59,60,61]


      i  p v   =  I  p h   −  I  o 1    ·    e     v  p v   +  i  p v    R s     A 1  N  V t      − 1  −  I  o 2    ·    e     v  p v   +  i  p v    R s     A 2  N  V t      − 1        −  I  o 3    ·    e     v  p v   +  i  p v    R s     A 3  N  V t      − 1  −    v  p v     +    i  p v    R s    R  s h    ,     



(5)




where the   I  p h   ,   R s  , and   R  s h    are as defined in Section 2.1. While   A 1   and   A 2   typically range between 1 and 2 [62,63,64,65,66,67,68], the estimated value for   A 3   is usually greater than 2 and less than 5 for commercial solar cells [69].



By obtaining the numerical solutions to Equations (1), (4), and (5) the reconstruction of the I–V curve can be achieved as shown by the blue curve in Figure 3. According to basic circuit analysis [55], the instantaneous output power   p  p v    flowing through the circuits in Figure 2 can be defined mathematically as


      p  p v   =  i  p v    ·   v  p v   ,     



(6)




which is also illustrated by the red curve in Figure 3. Regardless of the incident ambient condition of the PV panel, the I–V curve consists of four key points, i.e., open circuit voltage   V  o c   , short-circuit current   I  s c   , voltage at maximum power point   V  m p   , and current at maximum power point   I  m p   .





3. Approximate PV Models


Finding a numerical solution for the full range enumeration of the I–V characteristic equation in the single-diode model (as described in (1)) can be a challenging task due to its exponential function. To simplify this task, approximate PV model (PVM) equations have been proposed and implemented in the literature.



These approximate PVM equations can be classified into two types based on their structure: iteration-based and analytical-based. Iteration-based PVM equations are derivative equations of (1), which are obtained after applying datasheet constraints under specified conditions [70,71,72,73,74,75]. Analytical-based PVM equations, on the other hand, are a series of explicit interconnected equations obtained after the transformation of the exponent in (1) into separate domains for performance analysis.



3.1. Approximation Using the Lambert W Function and the Asymptotic Formula


The Lambert W function   ( W ( x ) )   is a popular method used to approximate (1) due to its ease of substitution. Essentially, it expresses (1) as an asymptotic formula such that [76,77]


        i  p v   =      R  s h    (  I  p h     +    I s  )    −    v  p v      R s    +    R  s h       −    a  R s     W      R s   R  s h    I s    a (  R s    +    R  s h   )    e x p      R s   R  s h    (  I  p h     +    I s  )    +    R  s h    v  p v     a (  R s    +    R  s h   )      ,      



(7)




with


      W 1   ( x )  =  L 1  +    L 2   L 1    +     L 2   ( − 2   +    L 2  )    2  L  1  2     +     L 2   ( 6   −   9  L 2    +   2  L  2  2  )    6  L  1  3     +     L 2   ( − 12   +   36  L 2    −   22  L  2  2    +   3  L  2  2  )    12  L  1  4           +     L 2   ( 60   −   300  L 2    +   350  L  2  2    −   125  L  2  3    +   12  L  2  4  )    60  L  1  5     + O      L 2   L 1    6   ,     



(8)




where   a =  A o  N  V t   ,    L 1  = L n  ( x )   ,    L 2  = L n  ( L n  ( x )  )   , and   L n ( x )   is the natural logarithm of x, thereby establishing a mathematical correlation with numerical solutions to both branches of    W 1   ( x )    (i.e., positive and negative branches). However, the basic Lambert W method (also known as Haley’s method [78,79]) does not express    W 1   ( x )    as simple elementary equations. Therefore, obtaining data point solutions for these equations is challenging and time consuming.



Several modifications and improvements have been proposed in the literature to tackle this challenge. Ref. [80] proposed obtaining numerical solutions to (7) by utilizing Taylor’s series expansion of   W ( x )  , as defined in [81] such that


         W 2   ( x )  = u +    u  1   +   u       p +    u  2   ( 1   +   u )  3       p 2  −     u ( 6  u 2    −   8 u   +   1 )   24   ( 1   +   u )  7       p 4     u  2   ( 1   +   u )  3       p 2        −     u ( 24  u 3    −   58  u 2    +   22 u   −   1 )   120   ( 1   +   u )  9       p 5         



(9a)






         W 3   ( x )  =  L 1  +    L 2   L 1    +     L 2   ( − 2   +    L 2  )    2  L  1  2     +     L 2   ( 6   −   9  L 2    +   2  L  2  2  )    6  L  1  3     +     L 2   ( − 12   +   36  L 2    −   22  L  2  2    +   3  L  2  2  )    12  L  1  4           +     L 2   ( 60   −   300  L 2    +   350  L  2  2    −   125  L  2  3    +   12  L  2  4  )    60  L  1  5     ,        



(9b)




where   u = x / e  ,   p = 1 − ( x / e )  , and   e = 2.7183  . Similarly, ref. [82] also presented a simple analytical-based approximation of   W ( x )   based on [83]


      W 4   ( x )  =  ( 1 + ε )  L n        6 5    x   L n        12 5    x   L n ( 1   +      12 5    x )         − ε  ·  L n     2 x   L n ( 1   +   2 x )     ,     



(10)




where   ε = 0.4586887   is a constant regardless of the cell material of the PV module.



Another simple and fast approximation technique for   W ( x )   was introduced by [84,85] such that


      W 5   ( x )  = L n  ( x )   1 −    L n ( L n ( x ) )   L n ( x )   +   1     ,     



(11)




where   L n ( x )   is the natural logarithm of x. Other methods include using the exact closed-form using Maple software [86], Marine Predator algorithm [87], Hybrid analytical [88], and Hessian function [82].




3.2. Other Analytical-Based PVM Equations


Based on the fixed points of the I–V curve as described in Figure 3 and the assumption that for any PV module,   e x p (  (  V  O C   −  I  S C    R s  )  /  V t  ) > > 1   [89,90], introduced the three-point model, which decomposes (1) into


      i  p v   =  I  s c   −    v  p v     R  s h     +    R s     −   I  s c   −   V  o c     R  s h     +    R s      ·  e x p     v  p v     −    V  o c     +    i  p v    R s    V t    .     



(12)







Since the estimated value for   R  s h    is usually high for silicon modules, we can assume that    I  s c   > >  v  p v   /  (  R  s h   +  R s  )    and    I  s c   > >  V  o c   /  (  R  s h   +  R s  )   , in (12), are valid. Therefore, we can rewrite the equation as


      i  p v   =  I  s c   −  I  s c    ·  e x p     v  p v    V  o c    − 1     V  o c    V t     .     



(13)







With the valid assumption that for any PV module   − 1 < (  v  p v   /  V  o c   ) − 1 < 0  , the exponent in (13) can be approximated as   e x p  (  (  v  p v   /  V  o c   ) − 1  )  ≈  (  v  p v   /  V  o c   )   . Hence, this equation can be rewritten using a simplified polynomial expression as


      i  p v   = c + a  ·    (  v  p v   )  b      



(14)




where the model coefficients for the equation are   a =   I  s c     (  V  o c   )  b    ,   b =   V  o c    V t    , and   c =  I  s c    .



References [91,92] in his separate papers suggested utilizing the Padé approximant and Taylor’s series expansion to decouple its exponent function. Accordingly, ref. [91] proposed a Padé approximant model based on [93] which defined an approximation of a function   f  ( x )  =  ∑  k = 0  ∞   f k   x k    as


   [ m / n ]   ( x )  =     P m   ( x )     Q n   ( x )      



(15)




where    P m   ( x )  =  ∑  i = 0  m   P i   x i   ,    Q n   ( x )   ∑  j = 0  n   Q j   x j    are the polynomials of the degree   m , n ∈ N  , respectively. With the Padé approximant    [ m / n ]   e x p ( z )    of the exponential function written as


    [ m / n ]   e x p ( z )   =     ∑  i = 0  n   ( 2 n − i )  ! n !   ( 2 n ) ! i ! ( n − 1 ) !     z i  /     ∑  i = 0  n   ( 2 n − i )  ! n !   ( 2 n ) ! i ! ( n − 1 ) !     ( −  z i  )   



(16)




where   z =  i  p v   R s / a   and   a =  A o  N  V t    from (1). Hence, by taking   m = n = 2   such that    [ 2 / 2 ]   e x p ( z )   , (1) can, therefore, be rewritten as


                                                                                                          [ 2 / 2 ]   e x p ( z )   =    12   +   6  z 2    12   −   6 z   +    z 2            



(17a)






         i  p v   =  I  p h   −  I s   ·   e x p    v  p v   a    ·    12   +   6 z   +    z 2    12   −   6 z   +    z 2    − 1  −    v  p v     −    i  p v    R s    R  s h    .        



(17b)







By taking   p = a  R  s h   + a  R s   ,   q = − 6 a  R  s h   −  I  p h    R s   R  s h   −  I s   R s   R  s h   +  v  p v    R s  +  I s   R s   R  s h   e x p  (  v  p v   / a )  − 6 a  R s   ,   r = 12 a  R  s h   + 6  I  p h    R s   R  s h   + 6  I s   R s   R  s h   − 6  v  p v    R s  + 6  I s   R s   R  s h   e x p  (  v  p v   / a )  + 12 a  R s   ,   s = − 12  I  p h    R s   R  s h   − 12  I s   R s   R  s h   + 12  v  p v    R s  + 12  I s   R s   R  s h   e x p  (  v  p v   / a )   , (17b) can, therefore, be rewritten as a cubic equation as


  p  z 3  + q  z 2  + r z + s = 0 .  



(18)







On the other hand, ref. [92] suggested applying the Taylor’s series expansion such that


   e z  ≈ 1 + z +  1  2 !    z 2  +  1  3 !    z 3  ,  



(19)




where   z =    i  p v    R s   a   . Thus, (19) can also be rewritten as a cubic equation


  p  z 3  + q  z 2  + r z + s = 0 ,  



(20)




where   p =  1 6   I s  e x p  (   v  p v   a  )   ,   q =  1 2   I s  e x p  (   v  p v   a  )   ,   r =  I s  e x p  (   v  p v   a  )  +  a  R s   +  a  R  s h     ,   s =  I s  e x p  (   v  p v   a  )  +   v  p v    R s   −  I  p h   −  I s   .



Therefore, to obtain the roots to (18) and (20), the Shengjin’s formula as derived in [94,95] is used. Hence, if we take   P =  q 2  − 3 p r  ,   Q = q r − 9 p s  ,   R =  r 2  − 3 q s  , and   S =  Q 2  − 4 P R > 0  , the positive roots can be obtained such that


  z =   − q −   Y 1  3  −   Y 2  3    3 p    



(21)




where    Y 1  = P q +   3 p  − Q   +      Q 2    −   4 P R     2   ,    Y 2  = P q +   3 p  − Q   −      Q 2    −   4 P R     2   . Hence, the I–V curve can, therefore, be reconstructed using


   I P  = a   − q −   Y 1  3  −   Y 2  3    3 p  R s     



(22)




where   I P   is the approximation of the current   i  p v   .



Although the I–V curve can be computed through two approaches—the I-approach, which calculates the values of   i  p v    with known values of   v  p v   , and the V-approach, which computes the value of   v  p v    with known values of   i  p v   —it is important to note that there is also an independent variation in the diode voltage from   I  s c    to   V  o c   . Thus, an upgraded two-port equivalent-circuit-based network was proposed by [96] (see Figure 4), which explicitly expresses the equations as follows:


         i  p v   =  I  p h   −  I s   [ e x p  (   V d   V t   )  − 1 ]  −   V d   R  s h           



(23a)






                                                                           V  p v   =  V d  − I  R s  .        



(23b)







Since the output current from the 2-port network-I is the same as the input current to the 2-port network-II in Figure 4, an explicit equation for the computation of the I–V curve is defined as


         v  p v   =  1 +   R s   R  s h      V d  −  R s    I  p h   −   V  o c     R  s h   +  R s      ·   e x p    v  p v    V t    − 1         



(24a)






                                                                                                                                                           i  p v   =    V d    −    v  p v     R s   .        



(24b)







Likewise, the two-parameter model, which was first introduced in [97], but popularized by [98,99,100], requiring only two fitting parameters was derived as


   i  p v   =  I  s c   −  C 1  e x p  −   V  o c    C 2     e x p    v  p v    C 2    − 1  ,  



(25)




where the fitting parameters are computed using


      C 1  =  1 −   I  m p    I  s c      ·  e x p    −  V  m p      C 2   V  o c      =   I  s c    1   −   e x p    −  V  o c     C 2          



(26a)






                      C 2  =    V  m p     −    V  o c     L n  1   −     I  m p    I  s c       =    V  m p     −    V  o c      W  − 1     1   −     V  o c    V  m p      ·    I  m p    I  s c       ,     



(26b)




while    W  − 1    ( z )    can be solved using the negative branch of the Lambert W function.





4. Empirical-Based PV Models


4.1. Three-Coefficient Model


Due to the computational burden often associated with analytical-based PV models including fitting parameter estimation, several other methods have also been proposed in the literature. Ref. [101] suggested that the nonlinear characteristic of the I–V curve can be reconstructed using


      i  p v   =    V  o c     −    v  p v     A   +   B  v  p v  2    −   C  v  p v     ,     



(27)




where A, B, and C are the parameters to be adjusted. By utilizing the key point values of the I–V curve under STCs as provided in the manufacturer’s datasheet, these coefficients can be easily determined using


                                                             A =   V  o c    I  s c        



(28a)






     B =  1  V  m p       V  o c     I  s c    V  m p     −  1  I  m p         



(28b)






             C =   V  o c    V  m p     2  1  I  s c    −  1  I  m p     .     



(28c)








4.2. Bézier Curve-Based Model


The Bézier curve (see Figure 5a) is one of the widely used tools in computer graphics design for creating parametric curves [102,103,104]. In simple terms, these curves are constructed using an nth-order Bernstein polynomial function which has been defined mathematically as [44,102,105]


   B n   ( t )  =  ∑  i = 0  n   B  i , n    ( t )   P i  =  ∑  i = 0  n    n !   i ! ( n − i ) !    t i    ( 1 − t )   n − i    P i  .  



(29)




where   P i   are the control points along the curve, with   t ∈ [ 0 , 1 ]  .



To reconstruct the I–V characteristic curve using this curve, refs. [44,106,107] suggested defining the number of control points along the typical I–V curve as shown in Figure 5b with   n = 5   and   P 0  ,   P 1  ,   P 2  ,   P 3  , and   P 4  . Since the coordinates of the control points are tangents to the key points of the I–V curve, as specified in the manufacturer’s datasheet, the endpoints   P 0   and   P 4   are the   V  o c    and   I  s c   , and the other three control points are to be determined.



While [106] suggested determining these points using the estimated electrical parameters (i.e.,   R s  , and   R  s h   ), ref. [107] proposed utilizing the key points of the I–V curve. On the other hand, [44] suggested using the De Casteliju algorithm, as presented in [108].




4.3. Superellipse-Based Model


The superellipse is a geometric curve that is similar to the Bézier curve and retains its intercept values at both ends regardless of any distortions in its overall shape (as shown in Figure 6) [42,109,110]. The equation that explicitly describes the curve in Figure 6b has been derived as


  y = B   1 −    x A   m    1 n   ,  



(30)




while A and B are the intercepts and m and n are its fitting parameters.



Based on the theoretical and mathematical relationship between Figure 3 and Figure 6b, several explicit equations describing the reconstruction of the PV characteristic curve have been derived as [41,94,111,112,113,114]


                              i  p v   =  I  s c     1 −     v  p v    V  o c     m    1 n       



(31a)






                                                     i  p v    I  s c    =   1   −       v  p v    V  o c     k    1   +   h    v  p v    V  o c           



(31b)






      i  p v   = 1 −  ( 1 − γ )   v  p v   − γ  v  p v  m  ,     



(31c)




where   i  p v    is the output current of the superellipse model and   v  p v    is the output voltage of the superellipse model.



Various techniques have been proposed in the literature for extracting these fitting parameters. One such technique, as described in [114], involves initially determining fitting parameters through trial and error. These fitting parameters can then be further fine-tuned by calculating the correlation coefficients. On the other hand, ref. [113], and its subsequent papers such as [94,111,112], utilizes the estimated electrical parameters of the single-diode model. In [41], the datasheet constraints were incorporated into Equation (31a) to derive a two-dimensional equation. The optimal fitting parameters of the model are obtained by computing the roots of this equation using numerical optimization algorithms [43,115,116]. Regardless of the method used, these fitting parameters remain constant.





5. Comparative Evaluation and Further Discussion


This section gives a detailed evaluation of the accuracy of 20 distinct PVM methods, as categorized in Table 1, at MPP in accordance with the IEC EN 50530 standard. First, the theoretical and mathematical equations describing the IEC EN 50530 standard were discussed in Section 5.1. Then, the fitting parameters were extracted for the six different PV panels used for analysis in this paper (see Table 2). Finally, the full range of the I–V curve is reconstructed and evaluated within the vicinity of MPP in Section 5.3, while the observed research trends from these analyses are outlined in Section 5.4.



5.1. Criteria for Evaluating Model Accuracy


As explained in Section 1, the IEC EN 50530 standard, as published by the European Committee for Electrotechnical Standardization (CENELEC), stipulates that the maximum deviation of the output power should always be less than or equal to 1%. To quantify the accuracy of the PV simulator, the absolute error between the approximate and the reference datasheet curves is computed. Following conventional numerical analysis [125], the absolute error across the full range of the I–V curves can, therefore, be expressed as


      i s   ( v )  −  i r   ( v )     i r   ( v )      ,  



(32)




where the subscript s represents the measured values of the approximate curves, and r denotes the data values for the reference model. However, to compute the accumulated absolute error within the stipulated   ± 10 %   of   V  m p   , which can be interpreted mathematically as the region in the I–V curve in which   [  V  m p   − 0.1  V  m p   ,  V  m p   + 0.1  V  m p   ]  , a definite integral [126] is introduced such that


   ∫   V  m p   ± 10 %       i s   ( v )  −  i r   ( v )     i r   ( v )      d v .  



(33)







Furthermore, to ensure that these error calculations, regardless of the behavior of the PV panel, are normalized across the entire voltage range, a scaling factor defined as the total width of the voltage range, i.e.,   0.2  V  m p     is introduced. Hence, the simplified equation for computing the absolute error at MPP for the I–V curve in accordance with the IEC EN 50530 standard is defined mathematically as [41,127,128]


   ε I   ( % )  =  1  0.2  V  m p      ∫   V  m p   ± 10 %       i s   ( v )  −  i r   ( v )     i r   ( v )      d v × 100 .  



(34)







In real PV applications, beyond providing actual information about the power output of the PV panel, the P–V curve detects and illustrates any potential amplification of error in the voltage source segment of the I–V curve [129]. Hence, by applying a similar theoretical and mathematical derivation process, the absolute error at MPP for the P–V curve has also been defined as [41,127,128]


   ε P   ( % )  =  1  0.2  V  m p      ∫   V  m p   ± 10 %       p s   ( v )  −  p r   ( v )     p r   ( v )      d v × 100 ,  



(35)




where the integrals in (34) and (35) are computed in this paper by utilizing the trapezoidal rule [130,131].




5.2. Parameter Convergence


In this paper, the fitting parameters of the PV models were extracted using the different parameter extraction techniques as defined in the relevant literature. While the electrical parameters of the single-diode model were extracted through the utilization of the existing datasheet information [117], the triple-diode model parameters were extracted using the grasshopper optimization algorithm (GOA) [58]. On the other hand, due to the assumption that    I  o 1   =  I  o 2    , ref. [64] proposed a simple and fast approach for estimating the electrical parameters of the double-diode model with    A 1  = 1   and   (  A 1  +  A 2  ) / p = 1  , where   p ≥ 2.2  .



Since the PV panels (see Table 2) utilized in this analysis are the same as the reference papers, the fitting electrical parameters were easily obtained, as clearly outlined in Table 3 and Table 4. It is important to re-emphasize that since the analysis is carried out at STCs, the fitting parameters of both the approximate PV models (obtained as derivatives of the electrical parameters) and the empirical models (extracted by utilizing the key points of the I–V curve) were all obtained after a one-time computation, as clearly outlined in Table 4 and Table 5.




5.3. Accuracy Evaluation Using the IEC EN 50530 Standard


5.3.1. Comparison of the Equivalent-Circuit-Based Models


To reconstruct the full range of the I–V characteristic curve from the   V  o c    to the   I  s c    point, equivalent-circuit-based models can be represented either using their piecewise circuit representation or by designing their implicit equations in MATLAB/Simulink. In this paper, the PV characteristic curves were effectively reconstructed using the electrical parameters of the KC200GT PV panel (see Table 3) in MATLAB and designed mathematically in Simulink, as defined by (1), (4), and (5).



Previously, emphasis had solely been placed on the reconstruction of the I–V curve. As shown in Figure 7, by increasing the number of diode components in the equivalent-circuit-based models, the absolute current error (  ε I  ) within the vicinity of the MPP decreases. While the I–V curve provides key information about the PV panel (i.e.,   V  o c   ,   I  s c   ,   V  m p   , and   I  m p   ), the P–V curve provides actual information about the power output of the PV panel.



Hence, in accordance with the IEC EN 50530 standard, the absolute power error (  ε P  ) in the reconstructed P–V curve increases with the number of diode components, as shown in Figure 7b and outlined in Table 6. The increase in   ε P   can be attributed to several factors, including the amplification of the error in the voltage source segment of the I–V curve [129]. Other potential factors include the assumption that   (  I  o 1   =  I  o 2   )   [64] for the double-diode model and the sensitivity of the parameter extraction algorithm (i.e., grasshopper position strategy [58]) applied to the triple-diode model.




5.3.2. Comparison of the Approximate PV Models


In Section 3, we explain that the approximate PVM equations are explicit derivatives of the typical I–V characteristic equation describing the single-diode model. By applying the fitting parameters extracted from Table 4 and Table 5 to the 10 distinct approximate PVM equations (see Table 1), the full-range reconstruction of the I–V characteristic curve can be easily achieved. In this analysis, the 10 PVM equations were written in a .m file in MATLAB R2023b, and then subsequently compared with the reference datasheet curves.



The simulation results indicate that, except for the PC/PA05 PV panel, four PVM approximations—Padé approximant [91], Barry analytical expansion [82], two-parameter model [96], and Taylor’s series expansion [92] (see Figure 8 and Figure 9)—maintained a 1% absolute error threshold near the MPP for multi-crystalline PV panels, as summarized in Table 7 and Table 8. However, more traditional approximate PVM equations like fixed-point iteration [122], MATLAB (Haley’s) [78,79], Newton–Raphson [121], and the Wintzki approximation [84,123] exhibited low accuracy near the MPP, with   ε P   more than double the specified threshold. While for the Trina Solar TSM-245 PC/PA05 PV panel the two-parameter model yielded accurate results, as described by Figure 10, other analytical-based PVM equations had low model accuracy at the MPP, with   ε P   exceeding 8% for the Padé approximant [91], hybrid explicit expansion [80], and Taylor’s series expansion [92] (see Table 9).



The accuracy of approximate PVM equations for monocrystalline PV panels remains high near the MPP (see Figure 11 and Figure 12), except for more traditional approximate PVM equations, as summarized in Table 10 and Table 11. As explained in Section 3, the accuracy of these approximate models depends on accurate parameter estimation in their initial domain model (i.e., single diode) before decoupling or parameterization.



With the rapid progress of the use of nanomaterials for PV panels, analyzing the model accuracy of this type of PV panel becomes important. Hence, the thin-film P-LE0055 PV panel is used. By reconstructing the I–V curve, we can determine the model’s accuracy (see Figure 13). Among the approximate PVM equations, Padé approximant [91], hybrid explicit expansion [80], two-parameter model [99,124], and Taylor’s series expansion [92] were highly accurate, meeting the stipulated maximum absolute errors as summarized in Table 12. However, the accuracy of the other approximate PVM equations was still relatively low. In particular,   ε P   for the two-port network expansion [96] and three-point model [89,90] was extremely high.




5.3.3. Comparison of the Empirical-Based Models


As detailed in Section 4, empirical-based PV models are mathematically explicit equations derived from the unique curve-fitting similarities with the I–V characteristic curve. By applying the fitting parameters extracted from the six PV panels, as outlined in Table 5, to their respective PVM equations, the full-range reconstructions of the I–V characteristic curve are obtained, as illustrated in Figure 8, Figure 9, Figure 10, Figure 11, Figure 12 and Figure 13. Regardless of their specifications or cell materials, empirical-based PV models consistently achieve higher model accuracy within the vicinity of MPP, except for [118,119,120], as outlined in Table 7, Table 8, Table 9, Table 10, Table 11 and Table 12. This higher accuracy is expected since these explicit equations are entirely independent of the physical meaning or representation of the nonlinear behavior describing the typical PV panel.





5.4. Research Trends


This review paper performs a comprehensive and in-depth analysis of some of the most widely used PV models in the literature, including circuit-based, analytical-based, and empirical-based models. Based on these analyses, the following conclusions and future research trends were noted:




	
Equivalent-circuit-based PV models: For practitioners with prior experience in both the electrical behavior and conversion principles describing a PV panel, circuit-based models offer a more inclusive representation of the nonlinear characteristics of the I–V curve. However, to improve model accuracy, more research is needed to identify simple and effective techniques for accurately estimating the electrical parameters of PV panels.



	
Analytical-based PV models: Since the explicit equations describing these PV models are derivatives from the conventional circuit-based model (single-diode), the model accuracy of the current approximate PVM equations in the literature is still dependent on the basic five electrical parameters. Nonetheless, the novelty and major contributions in this research will always lie in the relative simplification of the equation used for the reconstruction of the I–V curve.



	
Empirical-based PV models: One of the main limitations of curve-fitting PV models is that they do not fully consider the specific characteristics of the PV panel. However, these models are very useful because they are relatively simple and easy to use for reconstructing the PV characteristic curve. While many equations could potentially generate a similar shape to the I–V curve, a hybrid model that combines the advantages of both circuit-based and empirical-based models would provide a better understanding of both the static and dynamic characteristics of the PV panel.










6. Conclusions


PV modeling is an essential tool employed by researchers and technicians in the field of sustainable energy for the effective performance evaluation of both the static and dynamic characteristics of typical PV panels. This review paper conducted a comprehensive analysis of the accuracy of the reconstructed I–V curves using various categories of PV models. The accuracy of each model was evaluated across different PV panels, including crystalline and thin-film, under the IEC EN 50530 standard.



While circuit-based models provide a more inclusive representation of the inherent nonlinear characteristics of PV panels, the accuracy of these models, specifically the double-diode and triple-diode models, heavily depends on the parameter extraction techniques and the initial conditions or assumptions made before computation. Despite the simplification of the explicit equation describing the approximate I–V curve, the accuracy of existing analytical-based PV models still depends on the accurate estimation of the electrical parameters of the single-diode model.



On the other hand, empirical-based PV models, which are curve-fitting derivatives of the graphical characteristics of the I–V curve and require fewer fitting parameters, achieve higher accuracy within the vicinity of the MPP. Additionally, this review paper provided insights into possible research trends in the field, including the suggestion of a hybrid model that combines the strengths of circuit-based and empirical-based PV models.
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Appendix A. IEC EN 50530 Standard—Overall Efficiency of Grid Connected Photovoltaic Inverters


The accurate emulation of the nonlinear behavior of PV systems is crucial for testing and validating PV inverters. Central to this emulation is ensuring that a PV simulator’s current/voltage characteristics adhere to a predefined standard, ensuring reliable performance across diverse conditions. The IEC EN 50530 standard [46] establishes a criterion stipulating that for any reconstructed I–V characteristic curve, regardless of the PV panel’s specifications and cell material (see Table A1, “the current/voltage characteristic must not deviate by more than 1% in power within the voltage range of   0.9  ·   V  m p     to   1.1  ·   V  m p     concerning the predetermined characteristic at rated conditions”).





 





Table A1. General requirements on the simulated I–V characteristic of the PV generator.






Table A1. General requirements on the simulated I–V characteristic of the PV generator.











	
	cSi-Technology
	Thin-Film Technology
	Tolerance





	     V  m p    |  G = 200    W / m  2       V  m p    |  G = 1000    W / m  2       
	0.95
	0.98
	   ± 1 %   



	    V  m p , S T C    V  o c , S T C     
	0.8
	0.72
	   ≤ 1 %   



	    I  m p , S T C    I  s c , S T C     
	0.9
	0.8
	   ≤ 1 %   
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Figure 1. Classification of photovoltaic technologies [18,19,20,21]. 
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Figure 2. Equivalent circuit-based representation for photovoltaic (PV) panels: (a) single-diode, (b) double-diode, (c) triple-diode. 
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Figure 3. Typical PV characteristic curves as specified in the manufacturer’s datasheet at standard test conditions (STCs). 
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Figure 4. The single-diode model (SDM)/double-diode model (DDM) equivalent circuit with two 2-port networks [96]. 
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Figure 5. (a) Cubic Bézier curve with four control points. (b) Subdivision construction of a cubic Bézier for the typical I–V curve [44]. 
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Figure 6. Superellipse with varying parameter values [41]: (a) single-shaped, (b) double-shaped. 
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Figure 7. Comparison of the reconstructed characteristic curves for the KC200GT PV panel using the equivalent-circuit-based models: (a) I–V curve, (b) accuracy evaluation at MPP. 
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Figure 8. Comparison of the reconstructed characteristic curves for the KC200GT PV panel: (a) approximate PV models (b) empirical-based PV models (c) accuracy evaluation at MPP. 
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Figure 9. Comparison of the reconstructed characteristic curves for the Alfa Solar Pyramid54-215 PV panel: (a) approximate PV models; (b) empirical-based PV models; (c) accuracy evaluation at MPP. 
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Figure 10. Comparison of the reconstructed characteristic curves for the Trina Solar TSM-245 PC/PA05 PV panel: (a) approximate PV models; (b) empirical-based PV models; (c) accuracy evaluation at MPP. 
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Figure 11. Comparison of the reconstructed characteristic curves for the Sanyo HIT H250-E01 PV panel: (a) approximate PV models; (b) empirical-based PV models; (c) accuracy evaluation at MPP. 
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Figure 12. Comparison of the reconstructed characteristic curves for the Canadian CS6X-300M PV panel: (a) approximate PV models; (b) empirical-based PV models; (c) accuracy evaluation at MPP. 
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Figure 13. Comparison of the reconstructed characteristic curves for the Kaneka P-LE0055 PV panel: (a) approximate PV models; (b) empirical-based PV models; (c) accuracy evaluation at MPP. 
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Table 1. Classification of the 17 PVM equations used in this paper.
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	Equivalent-Circuit-Based Models
	Approximate

Single-Diode Models
	Empirical-Based PV Models





	Single-Diode [117]
	Padé Approximant [91]
	Superellipse v1 [94], v2 [113,114], v3 [118,119,120], v4 [41]



	Double-Diode [64]
	Newton–Raphson [121]
	Bézier Curve [44]



	Triple-Diode [58]
	MATLAB (Haley’s) [78,79]
	Three-Coefficient Model [101]



	
	Hybrid Explicit Expansion [80]
	



	
	Fixed-Point Iteration [122]
	



	
	Barry Analytical Expansion [82]
	



	
	Wintzki Approximation [84,123]
	



	
	3-Point Model [89]
	



	
	Two-Port Network Expansion [96]
	



	
	Two-Parameter Model [99,124]
	



	
	Taylor’s Series Expansion [92]
	










 





Table 2. PV panel specifications used in this paper.
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	Cell Material
	PV Panel
	   V mp    (V)
	   I mp    (A)
	   V oc    (V)
	   I sc    (A)
	   α   
	   β   





	Multicrystalline
	KC200GT
	26.30
	7.61
	32.90
	8.21
	0.7994
	0.9269



	Multicrystalline
	Trina Solar TSM-245 PC/PA05
	30.20
	8.13
	37.50
	8.68
	0.8053
	0.9366



	Multicrystalline
	Alfa Solar Pyramid54-215
	25.88
	8.31
	33.54
	8.95
	0.7716
	0.9285



	Monocrystalline
	Sanyo HIT H250-E01
	34.90
	7.18
	43.10
	7.74
	0.8097
	0.9276



	Monocrystalline
	Canadian CS6X-300M
	36.60
	8.33
	45.20
	8.84
	0.8097
	0.9423



	Thin film
	Kaneka P-LE0055
	16.54
	3.33
	23.00
	4.68
	0.7191
	0.7115










 





Table 3. Electrical parameters for the equivalent-circuit-based models for the KC200GT PV panel.
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	Model
	Reference
	    I ph    
	     I o    =    I  o 1      
	    I  o 2     
	    I  o 3     
	     A 0    =    A 1     
	    A 2    
	    A 3    
	    R s    
	    R sh    





	Single-diode
	[117]
	8.2140
	   9.8300 ×  10  − 8     
	–
	–
	1.3000
	–
	–
	0.2210
	415.4050



	Double-diode
	[64]
	8.2100
	   4.2180 ×  10  − 10     
	   4.2180 ×  10  − 10     
	–
	1.0000
	1.2500
	–
	0.3200
	160.5000



	Triple-diode
	[58]
	8.2292
	   2.8885 ×  10  − 8     
	   2.8021 ×  10  − 10     
	   2.7974 ×  10  − 10     
	1.2198
	1.0917
	1.4999
	0.2248
	310.8623










 





Table 4. Parameter extraction of circuit-based and analytical-based PV models for 6 different PV panels.
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Electrical Parameters [117]

	
Three-Point Model [89,90]

	
Two-Parameter

Model [97,98,99,100]




	
PV Panel

	
   I ph   

	
   I o   

	
   A o   

	
   R s   

	
   R sh   

	
  a  

	
  b  

	
  c  

	
   C 1   

	
   C 2   






	
KC200GT

	
8.2140

	
   9.8300 ×  10  − 8     

	
1.3000

	
0.2210

	
415.4050

	
0.2153

	
1.1523

	
8.2100

	
8.2100

	
2.5228




	
Trina Solar TSM-245 PC/PA05

	
8.6900

	
   7.8000 ×  10  − 11     

	
1.1850

	
0.2200

	
223.7000

	
0.2161

	
1.1577

	
8.6800

	
8.6800

	
2.6460




	
Alfa Solar Pyramid54-215

	
8.9800

	
   1.0000 ×  10  − 8     

	
1.1759

	
0.2600

	
73.5000

	
0.2838

	
1.1962

	
8.9500

	
8.9501

	
2.9038




	
Sanyo HIT H250-E01

	
7.7600

	
   1.1000 ×  10  − 8     

	
1.3717

	
0.2700

	
202.9000

	
0.1938

	
1.1386

	
7.7400

	
7.7400

	
3.1224




	
Canadian CS6X-300M

	
8.8400

	
   1.1000 ×  10  − 8     

	
1.1889

	
0.2500

	
578.9000

	
0.2146

	
1.1594

	
8.8400

	
8.84

	
3.0148




	
Kaneka P-LE0055

	
4.8000

	
   9.1000 ×  10  − 5     

	
0.7991

	
0.3100

	
14.3000

	
−0.0206

	
0.8268

	
4.6800

	
4.7366

	
5.1963











 





Table 5. Parameter extraction of empirical-based PV models for 6 different PV panels.
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Three-Coefficient Model [101]

	
[94]

	
[113,114]

	
[118,119,120]

	
[41]




	
PV Panel

	
  A  

	
  B  

	
  C  

	
  k  

	
  h  

	
  f  

	
  g  

	
  m  

	
  γ  

	
  m  

	
  n  






	
KC200GT

	
4.0073

	
0.0008

	
0.1404

	
1.2174

	
−0.9290

	
13.1770

	
0.6894

	
11.6844

	
0.9064

	
12.7700

	
0.7760




	
Trina Solar TSM-245 PC/PA05

	
4.3203

	
0.0007

	
0.1334

	
1.2197

	
−0.9341

	
15.2764

	
0.5593

	
12.7431

	
0.9148

	
14.9690

	
0.6100




	
Alfa Solar Pyramid54-215

	
3.7475

	
0.0009

	
0.1337

	
1.3010

	
−0.8964

	
13.4782

	
0.4093

	
10.1746

	
0.8910

	
12.3330

	
0.4340




	
Sanyo HIT H250-E01

	
5.5685

	
0.0006

	
0.1471

	
1.1933

	
−0.9386

	
13.3152

	
0.8017

	
12.4444

	
0.9126

	
12.8630

	
0.9120




	
Canadian CS6X-300M

	
5.1131

	
0.0005

	
0.1311

	
1.2187

	
−0.9377

	
16.8284

	
0.4826

	
13.5165

	
0.9201

	
16.5990

	
0.5150




	
Kaneka P-LE0055

	
4.9145

	
−0.0002

	
0.1767

	
0.9844

	
−0.8489

	
2.9645

	
1.1155

	
3.7705

	
0.6391

	
1.9960

	
2.1440











 





Table 6. Comparison of the three equivalent-circuit-based models for KC200GT PV panel within the vicinity of MPP.






Table 6. Comparison of the three equivalent-circuit-based models for KC200GT PV panel within the vicinity of MPP.














	Method
	Reference
	   V mp    (V)
	   I mp    (A)
	   P mp    (W)
	   ε I    (%)
	   ε P    (%)





	Datasheet data
	
	26.2795
	7.6203
	200.2577
	
	



	Single-diode
	[117]
	26.4000
	7.5877
	200.3160
	0.1124
	0.0077



	Double-diode
	[64]
	26.4000
	7.5998
	200.6347
	0.0708
	0.0495



	Triple-diode
	[58]
	26.4000
	7.6262
	201.3304
	0.0202
	0.1409










 





Table 7. Comparison of 17 different PVM equations for KC200GT PV panel within the vicinity of MPP.






Table 7. Comparison of 17 different PVM equations for KC200GT PV panel within the vicinity of MPP.














	Method
	Reference
	   V mp    (V)
	   I mp    (A)
	   P mp    (W)
	   ε I   (%)
	   ε P   (%)





	Datasheet Data
	
	26.2795
	7.6203
	200.2577
	
	



	Superellipse

Model




	[94]

[113,114]

[118,119,120]

[41]
	26.3134

26.2146

32.9000

26.3039
	7.6061

7.6199

7.0519

7.6089
	200.1428

199.7523

232.0074

200.1437
	0.0490

0.0014

1.9617

0.0395
	0.0151

0.0664

4.1697

0.0150



	Padé Approximant
	[91]
	26.3463
	7.5999
	200.2306
	0.0705
	0.0036



	Newton–Raphson
	[121]
	23.8764
	7.6217
	181.9785
	0.0048
	2.4006



	MATLAB (Haley’s)
	[78,79]
	23.4482
	7.5903
	177.9804
	0.1034
	2.9257



	Hybrid Explicit Expansion
	[80]
	26.4781
	7.6162
	201.6613
	0.0143
	0.1831



	Fixed-Point Iteration
	[122]
	23.4482
	7.5904
	177.9807
	0.1033
	2.9257



	Barry Analytical Expansion
	[82]
	26.3463
	7.5991
	200.2083
	0.0732
	0.0065



	Winitzki Approximation
	[84,123]
	23.4482
	7.5908
	177.9917
	0.1021
	2.9292



	3-Point Model
	[89,90]
	27.9601
	7.7874
	217.7352
	0.5766
	2.2953



	Two-Port Network Expansion
	[96]
	26.3860
	7.6512
	201.8837
	0.1065
	0.2136



	Two-Parameter Model
	[99,124]
	26.7086
	7.5045
	200.4354
	0.3996
	0.0233



	Taylor’s Series Expansion
	[92]
	26.3793
	7.5977
	200.4230
	0.0781
	0.0217



	Bézier Curve
	[44]
	27.4431
	7.6466
	209.8464
	0.0908
	1.2593



	Three-Coefficient Model
	[101]
	26.3134
	7.6061
	200.1428
	0.0490
	0.0151










 





Table 8. Comparison of 17 different PVM equations for Pyramid54-215 PV panel within the vicinity of MPP.
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	Method
	Reference
	   V mp    (V)
	   I mp    (A)
	   P mp    (W)
	   ε I   (%)
	   ε P   (%)





	Datasheet Data
	
	25.9270
	8.0941
	209.8557
	
	



	Superellipse

Model




	[94]

[113,114]

[118,119,120]

[41]
	25.8852

25.8181

37.5000

25.4970
	8.3083

8.3206

7.6270

8.2644
	215.0628

214.8230

255.8105

210.7166
	0.6849

0.7243

1.4934

0.5445
	0.6421

0.6126

5.6673

0.1062



	Padé Approximant
	[91]
	26.8589
	8.0805
	217.0337
	0.0431
	0.8781



	Newton–Raphson
	[121]
	24.5423
	8.1313
	199.5616
	0.1181
	1.2594



	MATLAB (Haley’s)
	[78,79]
	23.8372
	8.1081
	193.2740
	0.0443
	2.0285



	Hybrid Explicit Expansion
	[80]
	26.9596
	8.0947
	218.2285
	0.0018
	1.0243



	Fixed-Point Iteration
	[122]
	23.8708
	8.0967
	193.2750
	0.0083
	2.0284



	Barry Analytical Expansion
	[82]
	26.8589
	8.0777
	216.9567
	0.0521
	0.8687



	Winitzki Approximation
	[84,123]
	23.8708
	8.0973
	193.2896
	0.0102
	2.0266



	3-Point Model
	[89,90]
	28.8733
	8.5382
	246.5257
	1.4086
	4.4861



	Two-Port Network Expansion
	[96]
	26.9128
	8.4251
	226.7428
	1.0498
	2.0659



	Two-Parameter Model
	[99,124]
	26.7917
	8.0740
	216.3168
	0.0637
	0.7904



	Taylor’s Series Expansion
	[92]
	26.9260
	8.0779
	217.5053
	0.0514
	0.9358



	Bézier Curve
	[44]
	27.5864
	8.2715
	228.1810
	0.5672
	2.2599



	Three-Coefficient Model
	[101]
	25.8852
	8.3083
	215.0628
	0.6849
	0.6421










 





Table 9. Comparison of 17 different PVM equations for TSM-245 P/PA05 PV panel within the vicinity of MPP.
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	Method
	Reference
	   V mp    (V)
	   I mp    (A)
	   P mp    (W)
	   ε I   (%)
	   ε P   (%)





	Datasheet Data
	
	30.4252
	8.0751
	245.6865
	
	



	Superellipse

Model




	[94]

[113,114]

[118,119,120]

[41]
	30.2177

30.1426

37.5000

30.2015
	8.1252

8.1358

7.5816

8.1298
	245.5256

245.2351

284.3087

245.5305
	0.1825

0.2211

1.7969

0.1990
	0.0193

0.0540

4.6217

0.0187



	Padé Approximant
	[91]
	37.5000
	8.3406
	312.7730
	0.9667
	8.0279



	Newton–Raphson
	[121]
	35.2853
	8.1404
	287.2358
	0.2377
	4.9720



	MATLAB (Haley’s)
	[78,79]
	34.7598
	8.1300
	282.5955
	0.1997
	4.4167



	Hybrid Explicit Expansion
	[80]
	37.5000
	8.3611
	313.5394
	1.0411
	8.1196



	Fixed-Point Iteration
	[122]
	33.1456
	8.3807
	277.7834
	1.1126
	3.8409



	Winitzki Approximation
	[84,123]
	34.7598
	8.1301
	282.6014
	0.2004
	4.4174



	3-Point Model
	[89,90]
	32.2823
	8.2788
	267.2599
	0.7418
	2.5816



	Two-Port Network Expansion
	[96]
	35.6022
	8.6263
	307.1161
	2.0069
	7.3509



	Two-Parameter Model
	[99,124]
	30.7808
	7.9950
	246.0927
	0.2916
	0.0486



	Taylor’s Series Expansion
	[92]
	37.5000
	8.3436
	312.8863
	0.9777
	8.04143



	Bézier Curve
	[44]
	32.0637
	7.9496
	256.8984
	0.4569
	1.3417



	Three-Coefficient Model
	[101]
	30.2177
	8.1252
	245.5256
	0.1825
	0.0193










 





Table 10. Comparison of 17 different PVM equations for HIT H250-E01 PV panel within the vicinity of MPP.
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	Method
	Reference
	   V mp    (V)
	   I mp    (A)
	   P mp    (W)
	   ε I   (%)
	   ε P   (%)





	Datasheet Data
	
	34.5497
	7.2846
	251.6807
	
	



	Superellipse

Model




	[94]

[113,114]

[118,119,120]

[41]
	34.9028

34.7302

42.9706

34.9010
	7.1794

7.1991

6.7017

7.1795
	250.5820

250.0267

287.9763

250.5720
	0.5039

0.4096

2.7926

0.5035
	0.1524

0.2294

5.0330

0.1537



	Padé Approximant
	[91]
	35.11859
	7.1342
	250.5421
	0.7206
	0.1579



	Newton–Raphson
	[121]
	31.7534
	7.1650
	227.5119
	0.5731
	3.3514



	MATLAB (Haley’s)
	[78,79]
	31.2356
	7.1491
	223.3061
	0.6493
	3.9347



	Hybrid Explicit Expansion
	[80]
	35.2911
	7.1454
	252.1687
	0.6669
	0.0677



	Fixed-Point Iteration
	[122]
	31.2356
	7.1491
	223.3062
	0.6492
	3.9346



	Barry Analytical Expansion
	[82]
	35.1185
	7.1336
	250.5205
	0.7236
	0.1609



	Winitzki Approximation
	[84,123]
	35.1617
	7.1309
	250.7358
	0.6952
	3.9335



	3-Point Model
	[89,90]
	37.1031
	7.3744
	273.6137
	0.4303
	3.0414



	Two-Port Network Expansion
	[96]
	35.1781
	7.2943
	256.5984
	0.0463
	0.6819



	Two-Parameter Model
	[99,124]
	35.2479
	7.1140
	250.7536
	0.8174
	0.1286



	Taylor’s Series Expansion
	[92]
	26.9260
	8.0779
	217.5053
	0.7362
	0.1310



	Bézier Curve
	[44]
	36.6025
	7.1268
	260.8600
	0.7560
	1.2729



	Three-Coefficient Model
	[101]
	34.9028
	7.1794
	250.5820
	0.5039
	0.1524










 





Table 11. Comparison of 17 different PVM equations for CS6X-300M PV panel within the vicinity of MPP.
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	Method
	Reference
	   V mp    (V)
	   I mp    (A)
	   P mp    (W)
	   ε I   (%)
	   ε P   (%)





	Datasheet Data
	
	36.1036
	8.3861
	302.7684
	
	



	Superellipse

Model




	[94]

[113,114]

[118,119,120]

[41]
	36.6034

36.5582

45.2000

36.6015
	8.3292

8.3325

7.7989

8.3303
	304.8780

304.6200

352.5082

304.9016
	0.2482

0.2340

2.5630

0.2435
	0.2550

0.2238

6.0128

0.2579



	Padé Approximant
	[91]
	36.8296
	8.2504
	303.8579
	0.5924
	0.1317



	Newton–Raphson
	[121]
	33.3005
	8.2787
	275.6860
	0.4686
	3.2738



	MATLAB (Haley’s)
	[78,79]
	32.7576
	8.2521
	270.3193
	0.5847
	3.9226



	Hybrid Explicit Expansion
	[80]
	36.9654
	8.2733
	305.8248
	0.4924
	0.3695



	Fixed-Point Iteration
	[122]
	32.7576
	8.2521
	270.3196
	0.5847
	3.9226



	Barry Analytical Expansion
	[82]
	36.8296
	8.2496
	303.8282
	0.5959
	0.1281



	Winitzki Approximation
	[84,123]
	32.7576
	8.2525
	270.3308
	0.5832
	3.9212



	3-Point Model
	[89]
	38.9109
	8.4329
	328.1318
	0.2042
	3.0660



	Two-Port Network Expansion
	[96]
	36.8394
	8.3110
	306.1735
	0.3276
	0.4116



	Two-Parameter Model
	[99,124]
	37.3726
	8.1810
	305.7463
	0.8950
	0.3600



	Taylor’s Series Expansion
	[92]
	36.8296
	8.2575
	304.1194
	0.5614
	0.1633



	Bézier Curve
	[44]
	38.4716
	8.1984
	315.4040
	0.8192
	1.5274



	Three-Coefficient Model
	[101]
	36.6034
	8.3292
	304.8780
	0.2482
	0.2550










 





Table 12. Comparison of 17 different PVM equations for P-LE0055 PV panel within the vicinity of MPP.
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	Method
	Reference
	   V mp    (V)
	   I mp    (A)
	   P mp    (W)
	   ε I   (%)
	   ε P   (%)





	Datasheet Data
	
	16.5343
	3.3309
	55.0782
	
	



	Superellipse

Model




	[94]

[113,114]

[118,119,120]

[41]
	16.5305

14.8268

20.2372

16.5409
	3.3319

3.5066

3.0787

3.3301
	55.0782

51.9912

62.3035

55.0833
	0.0050

0.8706

1.2502

0.0038
	  1.3772 ×  10  − 5    

0.9253

2.1657

0.0015



	Padé Approximant
	[91]
	16.9449
	3.2470
	55.0204
	0.4158
	0.0173



	Newton–Raphson
	[121]
	15.3564
	3.3368
	51.2411
	0.0293
	1.1501



	MATLAB (Haley’s)
	[78,79]
	15.2182
	3.3362
	50.7706
	0.0261
	1.2912



	Hybrid Explicit Expansion
	[80]
	17.1291
	3.2448
	55.5810
	0.4266
	0.1507



	Fixed-Point Iteration
	[122]
	15.2182
	3.3362
	50.7707
	0.0262
	1.2911



	Barry Analytical Expansion
	[82]
	16.9449
	3.2469
	55.0184
	0.4164
	0.0179



	Winitzki Approximation
	[84,123]
	15.2182
	3.3363
	50.7724
	0.0267
	1.2906



	3-Point Model
	[89,90]
	18.1882
	4.2696
	77.6558
	4.6524
	6.7675



	Two-Port Network Expansion
	[96]
	18.0402
	4.2396
	76.4843
	4.5041
	6.4163



	Two-Parameter Model
	[99,124]
	37.3726
	8.1810
	305.7463
	1.1680
	0.3751



	Taylor’s Series Expansion
	[92]
	16.9449
	3.2473
	55.0262
	0.4141
	0.0156



	Bézier Curve
	[44]
	18.0881
	3.7626
	68.0581
	2.1397
	3.8906



	Three-Coefficient Model
	[101]
	16.5305
	3.3319
	55.0782
	0.0050
	   1.3697 ×  10  − 5     
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