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A B S T R A C T

The accurate representation of the photovoltaic (PV) characteristic curves especially at maximum power point
(MPP) are essential for the real-time performance evaluation of PV panels. Over the years, equivalent circuit
models which are based on the conversion behavior of PV panels have been the only approach employed in
its modeling, simulation, and analysis. However, since the resulting I–V characteristic equation is inherently
nonlinear and implicit, the full range enumeration of the PV characteristic curves is usually obtained in a
complicated way. Thus, this paper proposes a novel empirical model for modeling and analysis of PV panels.
Due to the unique similarities between the geometric shapes of a superellipse and the graphical characteristics
of the I–V curve, an explicit mathematical correlation describing the behavior of PV panels can be established.
By outlining a step-by-step procedure, the parameter extraction procedures are illustrated. As a result, the
straightforward description of the full-range parameter fitting extraction of the I–V curve is greatly simplified.
To validate the superiority of the proposed model over the conventional single-diode model, the model accuracy
is evaluated according to the IEC EN 50530 standard. The simulation results revealed that irrespective of
PV panel specification, cell material, and ambient conditions, the proposed empirical model maintains a low
absolute current and power errors within the vicinity of MPP.
1. Introduction

Solar energy remains a clean, reliable and affordable alternative
to fossil fuel energy for achieving carbon neutrality [1–4]. To fully
harness this abundant energy, photovoltaic (PV) panels are used for the
conversion of this abundant light energy into electrical energy in the
form of DC currents for the end user. Since most PV panels are usually
installed at locations which are far away from the operator [5,6], its
real-time performance analysis at various ambient conditions are quite
difficult [7].

To address this challenge, equivalent models have been proposed
in literature for the effective modeling, simulation and study of the
behavior of PV panels. By taking advantage of the conversion principle
of a typical PV panel, equivalent circuit models have been used and
successfully implemented in various software environments such as
PSIM, MATLAB/Simulink etc [8]. This equivalent circuit model can
be classified based on the number of diode component present in the
electrical circuit [9].

While the triple-diode or double-diode models consists of three or
two diode components respectively, most researchers and technicians
rely heavily on the single-diode model, as it contains the fewest number
of electrical parameters, and a simpler I–V characteristic equation [10].

∗ Corresponding author.
E-mail address: sjchoi@ulsan.ac.kr (S.-J. Choi).

However, the implicitness and nonlinearity of these equations makes
the accurate and rapid reconstruction of the PV characteristic curves
very tedious.

Over the years, substitute or approximate single-diode photovoltaic
model (PVM) equations have been proposed in literature [8]. These
approximate PVM equations are transformed into explicit form by
either the decoupling or parametrization of its exponential term. Based
on their mathematical formulas, such approximate PVM equations can
either be analytical-based or iteration-based [11]. Since the iteration-
based PVM equations are heavily dependent on its initial guess values
and specified tolerance, the accuracy of the approximate PV charac-
teristic curves within the vicinity of maximum power point (MPP) are
usually low [12–14].

The most widely used mathematical formula for the decoupling of
the exponential term under the analytical-based PVM equation is the
Lambert-𝛺 function [15]. In simple terms, it establishes an explicit
relationship between the basic I–V characteristic equation and the real-
branch values of 𝛺(𝑥). Nonetheless, the basic Lambert-𝛺 method also
known as Haley’s method does not express the 𝛺(𝑥) as an elementary
vailable online 23 June 2023
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equation [16,17]. Hence, several improvements in the form of approx-
imate expansion formulas have been proposed in literature to obtain
the values for 𝛺(𝑥) [18–26].

Other PVM equations in literature that can be categorized under this
roup are Taylor’s series expansion [27], Padé approximant [28,29],
ymbolic function [30], Chebyshev polynomials [31], Two-port net-
ork expansion [32], and two parameter model [33,34]. Irrespective
f the PVM equations employed in approximating the PV characteristic
urves, its complexity, required numbers of parameters or information
re all still a major limitation hindering the full understanding of
he behavior of PV panels. Thus, this paper proposes a novel empir-
cal model based on the graphical characteristics of the I–V curve as
pecified in a typical manufacturer’s datasheet.

Due to the unique similarities between the I–V curve at standard
est condition (STC) and the geometric shapes of a superellipse, a new
mpirical model describing the behavior of PV panel can be obtained.
y applying the key datasheet constraints into this model, an explicit
imultaneous equation describing the I–V curve is derived. Hence, the
oots of these multidimensional equation automatically become the
ptimum fitting parameters required for the accurate modeling of the
V characteristic curves.

The structure of this paper is as follows. In Section 2, the conven-
ional single-diode model, its characteristic equation and key points un-
er varying conditions are discussed. Next, in Section 3, the theoretical
ackground of proposed empirical model and its specific considerations
nder both STC and varying conditions are established. Based on this
stablished fact, a step-by-step procedure for obtaining the optimum
itting parameters for the proposed model are derived in Section 4.
n Section 5, the parameter convergence and model accuracy of the
uperellipse model are evaluated. Finally, conclusions and future works
rawn from these results are given in Section 6.

. Conventional modeling of the PV characteristic curves

.1. Single-diode model

Due to its simplicity, the single-diode model as shown in Fig. 1(a) is
idely used for evaluating the performance of PV panels as it contains
nly a diode component and five fitting parameters. By applying circuit
nalysis to Fig. 1(a), the I–V characteristic equation can therefore be
xpressed as

𝑝𝑣 = 𝐼𝑝ℎ − 𝐼𝑠 ⋅
[

𝑒
( 𝑣𝑝𝑣+𝑖𝑝𝑣𝑅𝑠

𝐴𝑁𝑉𝑡

)

− 1
]

−
𝑣𝑝𝑣 + 𝑖𝑝𝑣𝑅𝑠

𝑅𝑠ℎ
(1)

where 𝑖𝑝𝑣 is the instantaneous PV output current (A), 𝑣𝑝𝑣 is the instan-
taneous PV output voltage (V), 𝐼𝑝ℎ is the photovoltaic current (A), 𝐼𝑠
he saturation current of the diode (A), 𝑉𝑡 is the thermal voltage (V), 𝐴
s the ideality factor, while 𝑅𝑠, 𝑅𝑠ℎ and 𝑁 are the series resistance (𝛺),

parallel resistance (𝛺), and number of cells in a series string inside the
panel respectively.

By performing further analysis, the photovoltaic current 𝐼𝑝ℎ has
been further defined mathematically in literature as [35,36]

𝐼𝑝ℎ = 𝐺
𝐺𝑛

(

𝐼𝑠𝑐𝑛 + 𝛽𝐼 (𝑇 − 𝑇𝑛)
)

(2)

which makes 𝐼𝑝ℎ entirely dependent on the irradiance 𝐺 and tempera-
ure 𝑇 levels of each solar panel, the terms of (2) are defined such that
𝑠𝑐𝑛 is the short-circuit current at STC (𝑇𝑛 = 298.15 K, 𝐺𝑛 = 1000 W∕m2)

while 𝛽𝐼 is the temperature coefficient of 𝐼𝑠𝑐 .
Furthermore, another key component of (1) is the saturation current

𝑠 which has been expressed mathematically as [37,38]

𝑠 =
𝐼𝑠𝑐𝑛 + 𝛽𝐼 (𝑇 − 𝑇𝑛)

𝑒
𝑉𝑜𝑐𝑛+𝛽𝑉 (𝑇−𝑇𝑛 )

𝐴𝑉𝑡 − 1
(3)

here 𝑉𝑜𝑐𝑛 is the open-circuit voltage at STC and 𝛽𝑉 is the temperature
oefficient of 𝑉𝑜𝑐 . By obtaining the numerical solutions to (1), the
egeneration of the I–V curve can be achieved as shown in Fig. 1(b)
ith four key-points; open-circuit voltage 𝑉𝑜𝑐 , short-circuit current 𝐼𝑠𝑐 ,
oltage at MPP 𝑉 , current at MPP 𝐼 .
2

𝑚𝑝 𝑚𝑝 𝛽
Fig. 1. Equivalent electrical circuit of the single-diode model and its corresponding
characteristic curves under STC as obtained from a typical PV panel (a) single-diode
model (b) key points of the I–V and P–V curves.

2.2. Effects of varying ambient conditions

However, (1) in its basic form does not describe the I–V curve under
varying conditions. A change in the ambient conditions of a PV panel
leads to corresponding changes to the key points of its I–V curve. The
mathematical equation used in obtaining these estimated key points
under this condition have been derived in literature as [39]

𝐼𝑠𝑐 = 𝐼𝑠𝑐𝑛
𝐺
𝐺𝑛

[

1 + 𝛽𝐼 (𝑇 − 𝑇𝑛)
]

(4a)

𝑉𝑜𝑐 = 𝑉𝑜𝑐𝑛 +𝑁𝐴𝑛
𝑘𝑇
𝑞

𝑙𝑛
(

𝐺
𝐺𝑛

)

+ 𝛽𝑉 (𝑇 − 𝑇𝑛) (4b)

𝑚𝑝 = 𝐼𝑚𝑝𝑛
𝐺
𝐺𝑛

[

1 + 𝛽𝐼,𝑚𝑝(𝑇 − 𝑇𝑛)
]

(4c)

𝑚𝑝 = 𝑉𝑚𝑝𝑛 +𝑁𝐴𝑛
𝑘𝑇
𝑞

𝑙𝑛
(

𝐺
𝐺𝑛

)

+ 𝛽𝑉 ,𝑚𝑝(𝑇 − 𝑇𝑛) (4d)

here the quantities with subscript 𝑛 denotes its value under STC.
hile 𝐴𝑛 determines the squareness of the I–V curve, 𝛽𝐼,𝑚𝑝, and 𝛽𝑉 ,𝑚𝑝

as been approximated as [39]

≅ 𝛽 , 𝛽 ≅ 𝛽 . (5)
𝐼,𝑚𝑝 𝐼 𝑉 ,𝑚𝑝 𝑉
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3. Superellipse modeling of the PV characteristic curves

3.1. Proposed model

A basic superellipse which is also known as a single-shaped superel-
lipse is a geometric curve that always retains its 𝑥 and 𝑦 intercepts
rrespective of distortion in its overall shape as shown in Fig. 2(a).
lthough, due to its single-shape constraint, the enumerated geometric
urves are usually smoother, and well-rounded at both axes, it does not
ffer high flexibility in its overall shape.

On the other hand, in addition to retaining its intercepts, the
eometric curves of a double-shaped superellipse at any given point as
hown in Fig. 2(b) has more flexibility in its overall shapes. Thus, these
eometric steep curves are usually more angular in shape with very
teep slope when compared with the single-shaped superellipse. Hence,
he implicit equation describing any point 𝑃 (𝑥, 𝑦) along the curve can
e expressed as
𝑥
𝐴

)𝑚
+
( 𝑦
𝐵

)𝑛
= 1 (6)

here 𝐴 is the positive 𝑥−intercept value, 𝐵 is the positive 𝑦−intercept
alue, 𝑚 and 𝑛 are its optimum fitting parameters.

If we take 𝐴 and 𝐵 as the 𝑉𝑜𝑐 and 𝐼𝑠𝑐 of a typical I–V curve
espectively, a novel implicit equation for PV panels can be defined
s
𝑣
𝑉𝑜𝑐

)𝑚
+
(

𝑖
𝐼𝑠𝑐

)𝑛
= 1 (7)

here 𝑖 is the output current of the superellipse model and 𝑣 is the
utput voltage of the superellipse model.

By making 𝑖 the subject of the formula, an explicit equation describ-
ng the full-range enumeration of the I–V curve under STC can therefore
e written as

= 𝐼𝑠𝑐

[

1 −
(

𝑣
𝑉𝑜𝑐

)𝑚
]

1
𝑛

. (8)

3.2. Consideration of varying ambient conditions

Similar to the typical I–V curve as described in Section 2.2, the key
points of the superellipse model are also dependent on the ambient
conditions of the PV panel. Thus, any variation in the irradiance or
temperature leads to corresponding changes in the 𝑉𝑜𝑐 and 𝐼𝑠𝑐 points
of (8).

Over the years, many researchers have successfully studied and
proposed simplified mathematical equations for estimating the fixed
axes points of the I–V curve under this condition [36]. Hence, the open
circuit current 𝐼∗𝑠𝑐 , and short circuit voltage 𝑉 ∗

𝑜𝑐 for the superellipse
model under varying ambient conditions can therefore be estimated as

𝐼∗𝑠𝑐 = 𝐼𝑠𝑐𝑛
𝐺
𝐺𝑛

(9a)

∗
𝑜𝑐 = 𝑉𝑜𝑐𝑛 +𝑁𝐴𝑛

𝑘𝑇
𝑞

𝑙𝑛
(

𝐺
𝐺𝑛

)

+ 𝛽𝑉 (𝑇 − 𝑇𝑛). (9b)

Nonetheless, (9b) is still heavily dependent on the accurate estimation
f 𝐴𝑛 which usually ranges between 1 < 𝐴𝑛 < 2. Many researchers have

proposed different techniques for obtaining this value with varying
levels of complexity [40–42].

Based on the physics describing the behavior of PV panels, the
typical I–V curve have been defined as a superposition of its diode
characteristic curve [43]. Hence, 𝐴𝑛 can therefore be considered as the
reciprocal slope factor of the voltage ratio of the I–V curve, which in
practice, characterizes the Shockley–Read–Hall recombination of the
diode. Thus, a new simplified and quick mathematical equation for
obtaining 𝐴𝑛 in (9b) for any PV panel can therefore be expressed as

𝐴𝑛 =
𝑉𝑜𝑐 . (10)
3

𝑉𝑚𝑝
Fig. 2. Superellipse with varying parameter values (a) single-shaped superellipse (b)
double-shaped superellipse.

Thus, by combining (9) into (8), the updated mathematical expres-
sion for obtaining the full range of the I–V curve under varying ambient
conditions is expressed as

𝑖 = 𝐼∗𝑠𝑐

[

1 −
(

𝑣
𝑉 ∗
𝑜𝑐

)𝑚
]

1
𝑛

. (11)

4. Parameter extraction of the superellipse PV model

4.1. Finding the optimum fitting parameters

Due to the unique similarities between the conventional single-
diode and the proposed models, we assume that the new model sub-
sequently inherits all the mathematical properties and constraints de-
scribing the I–V curve. Thus, to ensure accuracy especially within the
vicinity of MPP, and obtain its optimum parameters, the datasheet
constraints are applied to the basic explicit equation describing the
superellipse model (8).

(A) Constraint 1: The I–V curve starts from (𝑉𝑜𝑐 , 0) and ends at
(0, 𝐼𝑠𝑐 ). Hence, the fixed point of the superellipse model at both
semi-major and semi-minor axes are the 𝑉𝑜𝑐 and 𝐼𝑠𝑐 points
respectively.
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(B) Constraint 2: The I–V curve must always pass through its MPP.
Hence, by substituting the MPP values as obtained in any man-
ufacturer’s datasheet under STC into (8), an explicit equation
describing MPP in the superellipse model can therefore be ex-
pressed as

𝐼𝑚𝑝 = 𝐼𝑠𝑐

[

1 −
(𝑉𝑚𝑝

𝑉𝑜𝑐

)𝑚]
1
𝑛

. (12)

(C) Constraints 3: The slope of the P–V curve is null at MPP. Thus,
the instantaneous power 𝑝 of the superellipse model can there-
fore be defined as

𝑝 = 𝑖 ⋅ 𝑣. (13)

To meet this constraint, we differentiate (8) such that

𝑑𝑝
𝑑𝑣

|

|

|

|

|𝑣=𝑉𝑚𝑝

= 𝑖 ⋅
(𝑑𝑣
𝑑𝑣

)

+ 𝑣 ⋅
( 𝑑𝑖
𝑑𝑣

) |

|

|

|

|𝑖=𝐼𝑚𝑝 ,𝑣=𝑉𝑚𝑝

= 0, (14)

we obtain

𝐼𝑚𝑝 =
𝑚𝐼𝑠𝑐
𝑛

(𝑉𝑚𝑝
𝑉𝑜𝑐

)𝑚 ( 𝐼𝑚𝑝
𝐼𝑠𝑐

)1−𝑛

. (15)

By combining the Constraints 2 and 3, a simultaneous equation
escribing the novel nonlinear superellipse model can therefore be
xpressed as

𝑚𝑝 = 𝐼𝑠𝑐

[

1 −
(𝑉𝑚𝑝

𝑉𝑜𝑐

)𝑚]
1
𝑛

(16a)

𝑚𝑝 =
𝑚𝐼𝑠𝑐
𝑛

(𝑉𝑚𝑝
𝑉𝑜𝑐

)𝑚 ( 𝐼𝑚𝑝
𝐼𝑠𝑐

)1−𝑛

. (16b)

Thus, (16) subsequently creates the exact conditions that must al-
ays be met to obtain the optimum fitting parameters of the empirical
odel.

.2. Multi-variable Newton–Raphson Root-finding algorithm

Over the years, several parameter extraction algorithms have been
roposed and successfully implemented in literature for obtaining the
olutions to PV model multidimensional equations [44–47]. Methods
uch as Powell, Levenberg–Marquardt, and Newton–Raphson methods
ave all been effectively utilized in extracting the electrical parameters
f the conventional single-diode model. The fast convergence and
elative ease of the multi-variable Newton–Raphson method make it
he suitable root-finding algorithm utilized in this paper [48,49].

To extract the fitting parameters, we rewrite (16) as composite
unctions

𝑓1(𝑚, 𝑛) = 𝐼𝑚𝑝 − 𝐼𝑠𝑐

[

1 −
( 𝑉𝑚𝑝

𝑉𝑜𝑐

)𝑚
]

1
𝑛

= 0 (a)

𝑓2(𝑚, 𝑛) = 𝐼𝑚𝑝 −
𝑚𝐼𝑠𝑐
𝑛

( 𝑉𝑚𝑝
𝑉𝑜𝑐

)𝑚 ( 𝐼𝑚𝑝
𝐼𝑠𝑐

)1−𝑛
= 0 (b)

(17)

where 𝑓1 and 𝑓2 are functions with two independent variables. Next,
e apply the first-order Taylor’s series expansion about an initial point
𝑚0, 𝑛0) such that

1(𝑚𝑘, 𝑛𝑘) ≅ 𝑓1(𝑚𝑘−1, 𝑛𝑘−1) + (𝑚𝑘 − 𝑚𝑘−1)
𝜕𝑓1
𝜕𝑚

|

|

|

|

|(𝑚𝑘−1 ,𝑛𝑘−1)

+(𝑛𝑘 − 𝑛𝑘−1)
𝜕𝑓1
𝜕𝑛

|

|

|

|

|(𝑚𝑘−1 ,𝑛𝑘−1)
= 0

(18)

2(𝑚𝑘, 𝑛𝑘) ≅ 𝑓2(𝑚𝑘−1, 𝑛𝑘−1) + (𝑚𝑘 − 𝑚𝑘−1)
𝜕𝑓2
𝜕𝑚

|

|

|

|

|(𝑚𝑘−1 ,𝑛𝑘−1)

+(𝑛𝑘 − 𝑛𝑘−1)
𝜕𝑓2
𝜕𝑛

|

|

|

|

= 0.
(19)
4

|(𝑚𝑘−1 ,𝑛𝑘−1)
Fig. 3. A flowchart for the parameter extraction of the superellipse model for PV
panels.

By re-arranging this equation into its matrix form, the values for 𝑚𝑘
and 𝑛𝑘 that meets

𝑓1(𝑚𝑘, 𝑛𝑘) = 𝑓2(𝑚𝑘, 𝑛𝑘) = 0 (20)

can therefore be extracted mathematically using
[

𝑚𝑘
𝑛𝑘

]

=
[

𝑚𝑘−1
𝑛𝑘−1

]

−

[ 𝜕𝑓1
𝜕𝑚

𝜕𝑓1
𝜕𝑛

𝜕𝑓2
𝜕𝑚

𝜕𝑓2
𝜕𝑛

]

|

|

|

|

|

−1

(𝑚𝑘−1 ,𝑛𝑘−1)

[

𝑓1(𝑚𝑘−1, 𝑛𝑘−1)
𝑓2(𝑚𝑘−1, 𝑛𝑘−1)

]

(21)

here 𝑘 = 1, 2, 3, . . . is the number of iterations, while Fig. 3 gives a
etailed summary of the parameter extraction algorithm.

. Parameter convergence and model accuracy

.1. Criteria for evaluating accuracy

To evaluate the performance of PV characteristic curve approxi-
ations, the proposed empirical model is evaluated in accordance to

he IEC EN 50530 standard. This standard maintains the notion that
he absolute current and power errors within the vicinity of ±10% of
he PV panel’s 𝑉𝑚𝑝, should always be less than or equal to 1%. The
athematical expression used in computing these absolute errors can

herefore be expressed as

𝐼 (%) =
1

0.2𝑉𝑚𝑝 ∫𝑉𝑚𝑝±10%

|

|

|

|

|

𝑖𝑠(𝑣) − 𝑖𝑟(𝑣)
𝑖𝑟(𝑣)

|

|

|

|

|

𝑑𝑣 × 100 (22a)

𝜀𝑃 (%) =
1

0.2𝑉𝑚𝑝 ∫𝑉𝑚𝑝±10%

|

|

|

|

|

𝑝𝑠(𝑣) − 𝑝𝑟(𝑣)
𝑝𝑟(𝑣)

|

|

|

|

|

𝑑𝑣 × 100 (22b)
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Table 1
PV panel specifications used in this paper.

Cell material PV panel 𝑉𝑚𝑝 (V) 𝐼𝑚𝑝 (A) 𝑉𝑜𝑐 (V) 𝐼𝑠𝑐 (A) 𝛽𝐼 (𝐴∕◦C) 𝛽𝑉 (mV∕◦C)

Multicrystalline KC200GT 26.30 7.61 32.90 8.21 3.18×10−3 −1.23×10−1
Multicrystalline CS6P-230P 29.60 7.78 36.80 8.34 65.00×10−3 −3.40×10−1
Monocrystalline CS6X-305M 36.60 8.33 45.20 8.84 60.00×10−3 −3.50×10−1
CIGS Thin-film Q.SMART UF L100 69.40 1.44 91.80 1.63 50.00×10−3 −4.20×10−1
Hybrid Thin-film U-EA110 54.00 2.04 71.00 2.50 56.00×10−3 −3.90×10−1
Ultra-thin amorphous VBHN330SA16 58.00 5.70 69.70 6.07 3.34×10−3 −1.60×10−1
t

𝑚

Fig. 4. A plot of the parameter convergence of the superellipse model for 6 different
PV panels.

where the subscript 𝑠 represents the measured values of the ap-
roximate curves, and 𝑟 denotes the data values from the reference
odel.

Since the performance evaluation is carried out using MATLAB/
imulink in an 11th Gen Intel(R) Core(TM) i9-11900K CPU, the PV
haracteristic curves obtained using the inbuilt Simulink circuit-based
odel [50] and its mathematical-based model [51] are also included

n this analysis. Using the manufacturer’s datasheet data as reference,
he PV characteristic curves are therefore easily evaluated. According
o literature, the KC200GT PV panel is the most widely used PV
anel specification for the evaluation of various PVM equations. Thus,
he newly proposed equation is compared with 14 conventional PVM
quations at STC using KC200GT PV panel in Section 5.3.1. Then, in
ection 5.3.2 the proposed empirical model are used to reconstruct the
V characteristic curves for 5 other PV panels with different materials
s specified in Table 1. Finally, the performance of the empirical model
nder varying ambient conditions is examined in Section 5.4 using the
C200GT PV panel.

.2. Parameter convergence

Since the simultaneous equation describing the superellipse model
n (16) is inherently nonlinear, parameter convergence and numerical
tability issues would arise if the initialization values for the multi-
ariable Newton–Raphson’s method are not well-defined. In practice,
he fitting parameters of the standard ellipse is defined as

= 𝑛 = 2. (23)

However, as established in Section 3.1, the fitting parameters of the
uperellipse model are dependent on the graphical characteristic of the
5

Fig. 5. Comparison of the proposed and the conventional single-diode PV models using
the KC200GT PV panel (a) I–V curve (b) P–V curve.

I–V curve. Hence, by taking into account, the relationship establishing
the voltage and current ratios of the typical I–V curve at STC, a mathe-
matical expression for determining the initialization values (𝑚0, 𝑛0) can
herefore be expressed as

0 =
𝑉𝑚𝑝
𝑉𝑜𝑐

(24a)

𝑛0 =
𝐼𝑚𝑝
𝐼𝑠𝑐

. (24b)

In addition, to prevent non-convergence and infinite iteration, a
termination condition is introduced into the algorithm as defined in
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Table 2
Summary of the optimum superellipse fitting parameters for 6 different PV panels.

Cell material PV Panel Color Model parameters Iteration

𝑚 𝑛

Multicrystalline KC200GT 12.7941 0.7734 10
Multicrystalline CS6P-230P 14.0435 0.6926 10
Monocrystalline CS6X-305M 16.6510 0.5174 10
CIGS Thin-film Q.SMART UF L100 7.5611 1.0372 9
Hybrid Thin-film U-EA110 3.8084 2.0840 8
Ultra-thin amorphous VBHN330SA16 15.4235 0.9630 10
Table 3
Comparison of 15 different PVM equations for KC200GT PV panel within the vicinity of MPP.

Method Reference 𝑉𝑚𝑝 (V) 𝐼𝑚𝑝 (A) 𝑃𝑚𝑝 (W) 𝜀𝐼 (%) 𝜀𝑃 (%)

Datasheet Data 26.2795 7.6203 200.2577
Superellipse Model (Proposed) 26.3039 7.6089 200.1437 0.0395 0.0150
Simulink Circuit-based Model [50] 26.9240 7.6190 205.1341 0.0045 0.6404
Simulink Mathematical-based Model [51] 26.4000 7.5802 200.1165 0.1392 0.0185
Padé Approximant [28,29] 26.3463 7.5999 200.2306 0.0705 0.0036
Newton Raphson [12] 23.8764 7.6217 181.9785 0.0048 2.4006
MATLAB (Haley’s) [16,17] 23.4482 7.5903 177.9804 0.1034 2.9257
Hybrid Explicit Expansion [26] 26.4781 7.6162 201.6613 0.0143 0.1831
Fixed Point Iteration [13] 23.4482 7.5904 177.9807 0.1033 2.9257
Barry Analytical Expansion [25] 26.3463 7.5991 200.2083 0.0732 0.0065
Winitzki Approximation [18,52] 23.4482 7.5908 177.9917 0.1021 2.9292
3 Point Model [53] 27.9601 7.7874 217.7352 0.5766 2.2953
Two-Port Network Expansion [32] 26.3860 7.6512 201.8837 0.1065 0.2136
Two-Parameter Model [33,34] 26.7086 7.5045 200.4354 0.3996 0.0233
Taylor’s Series Expansion [27] 26.3793 7.5977 200.4230 0.0781 0.0217
Bézier curve [11] 27.4431 7.6466 209.8464 0.0908 1.2593
(21) such that

𝑚𝑘 − 𝑚𝑘−1 ≤ 𝜀1 (25a)

𝑘 − 𝑛𝑘−1 ≤ 𝜀2 (25b)

with 𝜀1 = 𝜀2 = 1 × 10−6. These termination conditions ensure the
olution of the simultaneous equation as defined in (17).

By directly substituting the required information from the PV panels
pecification in Table 1 into the root-finding algorithm as described in
ig. 3, the optimum fitting parameters are easily extracted. By utilizing
24) and (25), numerical stability and fast parameter convergence are
lways ensured as shown in Fig. 4 and as summarized in Table 2.

.3. Accuracy evaluation under STC

.3.1. Comparison with other PVM equations
By substituting the fitting parameter values of the KC200GT PV

anel into (8), the data points required for the full range approximation
f the I–V curve can therefore be easily obtained. Fig. 5 shows a com-
rehensive comparison of the newly proposed superellipse equation
nd 14 conventional PVM equations. While it is important to note that
ost of the recent PVM techniques in literature have high accuracy
ithin the vicinity of MPP, extremely high absolute errors are observed

n the older techniques - Newton–Raphson [12], MATLAB [16,17],
initzki approximation [18,52], 3 point model [53].
The superellipse model as shown in Fig. 6 has the lowest absolute

rrors at both the current and power regions. Following closely are the
arry analytical expansion [25], Taylor’s series expansion [27], Padé
pproximant [28,29] and the Simulink-based techniques [50,51]. This
urther validates the superellipse model as a powerful empirical model
or understanding the nonlinear behavior of both the PV panel and its
6

orresponding characteristics curves (see Table 3). r
5.3.2. Application in different PV panels
Similarly, based on the explicit equation describing the superellipse

model (8), the approximation of the PV characteristics curves for five
other PV panels are examined. By substituting their fitting parameters
in Table 2, into (8), the required data point values needed for the
full-range enumeration and the corresponding key point values are as
shown in Table 4.

The accuracy of the approximate PV curves as shown in Fig. 7 are
then evaluated using the IEC EN 50530 standards with the manufac-
turer’s datasheet data as a reference. It can be observed that irrespective
of PV panel cell material and specifications, the superellipse model
are very accurate thereby maintaining the 1% absolute error threshold
within the vicinity of MPP as shown in Fig. 7(f).

5.4. Accuracy evaluation under varying ambient conditions

5.4.1. Constant STC temperature - varying irradiance conditions
Irrespective of the changes in ambient conditions, the optimum fit-

ting parameters of the superellipse model remains unchanged. As such,
the optimum values for 𝑚 and 𝑛 under STC are regarded as invariant. By
applying (11), the full-range reconstruction of the KC200GT PV panel
characteristic curves under constant STC temperature can therefore be
achieved. As expected, the reconstructed I–V and P–V curves shown in
Fig. 8 maintains high model accuracy at MPP with the datasheet curves
as summarized in Table 5.

5.4.2. Constant STC Irradiance - varying temperature conditions
Similarly, the accuracy of the superellipse model is evaluated un-

der varying temperature. Although the proposed model retains high
accuracy up to 50 ◦C, high 𝜀𝑃 is observed in the reconstructed PV
characteristic curves at 75 ◦C as shown in Fig. 9. Due to the constant
STC irradiation, the estimated value for 𝐼∗𝑠𝑐 remains unchanged. Conse-
quently, based on its mathematical equation, the value of 𝐼𝑚𝑝 will also

emain the same as shown Table 5.
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Table 4
Accuracy of the proposed method for 6 different PV panels.

PV Panel Datasheet data Model parameters Superellipse approximation IEC EN50530 standards

𝑉𝑚𝑝 𝐼𝑚𝑝 𝑃𝑚𝑝 𝑚 𝑛 𝑉𝑚𝑝 𝐼𝑚𝑝 𝑃𝑚𝑝 𝜀𝐼 𝜀𝑃
KC200GT 26.2795 7.6203 200.2577 12.7941 0.7734 26.3039 7.6089 200.1437 0.0395 0.0150
CS6P-230P 29.5194 7.7717 229.4159 14.0435 0.6926 29.6168 7.7756 230.2873 0.0134 0.1024
CS6X-305M 36.6685 8.3195 305.0623 16.6510 0.5174 36.6486 8.3273 305.1857 0.0268 0.0115
Q.SMART UF L100 70.1776 1.4073 98.7609 7.5611 1.0372 69.3784 1.4404 99.9358 0.8225 0.4154
U-EA110 54.7698 2.0200 110.0350 3.8084 2.0840 54.0140 2.0287 109.5765 0.1366 0.3046
VBHN330SA16 58.6183 5.6738 332.5882 15.4235 0.9630 57.9787 5.7021 330.6001 0.1628 0.1951
Table 5
Accuracy evaluation of the proposed model under varying ambient condition using KC200GT PV panel.

Ambient Condition (AC) Datasheet Data (DD) Superellipse Approximation (SM) IEC EN 50530 Standards

Irradiance (W∕m2) Temperature (◦C) 𝑉𝑚𝑝 𝐼𝑚𝑝 𝑃𝑚𝑝 𝑉𝑚𝑝 𝐼𝑚𝑝 𝑃𝑚𝑝 𝜀𝐼 𝜀𝑃
400 25 25.7354 3.0414 78.2716 25.0620 2.9910 74.9810 0.0802 0.9263
600 25 26.4015 4.5592 120.3697 25.3913 4.5666 115.9526 0.0429 0.9659
800 25 26.6890 6.1239 163.4408 25.9182 6.0848 157.7084 0.1682 0.9251
1000 25 26.2795 7.6203 200.2577 26.3134 7.6062 200.1463 0.0485 0.0146

1000 25 26.2795 7.6203 200.2577 26.3134 7.6061 200.1428 0.0490 0.0151
1000 50 23.7096 7.5154 178.1871 23.8540 7.6061 181.4365 0.3112 0.4701
1000 75 20.3147 7.5131 152.6264 21.3946 7.6061 162.7301 0.3108 1.6618
Fig. 6. Comparison of the model accuracy within the vicinity of MPP for 15 different
PVM equations using KC200GT PV panel.
7

Regardless, this further adds to the numerous advantages of the
superellipse model in achieving an easy-to-fit replica of both the I–
V and P–V characteristic curves under both STC and varying ambient
conditions.

6. Conclusion

In this paper, a novel empirical model is proposed for the perfor-
mance evaluation of PV panels. Unlike the conventional single-diode
model with 5 fitting parameters, the proposed model requires only
three fitting parameters. By applying the well-established parameter
extraction procedure, an explicit equation describing the full range
approximation of the I–V curve is derived. This ensures that the roots
of the simultaneous equation which are also the fitting parameters of
the superellipse become easy to obtain. To evaluate the accuracy of this
novel model, its reconstructed I–V and P–V characteristic curves were
compared with 12 conventional PVM equations and 2 Simulink-based
techniques describing the single-diode model according to the current
and power errors near MPP.

From the simulation results and performance indices, it can be
observed that irrespective of PV panel specification, ambient condition,
and cell materials, accurate reconstruction of the PV characteristic
curves especially at MPP is achieved. Due to the reduced number of
model parameters, this model presents a simplified and novel insights
into understanding the behavior, and performance of PV panels.
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Fig. 7. Comparison of the PV characteristics curve approximation using the newly proposed superellipse model (a) CS6P-230P (b) CS6X-305M (c) Q.SMART UF L100 (d) U-EA110
(e) VBHN330SA16 (f) accuracy evaluation at MPP for 6 different PV panels.
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Fig. 8. Comparison of the performance of the superellipse model under constant STC temperature and varying irradiance conditions using KC200GT PV panel (a) PV characteristic
urves (b) accuracy within the vicinity of MPP.
Fig. 9. Comparison of the performance of the superellipse model under constant STC irradiance and varying temperature conditions using KC200GT PV panel (a) PV characteristic
urves (b) accuracy within the vicinity of MPP.
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