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Abstract: The present paper defines and assesses a new simplified method to represent the pho-
tovoltaic (PV) modules’ electrical behavior, based on the commonly used one diode and three
parameters (1D + 3P) model, addressing two main objectives. The first one is to quantify and assess,
at different operating conditions, the PV modules electrical behavior estimations’ accuracy provided
by the well-known 1D + 3P, through a comparison based on experimental and theoretical results. The
second one concerns the performance assessment of the 1D + 3P model’s suggested approximation,
aiming at simplifying the mathematics instead of solving complex iterative equations, which hinges
on higher computational time to obtain accurate results. Hence, experimental and theoretical data
were considered, aiming at performing a thorough comparison with more than 17,000 PV modules
being assessed, which was achieved by using both the California Energy Commission (CEC) database
and PVsyst software. The findings show that the already known 1D + 3P model delivers satisfactory
power output estimations for crystalline silicon modules and high irradiance conditions. However,
its performance worsens when considering Low Irradiance and thin-film technology. In comparison
with the original model, accurate results were obtained with the new simplified suggested 1D + 3P
for all irradiance conditions and technologies assessed, thus proving its validity and capability of
circumventing the aforementioned challenges.

Keywords: PV modules; performance models; data-driven models; one diode and three parameters
model; experimental validation; theoretical validation

1. Introduction

Since the early 2000s, Portugal has been carrying out an ambitious plan of integrating
wind-energy-conversion systems in the electrical grid. At the end of 2019, wind power
accounted for more than 25% of the Portuguese load supply. It can be said that this
operation was a true success since no issues related to the significant wind share have
been reported. The development of photovoltaic (PV) power in Portugal is far from being
so impressive, accounting for barely 2% of the electricity consumed in 2019 [1]. This is
hardly understandable given the enormous solar potential in Portugal. The main reason
may be found in the high investment cost in PV at the time of wind-visible development
in Portugal.

The Portuguese authorities are planning to further develop the bet in Renewable
Energy Sources (RESs). The intention is to promote PV power, which is showing a no-
ticeable decrease in the investment costs in recent years. Based on projects completed in
2019, the global weighted average Levelized Cost of Energy (LCOE) of large-scale solar
PV plants is down by 89% since 2009. The Portuguese government plans intend to expand
the PV-installed capacity from 730 megawatts (MW) in 2019 to something between 8000
and 10,000 MW in 2030 [2], with this being an important step towards the Portuguese
commitment to become carbon neutral in 2050.

The representation of the electrical behavior of PV modules using equivalent electric
circuits has been a matter of great concern by researchers for a long time. There are
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numerous models available in the literature to provide for such a representation, from the
most complicated to simpler ones. A feature that a good model should show is the ability to
compute all the model parameters based solely on datasheet information. Another approach
is to use the current-versus-voltage curve (I–V curve) as a basis to compute the parameters.

In the category of the most accurate models, the double-diode models stand up. The
equivalent circuit of this model is represented in Figure 1. In this model, seven parameters
need to be computed, so it is called the double diode and seven parameters (2D + 7P) model.
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Figure 1. Equivalent circuit of a photovoltaic (PV) module—2D + 7P model.

The mathematics with the seven parameters reveals to be a difficult task mainly
because most of the equations are non-linear requiring the use of iterative methods. The
literature on this subject is very extensive. For instance, in Reference [3], a method to obtain
an explicit equation of current in terms of voltage is presented. Approximate analytical
parameter solutions to be used as initial values for the Newton–Raphson method are
proposed in Reference [4]. The Lambert W-function is used in model explicit equations
for the I–V characteristic in Reference [5]. The use of metaheuristics to determine the
seven parameters of the double-diode model is also catching the researchers’ attention.
A metaheuristic called differential evolution with integrated mutation is proposed in
Reference [6] to find the parameters of the PV module model with two diodes. Fireworks
and Perturb&Observe heuristic algorithm are used in References [7,8], respectively, with
the same purpose. Reference [9] proposes a double-diode model, whose parameters are
estimated by using an algorithm that combines both analytical equations and optimization
based on the pattern-search technique.

However, the most popular model is the one diode and five parameters (1D + 5P)
model that is widely used to describe the electrical behavior of PV modules. In this model,
only one diode is used in the equivalent circuit, instead of two. Nevertheless, it is not a
straightforward model, since it requires the solution of several implicit equations using
iterative methods. The literature is vaster about identifying the five parameters of the
model. Analytical equations based on a relationship between the open circuit voltage
and the ideality factor are exposed in Reference [10] to determine the five parameters. In
Reference [11], the application of the Gauss–Seidel method is discussed to estimate the
parameters. Parameter estimation techniques are used in Reference [12] to estimate the
five unknown parameters, whereas only datasheet information and no iterative processes
are used in Reference [13]. The determination of the parameters based on the I–V curve is
addressed in Reference [14]. Moreover, metaheuristic techniques are being used to expedite
the identification of the parameters of the 1D + 5P model. Reference [15] uses both the
Newton–Raphson method and an estimator based on maximum likelihood to determine
the five parameters, while Reference [16] resorts to a genetic algorithm. Evolutionary
algorithms are used in Reference [17], a whale optimization algorithm is applied in Refer-



Energies 2021, 14, 2140 3 of 25

ence [18], and simulated annealing optimization is proposed in Reference [19], to attain the
same objective.

When compared to the immense literature on the double-diode and single-diode
model, the literature on the one diode and three parameters (1D + 3P) model is very scarce.
As compared to the 1D + 5P model, this model neglects the series and shunt resistances
and considers only an equivalent circuit composed by a current source in parallel with an
ideal diode. This is often called the “ideal model” because it does not consider the resistive
effects. Only three parameters are to be calculated: the diode ideality factor, the inverse
saturation of the diode, and the short-circuit current. The simplicity of the model did not
motivate the researchers to investigate further and preferred to concentrate the research
efforts on more accurate models. Even the use of metaheuristics to determine the three
parameters of the model is jointly published with the more complicated five and seven
parameters models [20].

However, disregarding this model seems not to be the right thing to do. The 1D + 3P
model can play an important role in the simplified analysis of the PV modules’ electrical
behavior. Precisely due to its simplicity, it is an inexpensive model that can be easily
implemented. It is obviously much simpler than the previously mentioned models but nev-
ertheless, it requires the solution of a non-linear equation by iterative methods to compute
the voltage at maximum power. Reference [21] proposed an approximation to overcome
this difficulty by determining the move from the current source to the voltage source-
controlled areas through the tangent of the I–V curve. This allowed an analytical equation
to compute the output power to be obtained, therefore avoiding the iterative process.

In this paper, the assessment of the accuracy of the 1D + 3P model is addressed. To this
purpose, the performance of this model in predicting the DC output power of a PV module
is compared against two validation sets. The first one is a comprehensive database (more
than 20,000 entries) from the California Energy Commission (CEC) containing experimental
results at different operating conditions. The second one is the well-known PV systems
simulation software, PVsyst, which is used to obtain the DC output power at different
operating conditions, using the 1D + 5P model. The comparison results are obtained for
different operating conditions of irradiance and module temperature, namely Normal
Operating Conditions (NOCs), Low-Irradiance Conditions (Low), and test conditions
included as part of the “Photovoltaics for Utility-Scale Applications” (PVUSA) project
aimed at better reflecting “real world” conditions. Histograms of the Percentage Error
between the experimental DC output power for the said operating conditions and the
corresponding predicted power using the 1D + 3P model are displayed, as well as the
Mean Absolute Percentage Error. This analysis allows for the assessment of the accuracy of
the 1D + 3P model, as compared to both experimental data and simulation results of the
detailed 1D + 5P model.

The second aim of this paper is to propose a new model to describe the electrical
behavior of a PV module. This new model is based on the 1D + 3P model and is obtained
by introducing a simplification on the computation of the current at maximum power.
This simplification eliminates the need for the solution of the non-linear equation by
iterative methods, therefore allowing us to obtain an algebraic equation to compute the DC
output power. It is worth mentioning that the inputs of the model are commonly available
datasheet values. In the paper, the simplified 1D + 3P model is compared against the
original 1D + 3P model, to assess the validity conditions of its application. This comparison
is performed through histograms of the Percentage Error between the DC output power as
predicted by the 1D + 3P model and by the simplified 1D + 3P model, as well as through
the Mean Percentage Absolute Error.

To the best of the authors’ knowledge, such an extensive assessment, with more than
17,000 modules tested, was not carried out before. Moreover, the validation was performed
both against experimental data and the detailed PV modules performance 1D + 5P model.
The conclusions of this research cover two distinct aspects. On one side, the validity
domain of the 1D + 3P model is established, therefore allowing the project engineers to use
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it with confidence, for intermediate simplified calculations, notwithstanding the validity
conditions. On the other side, the new proposed simplified model is useful for project
engineers that wish to dispose of an inexpensive software able to compute the electrical
parameters of a PV module. Moreover, the proposed simplified 1D + 3P model can be used
for educational purposes, allowing university students to practice hands-on with a PV
module performance model.

The novelty of this paper may be found in two main aspects. On one side, a systematic
and extended validation of the one diode and three parameters (1D + 3P) model is per-
formed by testing more than 17,000 PV modules. The obtained errors were compared with
both experimental data and the more accurate one diode and five parameters model, under
different irradiance and temperature conditions. To the best of the authors’ knowledge,
such an extended validation and error assessment are not available in the published litera-
ture. On the other side, a new simplified 1D + 3P model is proposed and validated against
the original 1D + 3P model using the same extended database and climacteric conditions to
assess the error of the proposed simplification. As far as the authors know, the suggested
simplification was never discussed and validated in the literature.

The remaining of the paper is organized as follows. In Section 2, the theoretical
background of the 1D + 3P model is presented as well as the new proposed simplification
is exposed. Section 3 displays the results obtained from the thousands of validation tests
performed both with the CEC database and PVsyst software. A discussion of the results
is offered in Section 4 and finally, in the last section, the main conclusions of this research
are drawn.

2. Materials and Methods

The literature offers several models to represent the behavior of PV modules. The main
requirement of a feasible model is that its inputs should be parameters readily available in
every module datasheet. Moreover, the model should be able to output the main electrical
quantities (power, voltage, current) for any given irradiance and module temperature.

Before proceeding, let us recall that the Standard Test Conditions (STCs) are the
internationally agreed conditions by the manufacturers to perform the PV modules fac-
tory tests. They are defined as irradiance Gr = 1000 W/m2 and module temperature
θr

m = 25
◦
C ⇔ Tr = 298 K. In what comes next, the quantities containing the superscript

r refer to STCs. Moreover, Normal Operating Conditions (NOCs) are defined as irradiance
GNOC = 800 W/m2 and ambient temperature θamb = 20

◦
C. When the NOCs hold, the

module temperature is θNOC
m = NOCT. NOCT stands for Normal Operating Conditions

Temperature and is a parameter provided in the datasheet.
The parameters supplied in the PV module’s datasheet are shown in Table 1.

Table 1. Data commonly provided by manufacturers in PV modules datasheets.

Symbol Unit Description

Pr
MP = Pp Wp Peak power—Maximum DC power output at STCs.

Vr
MP V Output voltage at maximum power at STCs.

Ir
MP A Output current at maximum power at STCs.
Vr

oc V Open circuit voltage at STCs.
Ir
sc A Short-circuit current at STCs.

NOCT ◦C Normal Operating Conditions Temperature (NOCT).
µIsc %/◦C Temperature coefficient of the short-circuit current.
µVoc %/◦C Temperature coefficient of open-circuit voltage.
µPp %/◦C Peak power temperature coefficient.
Ns Number of cells connected in series in the module.
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2.1. The 1 Diode and 3 Parameters Model

The 1 diode and 5 parameters model is the most accurate one. However, it is difficult
to implement as several complicated non-linear equations should be solved using iterative
methods. This model is usually available in commercial software.

For a faster assessment of the PV module behavior, the simpler 1 diode and 3 parame-
ters (1D + 3P) model is commonly used. This model is simpler than the previous because it
requires solving only one non-linear equation. Here are the fundamentals of the 1 diode
and 3 parameters model.

It is assumed that the electrical behavior of a PV module can be described by the
equivalent circuit shown in Figure 2.
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The p–n junction performs as a large diode. The fundamental property of a diode is
that it conducts electric current in only one direction. When the applied voltage is positive
and greater than a certain minimum, then the current flows through the diode. If the
voltage is negative, then the diode does not conduct current, at least until a certain voltage
is reached.

Current ID is the current across a diode, whose equation is as follows:

ID = I0

(
e

V
mVT − 1

)
(1)

where I0 is the diode’s inverse saturation current, V is the terminal voltage, and m is the
diode’s ideality factor (ideal diode: m = 1× Ns; real diode: m > 1× Ns).

Still regarding Equation (1), VT is the thermal voltage in V, given by the following:

VT(T) =
K
q

T (2)

where K is the Boltzmann constant (K = 1.38× 10−23 J/K), T is the absolute temperature
in K, and q is the electron’s electrical charge (q = 1.6× 10−19 C). For the STC temperature,
it is Vr

T = 0.0257 V.
Current IS is modeled by a current source and is the current generated by the photo-

voltaic effect; this current flows always in the same direction and is constant as long as the
irradiance is also constant. As mentioned, the p–n junction operates as a diode crossed by a
unidirectional internal current ID, which depends on the terminal voltage V.

Referring to Figure 2, current I is as follows:

I = Is − ID = Is − I0

(
e

V
mVT − 1

)
(3)



Energies 2021, 14, 2140 6 of 25

It is noted that the source current, IS, is equal to the short-circuit current, Isc, as can be
seen from Equation (3), by setting V = 0.

For a given irradiance and module temperature, the electrical DC output power, P, is
as follows:

P = VI = V
[

Isc − I0

(
e

V
mVT − 1

)]
(4)

The maximum power is obtained when dP/dV = 0, which leads to the following:

e
V

mVT =

Isc
I0
+ 1

V
mVT

+ 1
(5)

It is known that PV modules operate always at the maximum possible power for
the given irradiance and temperature, this optimal operation being achieved due to the
Maximum Power Point Tracker (MPPT). Therefore, the computation of the PV module
maximum power is very important.

The solution to Equation (5) is V = VMP, the maximum power voltage, and the
corresponding current is I = IMP, the maximum power current, respectively given by
the following:

VMP = mVT ln

( Isc
I0
+ 1

VMP
mVT

+ 1

)
(6)

IMP = Isc − I0

(
e

VMP
mVT − 1

)
(7)

The maximum power is PMP = VMP IMP = PDC. PDC stresses that the output power
is DC.

As Equation (6) is a non-linear equation, its solution requires iterative methods. If
Gauss–Seidel is used, the required iterative equation to be solved is (k is the iteration number):

VMP
(k+1) = mVT ln

 Isc
I0
+ 1

VMP
(k)

mVT
+ 1

 (8)

To solve Equation (8), the knowledge of an initial guess, V0
MP, and of the three param-

eters m, I0, and Isc is required. It is recalled that the thermal voltage is known because it
depends solely on the module temperature, which is assumed to be known.

A proper starting guess is VMP
(0) = Vr

MP. To determine the three parameters of the
1D + 3P model, let us write the fundamental Equation (3) at the short-circuit (V = 0),
open-circuit (I = 0), and maximum power (V = VMP; I = IMP) points, respectively, and at
STCs. The following three equations are obtained:

Ir
sc = Ir

s (9)

Ir
0 =

Ir
sc

e
Vr

oc
mrVr

T − 1

(10)

mr =
Vr

MP −Vr
oc

Vr
T ln

(
1− Ir

MP
Ir
sc

) (11)

It is important to highlight that the 3 parameters of the model can be computed
solely based on datasheet open information, as can be verified in Table 1. The short-circuit
parameter is directly obtained from the datasheet.

The influence of the irradiance and module temperature in the 1 diode and 3 parame-
ters model is accounted for by considering the following:

• The ideality factor is constant mr = m;



Energies 2021, 14, 2140 7 of 25

• The short-circuit current, Isc = Isc(G), holds the variation of the irradiance;
• The module temperature influence is incorporated in the inverse saturation current,

I0 = I0(T).

Experimental results show the validity of these approximations.
Therefore, for any temperature and irradiance given conditions, Equation (8) can be

written as follows:

VMP
(k+1)(G, T) = mVT(T) ln

 Isc(G)
I0(T)

+ 1

VMP
(k)

mVT(T)
+ 1

 (12)

It is possible to demonstrate that the simplest model accounts for the inverse saturation
current dependence on the temperature by using the following equation:

I0(T) = DT3e
−Nsε

mVT (T) (13)

where D is a constant, ε = 1.12 eV is the silicon bandgap and Ns is the number of series-
connected cells in a PV module. The value of D is not relevant, because one can write
Equation (13) at STCs and obtain the following:

I0(T) = Ir
0

(
T
Tr

)3
e

Nsε
m ( 1

Vr
T
− 1

VT (T) ) (14)

As for the influence of the irradiance on the short-circuit current, the simplest model
is going to be used, which states that the short-circuit current is linearly dependent on
the irradiance:

Isc(G) = Ir
sc

G
Gr (15)

It is noted that the dependence of the short-circuit current on the temperature has been
disregarded. This dependence is reflected on the short-circuit temperature coefficient µIsc
that most of the time is provided in the manufacturer’s datasheet. However, temperature
coefficients are not always displayed in the datasheets, some manufacturers opting not to
provide them. As the main feature of the developed model is to be based solely on readily
available manufacturer’s data, it was decided not to include the temperature coefficients as
input data for the model. Nevertheless, the dependence of the short circuit current on the
temperature is weak, in the magnitude order of about 0.05%/◦C.

It is now possible to compute the maximum power voltage for any irradiance and
temperature conditions, iteratively solving Equation (12), taking into account Equation (2),
Equation (10), Equation (11), Equation (14) and Equation (15). After VMP(G, T) is obtained,
the maximum power current is computed through the following (see Equation (7)):

IMP(G, T) = Isc(G)− I0(T)
(

e
VMP(G,T)

mVT (T) − 1
)

(16)

The DC power output is as follows:

PDC(G, T) = VMP(G, T)IMP(G, T) (17)

2.2. The Proposed Model: Simplified 1 Diode and 3 Parameters Model

In this paper, a simplified version of the classical 1 diode and 3 parameters model is
proposed. The main feature of the proposed simplification is to avoid the need for solving
a non-linear equation. This is an important feature that speeds up the process of computing
the PV module power output for any given irradiance and module temperature.
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Let us look again at Equation (16). We notice that it can be written as follows:

VMP(G, T) = mVT(T) ln
(

Isc(G)− IMP(G, T)
I0(T)

)
(18)

The issue in this equation is that IMP depends on VMP. If the aim is to simplify the
computation process, a simplification can be introduced to overcome this problem. As so,
let us assume the maximum power current changes linearly with the irradiance, as we
have assumed for the short-circuit current:

IMP(G) = Ir
MP

G
Gr (19)

This considerably simplifies the computation process, as now VMP can be easily
calculated, without the need for iterations.

VMP = mVT ln
(

Isc(G)− IMP(G)

I0(T)

)
= mVT ln

 G
Gr (Isc − IMP)

Ir
0

(
T
Tr

)3
e

Nsε
m ( 1

Vr
T
− 1

VT
)

 (20)

The DC power output is obtained from the multiplication of algebraic Equations (19) and (20).

3. Results

In this section, the validation of the above introduced two models is performed. This
validation takes place by comparing the results provided by both models with experimental
data available in a comprehensive PV modules database and the theoretical results obtained
by using a widely known PV modules simulation software that uses the 1D + 5P model.

3.1. Validation against the CEC Database

The California Energy Commission (CEC) owns a comprehensive PV modules database
with more than 20,000 entries. The database is openly available from Reference [22]. Each
entry includes the following main information:

• Technology of the module (monocrystalline, polycrystalline, and thin film).
• Dimensions of the module (short-side length and long-side length).
• PV module datasheet, i.e., the information displayed in Table 1.
• Temperature coefficients of the maximum power voltage and maximum power current.
• Experimental maximum power current and maximum power voltage for Low-

Irradiance Conditions.
• Experimental maximum power current and maximum power voltage for NOCs.
• Computed output power for PVUSA test conditions, using a detailed one diode and

five parameters model.

The database contains experimental data and computed results at different operating
conditions. These are as follows:

• Normal Operating Conditions (NOCs): GNOC = 800 W/m2 and θNOC
m = NOCT.

• Low-Irradiance Conditions: GLow = 200 W/m2 and θLow
m = θr

m = 25
◦
C.

• PVUSA conditions are part of the “Photovoltaics for Utility-Scale Applications”
(PVUSA) project and are intended to better portray “real-world” conditions. The
test conditions are as follows: GPVUSA = 1000 W/m2 and θPVUSA

amb = θNOC
amb = 20

◦
C.

The corresponding module temperature is computed by using the Ross formula:

θPVUSA
m = θPVUSA

amb +
GPVUSA(NOCT − 20)

800
(21)

A first filtering was performed to the database to purge wrong data. For instance, the
following errors were identified in the database:
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1. Maximum power current (voltage) at STCs greater than the short-circuit current (open
circuit voltage) at STCs.

2. Power output at NOCs greater than the peak power.
3. Power output at PVUSA test conditions greater than peak power.

The database was then divided according to the technology of the PV modules. A
grand total of 17,300 PV modules was selected, composed of 8700 monocrystalline modules,
8300 polycrystalline modules, and 330 thin-film modules. Figure 3 displays the peak power
histograms of the three considered technologies.
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Figure 3. Peak power (Wp) histograms of the tested monocrystalline (Mono) (a), polycrystalline
(Poly) (b), and thin film (TF) PV modules (c).
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The main idea behind the building of the database used in this work was to consider
only standard modules that are commonly sold worldwide. Experimental modules, with
several branches in parallel to increase the output power, were disregarded as they do not
represent readily available technology. Only two modules with a nameplate power higher
than 500 Wp were considered because they use only one branch in parallel. These two
modules use thin-film technology.

The difference in the number of modules in Figure 3 with respect to the number of
modules in Figures 4–12 is due to invalid results obtained for several modules stemming
from the reasons presented above, which showed incongruencies in the input data values.
Therefore, the modules showing wrong data in the initial sample (Figure 3) were removed
from the set of results obtained (Figures 4–12).
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Figure 4. Histograms of the Percentage Error PENOC
1 concerning PDCNOC

1 and PNOC (a), and the
Percentage Error PENOC

2 concerning PDCNOC
2 and PDCNOC

1 (b); monocrystalline modules.

No information concerning the tolerance of the manufacturer datasheet was given in
the California Energy Commission (CEC) database. Therefore, the data tolerance was not
taken into consideration.

The modules’ power output provided by the one diode and three parameters (PDC1)
model and by the simplified one diode and three parameters (PDC2) were compared against
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the corresponding data contained in the CEC database. The comparisons were performed
for the three following operating conditions regarding irradiance and temperature:

• NOC: GNOC = 800 W/m2 and θNOC
m = NOCT.

• PVUSA: GPVUSA = 1000 W/m2 and θPVUSA
m = 20 + 1000(NOCT−20)

800 .
• Low: GLow = 200 W/m2 and θLow

m = 25
◦
C.

The objective of the tests performed is twofold. On one hand, it is desired to assess
the performance of the 1D + 3P against the data provided in the database for the three
abovementioned operating conditions. On the other hand, a comparison of the performance
of the simplified 1D + 3P model against the 1D + 3P model is intended.
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Figure 5. Histograms of the Percentage Error PENOC
1 concerning PDCNOC

1 and PNOC (a), and the
Percentage Error PENOC

2 concerning PDCNOC
2 and PDCNOC

1 (b); polycrystalline modules.

3.1.1. Results of the Tests at Normal Operating Conditions

The Percentage Error (PE), for each module, and the Mean Absolute Percentage Error
(MAPE), for the entire sample, metrics were used to assess the performed tests.

PENOC
1 = 100%

PDCNOC
1 − PNOC

PNOC (22)
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PENOC
2 = 100%

PDCNOC
2 − PDCNOC

1

PDCNOC
1

(23)

MAPENOC
1 = 100%

1
n

n

∑
t=1

∣∣∣∣∣PDCNOC
1 − PNOC

PNOC

∣∣∣∣∣ (24)

MAPENOC
2 = 100%

1
n

n

∑
t=1

∣∣∣∣∣PDCNOC
2 − PDCNOC

1

PDCNOC
1

∣∣∣∣∣ (25)

MAPENOC
3 = 100%

1
n

n

∑
t=1

∣∣∣∣∣PDCNOC
2 − PNOC

PNOC

∣∣∣∣∣ (26)

where PDCNOC
1 is the DC output power computed by the 1D + 3P model at NOCs, PDCNOC

2
is the output DC power computed by the simplified 1D + 3P model at NOCs and PNOC is
the experimental DC output power at NOCs, as given in the CEC database.

Figure 4 displays the histograms of the Percentage Error PENOC
1 concerning PDCNOC

1
and PNOC and the Percentage Error PENOC

2 concerning PDCNOC
2 and PDCNOC

1 (see Equa-
tions (22) and (23)) both for the monocrystalline modules sample. The y-axis shows the
number of times each Percentage Error interval represented on the x-axis occurs in the
considered sample.

Figure 5 displays the same metrics for the polycrystalline (Poly) modules, whereas
Figure 6 is concerned with thin films (TFs).

The Mean Absolute Percentage Error (MAPE) (see Equations (24)–(26)) concerning
monocrystalline, polycrystalline, and thins films under NOCs are shown in Table 2.
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Figure 6. Histograms of the Percentage Error PENOC
1 concerning PDCNOC

1 and PNOC (a), and the
Percentage Error PENOC

2 concerning PDCNOC
2 and PDCNOC

1 (b); thin-films modules.
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Figure 7. Histograms of the Percentage Error PELow
1 concerning PDCLow

1 and PLow (a), and the
Percentage Error PELow

2 concerning PDCLow
2 and PDCLow

1 (b); monocrystalline modules.

Table 2. Mean Absolute Percentage Error (MAPE) for monocrystalline, polycrystalline, and thin-films
modules, under Normal Operating Conditions (NOCs). MAPENOC

1 relates to the error between PDCNOC
1

and PNOC, MAPENOC
2 relates to the error between PDCNOC

2 and PDCNOC
1 and MAPENOC

3 relates to
the error between PDCNOC

2 and PNOC; California Energy Commission (CEC) database validation.

Technology MAPENOC
1 MAPENOC

2 MAPENOC
3

Mono 3.52% 0.87% 4.07%
Poly 4.14% 0.91% 4.84%
TF 7.34% 1.38% 8.40%

Mono, monocrystalline; Poly, polycrystalline; TF, thin film.

From the set of results presented above, it is possible to conclude that the 1D + 3P
model can estimate the output power of the PV modules with a reasonable degree of
accuracy, at Normal Operating Conditions. For the monocrystalline and polycrystalline
modules, a MAPE of less than 4% is obtained; for the thin films’ modules, the MAPE
increases to values of about 7%. In what concerns the ability of the simplified 1D + 3P
model following the 1D + 3P model in Normal Operating Conditions, the results are
encouraging. The MAPE is less than 1% for both monocrystalline and polycrystalline
modules and slightly increases to 1.4% when thin films are considered.
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Figure 8. Histograms of the Percentage Error PELow
1 concerning PDCLow

1 and PLow (a), and the
Percentage Error PELow

2 concerning PDCLow
2 and PDCLow

1 (b); polycrystalline modules.

The analysis of the histograms reveals that several outliers are still present in the
samples. Many of these outliers result from wrong data in the samples that were not
removed in the purging performed in the original database. Other outliers, however,
result from the individual parameters at STCs, used to build the models, that lead to
poor estimates.

Another observation is that the 1D + 3P model predicts, in general, a lower output
power than the experimental results, at Normal Operating Conditions. On the other hand,
the 1D + 3P simplified model always predicts lower values of the output power than the
original 1D + 3P model, therefore making the Percentage Error negative.
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Figure 9. Histograms of the Percentage Error PELow
1 concerning PDCLow

1 and PLow (a), and the
Percentage Error PELow

2 concerning PDCLow
2 and PDCNOC

1 (b); thin-films modules.

3.1.2. Results of the Tests at Low Irradiance

As in the assessment of the NOCs case, the Percentage Error (PE), for each module,
and the Mean Absolute Percentage Error (MAPE), for the entire sample, metrics were used
in the experiments conducted at Low-Irradiance Conditions. These indexes are defined for
this case as follows:

PELow
1 = 100%

PDCLow
1 − PLow

PLow (27)

PELow
2 = 100%

PDCLow
2 − PDCLow

1
PDCLow

1
(28)

MAPELow
1 = 100%

1
n

n

∑
t=1

∣∣∣∣∣PDCLow
1 − PLow

PLow

∣∣∣∣∣ (29)

MAPELow
2 = 100%

1
n

n

∑
t=1

∣∣∣∣∣PDCLow
2 − PDCLow

1
PDCLow

1

∣∣∣∣∣ (30)
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MAPELow
3 = 100%

1
n

n

∑
t=1

∣∣∣∣∣PDCLow
2 − PLow

PLow

∣∣∣∣∣ (31)

where PDCLow
1 is the output DC power computed by the 1D + 3P model at Low-Irradiance

Conditions (Low), PDCLow
2 is the output DC power computed by the simplified 1D + 3P

model at Low and PLow is the experimental DC output power at Low as given in the
CEC database.

Figure 7 displays the histograms of the Percentage Error PELow
1 concerning PDCLow

1
and PLow and the Percentage Error PELow

2 concerning PDCLow
2 and PDCLow

1 both for the
monocrystalline modules sample.

Identical information is displayed in Figure 8 for the polycrystalline (Poly) modules,
whereas Figure 9 is concerned with thin films (TFs).
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the Percentage Error PEPVUSA

2 concerning PDCPVUSA
2 and PDCPVUSA

1 (b); polycrystalline modules.

The Mean Absolute Percentage Error (MAPE) results concerning monocrystalline,
polycrystalline, and thin films under Low-Irradiance Conditions are shown in Table 3.

Regarding the ability of the 1D + 3P model to follow the experimental results at
Low-Irradiance Conditions, the conclusions are a bit different from the ones at Normal
Operation Conditions. The MAPE has increased significantly from around 4% to around
10%, for crystalline silicon modules and from 7% to 16% for thin films. This means that the
1D + 3P model shows some difficulties in forecasting the output power at these conditions.
However, the approximation provided by the simplified 1D + 3P remains very good,
in the same order of magnitude, i.e., around 1%. This allows the conclusion that the
simplified 1D + 3P model offers a good approximation, yet much simpler, of the original
1D + 3P model.

Once again, it is verified the presence of several outliers in the samples, the reasons
being the same as previously explained.

At Low-Irradiance Conditions, the 1D + 3P model estimates the real output power by
default. The same behavior is observed as far as the simplified 1D + 3P model in relation to
the 1D + 3P model is concerned.
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Figure 12. Histograms of the Percentage Error PEPVUSA
1 concerning PDCPVSUA

1 and PPVUSA (a),
and the Percentage Error PEPVUSA

2 concerning PDCPVUSA
2 and PDCPVUSA

1 (b); thin-films modules.

Table 3. MAPE for monocrystalline, polycrystalline, and thin-films modules, under Low-Irradiance
Conditions (Low). MAPELow

1 relates to the error between PDCLow
1 and PLow, MAPELow

2 relates to the
error between PDCLow

2 and PDCLow
1 and MAPELow

3 relates to the error between PDCLow
2 and PLow;

CEC database validation.

Technology MAPELow
1 MAPELow

2 MAPELow
3

Mono 10.08% 0.67% 10.67%
Poly 11.28% 0.71% 11.90%
TF 15.78% 1.30% 16.78%

3.1.3. Results of the Tests at PVUSA Conditions

The results obtained at PVUSA conditions were very similar to the ones obtained at
Normal Operating Conditions. In fact, the irradiance and module temperature are similar,
this explaining the similitude of results.

The definition of the assessment indexes is as follows:

PEPVUSA
1 = 100%

PDCPVUSA
1 − PPVUSA

PPVUSA (32)
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PEPVUSA
2 = 100%

PDCPVUSA
2 − PDCPVUSA

1

PDCPVUSA
1

(33)

MAPEPVUSA
1 = 100%

1
n

n

∑
t=1

∣∣∣∣∣PDCPVUSA
1 − PPVUSA

PPVUSA

∣∣∣∣∣ (34)

MAPEPVUSA
2 = 100%

1
n

n

∑
t=1

∣∣∣∣∣PDCPVUSA
2 − PDCPVUSA

1

PDCPVUSA
1

∣∣∣∣∣ (35)

MAPEPVUSA
3 = 100%

1
n

n

∑
t=1

∣∣∣∣∣PDCPVUSA
2 − PPVUSA

PPVUSA

∣∣∣∣∣ (36)

where PDCPVUSA
1 is the output DC power computed by the 1D + 3P model at PVUSA

conditions (PVUSA), PDCPVUSA
2 is the output DC power computed by the simplified

1D + 3P model at PVUSA and PPVUSA is the computed DC output power using a detailed
model, as given in the CEC database. It is stressed that the power PPVUSA provided at CEC
database is not an experimental value, but instead, a computed value using the detailed
1D + 5P model.

Figure 10 displays the histograms of the Percentage Error PEPVUSA
1 concerning

PDCPVUSA
1 and PPVUSA and the Percentage Error PEPVUSA

2 concerning PDCPVUSA
2 and

PDCPVUSA
1 both for the monocrystalline modules sample. The same information is shown

in Figure 11 for the polycrystalline (Poly) modules, and in Figure 12 for the thin films (TFs).
The Mean Absolute Percentage Error (MAPE) results concerning monocrystalline,

polycrystalline, and thin films under PVUSA conditions are shown in Table 4.

Table 4. MAPE for monocrystalline, polycrystalline, and thin-films modules, under PVUSA con-
ditions (PVUSA). MAPEPVUSA

1 relates to the error between PDCPVUSA
1 and PPVUSA, MAPEPVUSA

2
relates to the error between PDCPVUSA

2 and PDCPVUSA
1 and MAPEPVUSA

3 relates to the error be-
tween PDCPVUSA

2 and PPVUSA; CEC database validation.

Technology MAPEPVUSA
1 MAPEPVUSA

2 MAPEPVUSA
3

Mono 3.05% 1.00% 3.98%
Poly 3.31% 1.05% 4.30%
TF 10.30% 1.65% 11.70%

It should be noted that, for the PVUSA conditions, the 1D + 5P is being used for
comparison purposes and not experimental results like in NOCs and Low. The accuracy of
the 1D + 5P should be taken into consideration to assess the deviations to experimental
results. However, it is not possible to assess the said accuracy because no experimental
results are available for PVUSA conditions.

3.1.4. Note on Bifacial PV Modules

A final note on bifacial PV modules. The database contained three thin-film bifacial
PV modules with peak power equal to 490, 500, and 510 Wp. The developed models were
applied to the PV modules with this technology, with the purpose of assessing the accuracy
of the models to describe the modules’ behavior in NOC, PVUSA and Low conditions.
Table 5 shows the Percentage Errors (of PDC1 in relation to P and of PDC2 in relation to
PDC1) achieved for the three modules under the said conditions.

As far as NOC and PVUSA conditions are concerned, the bifacial PV modules Per-
centage Errors are consistent with the MAPE obtained for thin-film modules. However, in
what concerns Low-Irradiance Conditions the percentage error is much higher than the
corresponding MAPE for thin films. This is an indication of the difficulties of both the
1D + 3P and its simplified version in reproducing the behavior of the bifacial PV modules
under Low-Irradiance Conditions.
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Table 5. PE for thin-film bifacial PV modules, under Normal Operating Conditions (NOCs), Low-
Irradiance Conditions (Low), and PVUSA conditions (PVUSA). PE1 relates to the error between PDC1

and P, and PE2 relates to the error between PDC2 and PDC1; CEC database validation.

Pp (Wp) 490 500 510

PENOC
1 −5.32% −5.09% −4.80%

PENOC
2 −1.71% −1.57% −2.43%

PELow
1 −47.21% −47.10% −47.68%

PELow
2 −1.63% −1.51% −2.45%

PEPVUSA
1 −3.37% −3.22% −2.63%

PEPVUSA
2 −1.85% −1.71% −2.59%

3.2. Validation against PVsyst

Another set of the 1D + 3P and simplified 1D + 3P models was performed using
PVsyst software [23] as the benchmark. PVsyst is a powerful tool to design PV systems. To
describe the behavior of the PV modules, it uses the one diode and five parameters model,
which is well adapted for crystalline silicon technologies, but needs some adaptations when
addressing thin-film technologies. This characteristic of PVsyst models will be important
later.

A sample with 82 PV modules (31 monocrystalline, 31 polycrystalline, and 20 thin
films) was considered. The variation of the modules peak power is shown in Table 6.

Table 6. Maximum and minimum peak power of the considered sample; PVsyst validation.

Monocrystalline Polycrystalline Thin Film

Pp min (Wp) 270 260 290
Pp MAX (Wp) 370 350 445

The same set of tests as performed for the CEC database was also performed with
the said sample using PVsyst software. Tests were conducted for NOC, Low, and PVUSA
conditions. The performance of the 1D + 3P model was compared to PVsyst’s one by
computing the PV module output power at the considered conditions. Moreover, the ability
of the simplified 1D + 3P model to follow the 1D + 3P model was assessed. The MAPE
metric was again used to evaluate the accuracy of both estimations. It is stressed that PVsyst
uses a detailed 1D + 5P model to compute the DC output power. Tables 7–9 display the
obtained results.

Table 7. MAPE for monocrystalline, polycrystalline, and thin-films modules, under Normal Operat-
ing Conditions (NOCs). MAPENOC

1 relates to the error between PDCNOC
1 and PNOC and MAPENOC

2
relates to the error between PDCNOC

2 and PDCNOC
1 ; PVsyst validation.

Technology MAPENOC
1 MAPENOC

2

Mono 2.64% 0.70%
Poly 3.25% 1.11%
TF 4.56% 0.83%

Table 8. MAPE for monocrystalline, polycrystalline, and thin-films modules, under Low-Irradiance
Conditions (Low). MAPELow

1 relates to the error between PDCLow
1 and PLow and MAPELow

2 relates
to the error between PDCLow

2 and PDCLow
1 ; PVsyst validation.

Technology MAPELow
1 MAPELow

2

Mono 8.80% 0.55%
Poly 10.34% 0.94%
TF 12.97% 1.04%
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Table 9. MAPE for monocrystalline, polycrystalline, and thin-films modules, under PVUSA condi-
tions (PVUSA). MAPEPVUSA

1 relates to the error between PDCPVUSA
1 and PPVUSA and MAPEPVUSA

2
relates to the error between PDCPVUSA

2 and PDCPVUSA
1 ; PVsyst validation.

Technology MAPEPVUSA
1 MAPEPVUSA

2

Mono 0.85% 0.79%
Poly 1.23% 1.24%
TF 2.82% 0.89%

In general, the results obtained with PVsyst are in line with the ones obtained with the
CEC database. The errors are of the same order of magnitude, namely for crystalline silicon
modules. However, it is observed that, for the thin-film modules, the MAPE obtained with
the PVSyst validation is lower than the one obtained with the CEC database validation.
This can be explained by the abovementioned difficulties of the PVsyst model to accurately
represent thin-film modules. The 1D + 5P model used by PVsyst estimates a lower DC
output power than the real one. The 1D + 3P model does the same, but worse. Therefore, the
MAPE concerning the performance of both models is reduced. A common feature between
the PVsyst and CEC database validations is the small MAPE (around 1%) obtained for the
comparison between the estimates of the 1D + 3P model and the simplified 1D + 3P model.

4. Discussion

One of the objectives of this paper was to assess the validity limits of the one diode
and three parameters model. The validation against experimental data was carried out
by using the CEC database, for two operating points: Normal Operating Conditions
and Low-Irradiance Conditions. For the former conditions, it was found a satisfactory
agreement between theoretical predictions and experimental results. A MAPE of less
than 4% was found for both monocrystalline and polycrystalline modules, the MAPE
for thin films being a little bit higher (about 7%). For the latter conditions, the MAPE
increased, exposing the difficulties of the 1D + 3P model to reproduce the experimental
results for these operating conditions. MAPE values of around 10% were found for the
monocrystalline and polycrystalline technologies, the MAPE for thin films being even
higher (about 15%).

Moreover, the 1D + 3P was tested against a more detailed model (1D + 5P) imple-
mented in the well-known software PVsyst. The same pattern was found in this test. For
the NOCs, the MAPE was about 3% for both monocrystalline and polycrystalline cells and
about 4% for thin films. For the Low-Irradiance Conditions, the MAPE increased, as it was
observed in the CEC database validation, to around 10%, for mono and poly cells, and to
13% for thin films.

For the PVUSA conditions, only theoretical results were available both in the CEC
database and in PVsyst. The obtained results show some discrepancy which may result
from different detailed models being used. When comparing to the model implemented in
the CEC database, the MAPE is around 3% for both silicon technologies and increases to
10% when the thin films are concerned. Much smaller errors are obtained when comparing
with PVsyst: 1% for silicon and 3% for thin films.

All in all, the conclusion is that the 1D + 3P model is a valid representation of the
behavior of a PV module in normal operating conditions (MAPE around 3%). For Low
Irradiance, the performance of the 1D + 3P model decreases, a MAPE of about 10% being
expected. It is worth mentioning that most of the time, the approximations of the 1D + 3P
model are made by default.

Another aim of the paper was to assess if a simplification made in the 1D + 3P model,
that greatly simplifies the involved mathematics, is a good representation of the full 1D +
3P model that requires the solution of a non-linear equation. The conclusion is a clear yes.
Considering all the simulations performed, the MAPE was always around 1%, regardless
of the considered technology. No significant changes in the performance of the simplified



Energies 2021, 14, 2140 22 of 25

1D + 3P model were found considering the validation against experimental or theoretical
results. Therefore, it is possible to use the simplified 1D + 3P model as an inexpensive tool
to predict the electrical behavior of PV modules, because it provides a very similar output
to the one supplied by the original 1D + 3P model.

To allow the reproducibility of the tests performed in this paper, Table 10 is offered. In
this Table, the characteristics of three PV modules, one for each technology, are presented,
together with the respective relevant data retrieved from the manufacturer’s datasheet
at STCs. These data are necessary to compute the 1D + 3P model parameters. These
parameters and the electrical quantities (voltage, current and power) obtained with the
simplified 1D + 3P model are displayed, as well as the corresponding PVsyst outputs,
found in the same simulation conditions. Finally, the Percentage Error of the maximum
power voltage, maximum power current and output power is also shown. The comparison
is performed for the Normal Operating Conditions and for the Low-Irradiance Conditions.

Table 10. Detailed comparison of the simplified 1D + 3P model electrical quantities computation and the same results
provided by PVsyst; Percentage Errors of the maximum power voltage (Vmp), maximum power current (Imp) and output
power (PDC).

Simulation Conditions
G 800 200 800 200 800 200

θm (
◦
C) 45 25 45 25 45 25

Module characteristics

Manufacturer Hanwha Q Cells Jinkosolar Eterbright Technology
Model Q.PRIME-G5 270 JKM 350PP-72-DV CIGS-3600A1

Technology Si-mono Si-poly Thin film
Pp (Wp) 270 350 360

Input parameters at STCs

Ns 60 72 110
Vr

mp (V) 31.3 38.6 60
Ir
mp (A) 8.63 9.07 6

Vr
oc (V) 37.8 48 76.67

Ir
sc (A) 9.08 9.36 6.445

Model parameters
m 84.12 105.21 242.51

Ir
0 (A) 2.3429 × 10−7 1.8466 × 10−7 2.9518 × 10−5

Ir
sc (A) 9.08 9.36 6.445

Simplified 1D + 3P
results

Vmp (V) 27.93 27.82 34.57 34.25 52.98 49.96
Imp (A) 6.90 1.73 7.26 1.81 4.80 1.20

PDC (W) 192.81 48.01 250.87 62.12 254.30 59.96

PVsyst results
Vmp (V) 28.70 30.80 36.40 38.90 57.80 59.30
Imp (A) 6.93 1.7 7.15 1.76 4.71 1.18

PDC (W) 199.20 52.40 260.10 68.40 272.50 69.90

Percentage Errors
PE Vmp (%) −2.69% −9.68% −5.02% −11.97% −8.34% −15.75%
PE Imp (%) −0.38% 1.53% 1.48% 3.07% 1.91% 1.69%
PE PDC (%) −3.21% −8.37% −3.55% −9.18% −6.68% −14.23%

Analyzing the Percentage Error displayed in Table 10, it is possible to conclude that
the output power estimations by the simplified 1D + 3P model are achieved by default,
which was already concluded before. However, it is interesting to note that, in general,
the voltage predictions are made by default, whereas the current estimations are made
by excess.

5. Conclusions

This paper had two objectives. The first objective was to assess the performance of
the 1D + 3P model in estimating the electrical behavior of PV modules, by comparison
with both experimental and theoretical results. The second objective was to verify if a
simplification made in the 1D + 3P model produced reliable results when compared to
the original.

The findings of the paper indicate that the 1D + 3P model is a good estimator of
the real behavior of a PV module for crystalline silicon modules and for high irradiance
conditions. At Low-Irradiance Conditions, the approximation is worse (MAPE about 10%
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for crystalline silicon). The electrical behavior of a thin film is more difficult to model
even using detailed 1D + 5P models. The 1D + 3P model struggles to accurately describe
the electrical behavior of thin films, especially for Low-Irradiance Conditions (MAPE of
about 16%).

In what concerns the second aim of the paper, it was concluded that the use of the
simplified 1D + 3P model is a viable and inexpensive alternative to the original 1D + 3P model.
A MAPE of about 1% is to be expected when comparing the simplified and the original
1D + 3P models, regardless of the PV modules technology and operating conditions.
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Variables and Constants

Gr Irradiance (Standard Test Conditions: Gr = 1000 W/m2)
θr

m Module temperature (Standard Test Conditions; θr
m = 25

◦
C)

GNOC Irradiance (Normal Operating Conditions; GNOC = 800 W/m2)
θamb Ambient temperature (Normal Operating Conditions; θamb = 20

◦
C)

θNOC
m Module temperature (Normal Operating Conditions; θNOC

m = NOCT)
GPVUSA Irradiance (PVUSA Conditions; GPVUSA = 1000 W/m2)
θPVUSA

m Module temperature (PVUSA Conditions; θPVUSA
amb = θNOC

amb = 20
◦
C )

Pr
MP = Pp Peak power—Maximum DC power output (Standard Test Conditions)

Vr
MP Output voltage at maximum power (Standard Test Conditions)

Ir
MP Output current at maximum power (Standard Test Conditions)

Vr
oc Open circuit voltage (Standard Test Conditions)

Ir
sc Short-circuit current (Standard Test Conditions)

µIsc Temperature coefficient of the short-circuit current
µVoc Temperature coefficient of open-circuit voltage.
µPp Peak power temperature coefficient
Ns Number of cells connected in series in the module
ID Diode current
I0 Diode inverse saturation current
m Diode’s ideality factor
VT Thermal voltage
K Boltzmann constant (K = 1.38× 10−23 J/K)

T Absolute temperature
q Electron’s electrical charge (q = 1.6× 10−19 C)
IS Source current
Isc Short circuit current
P Electrical DC output power
I Output current
V Terminal voltage
VMP Maximum power voltage

https://www.energy.ca.gov/programs-and-topics/programs/solar-equipment-lists
https://www.energy.ca.gov/programs-and-topics/programs/solar-equipment-lists
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IMP Maximum power current
PDC = PMP Maximum power
ε Silicon bandgap (ε = 1.12 eV)
PPVUSA DC output power computed value using the detailed 1D + 5P model (CEC database)
PE Percentage Error
MAPE Mean Absolute Percentage Error
PDC1 DC output power computed by the 1D + 3P model
PDC2 DC output power computed by the simplified 1D + 3P model
PNOC Experimental output DC power at NOC (CEC database)
MAPE1 Error between PDC1 and P
MAPE2 Error between PDC2 and PDC1
PLow Experimental DC output power at Low Irradiance (CEC database)

Abbreviations

RESs Renewable Energy Sources
PV Photovoltaic
LCOE Levelized Cost of Energy
DC Direct Current
CEC California Energy Commission
NOCs Normal Operating Conditions
PVUSA Photovoltaics for Utility-Scale Applications
1D + 3P One Diode Three Parameters Model
1D + 5P One Diode Five Parameters Model
2D + 7P Two Diodes Seven Parameters Model
STCs Standard Test Conditions
MPPT Maximum Power Point Tracker
Mono Monocrystalline
Poly Polycrystalline
TF Thin film
MW Megawatt
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