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Abstract: This work proposes a new analytical model to extract the 1-Diode/2-Resistor solar
cell/panel equivalent circuit parameters. The methodology is based on a reduced amount of
experimentally measured information: short-circuit current, the slope of the I-V curve at that point,
the open-circuit voltage, and the current and voltage levels, together with the slope of the I-V curve at
the instantaneous operation point. This procedure is specially designed to analyze the performance
of autonomous photovoltaic systems, which are most of the primary sources for spacecraft power.
Results show good agreement with experimental data. Furthermore, this methodology allows for
fast and accurate I-V curve maximum power point (MPP) identification.
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1. Introduction

1.1. The Solar Cell/Panel Equivalent Circuit Models

The performance of photovoltaic systems (solar cell/panels), that is, the output current/voltage
curve (I-V curve), is usually studied using an equivalent circuit model. This equivalent circuit consists
of a current source with one or two diodes connected in parallel, and up to two resistors, one connected
in parallel and the other one in series, to take into account energy losses in this model. Based on
these electronic components, four basic configurations are normally used when studying photovoltaic
systems (see Figure 1):

(1) The 1-diode model, whose equation to relate the output current, I, to the output voltage, V, is:

I = Ipv − ID1 = Ipv − I0

[
exp

(
V

NaVT

)
− 1
]

, (1)

where Ipv is the photocurrent delivered by the constant current source, I0 is the reverse saturation
current corresponding to the diode, VT is the thermal voltage (VT = kT/q, where k is the Boltzmann
constant, T the temperature expressed in kelvin, and q is the electron charge), a is the ideality factor
that takes into account the deviation of the diodes from the Shockley diffusion theory, and N is the
number of series-connected cells in the photovoltaic system to be analyzed (obviously, N = 1 in case of
a single cell).

(2) The 1-diode/1-resistor model, whose main equation is:
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I = Ipv − I0

[
exp

(
V + IRs

NaVT

)
− 1
]

, (2)

where Rs is the series resistor.

(3) The 1-diode/2-resistor model, whose main equation is:

I = Ipv − I0

[
exp

(
V + IRs

NaVT

)
− 1
]
− V + IRs

Rsh
, (3)

where Rsh is the shunt resistor.

(4) And finally, the 2-diode/2-resistor model, whose main equation is:

I = Ipv − I01

[
exp

(
V + IRs

Na1VT

)
− 1
]
− I02

[
exp

(
V + IRs

Na2VT

)
− 1
]
− V + IRs

Rsh
, (4)

Obviously, the parameters of these equations need to be estimated to adapt the corresponding
model to the real performance of the solar cell/panel behavior. This parameter extraction can be
carried out based on analytical or computational methods. A quite complete review of the different
methods for fitting the equivalent circuit to the solar cell/panel behavior can be found in recent works
by Jena and Ramana [1] and Humada et al. [2].
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Figure 1. Four different equivalent circuit models: (a) 1-diode; (b) 1-diode/1-resistor; (c) 1-diode/2-
resistor; (d) 2-diode/2-resistor [3].

In Figures 2 and 3, the well-known experimental data (i.e., the I-V curve) of a R.T.C. France silicon
cell (La Radiotechnique Compelec, Paris, France) and a Photowatt PWP201 solar panel (Photowatt,
Bourgoin-Jallieu, France) from the work by Easwarakhanthan et al. [4] is plotted (the data from the
work by Easwarakhanthan et al. have been used as reference in a very large number of scientific
works related to photovoltaic performance, according to google scholar it has been cited more than
150 times since its publication—20 times in 2017—), together with five curves corresponding to
Equations (1)–(4). See in Table 1 the characteristic data from these experimental curves, including the
inverse of the slope of the I-V curves at the short-circuit and open-circuit points, respectively Rsh0 and
Rs0. The extracted parameters from these equations are included in Tables 2 and 3. The extraction
was carried out analytically, based on procedures already described in previous works [3,5–7], using
different conditions to extract the parameters in each case:

1. 1-diode model (indicated as 1D in Figures 2 and 3, and Tables 2 and 3): the three characteristic
points from the testing data (short circuit current, Isc, open circuit voltage, Voc, and current and
voltage levels at maximum power point, Imp, Vmp), are used as the three conditions needed to
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extract the values of parameters Ipv, I0 and a in Equation (1). The I-V curve resulting from this
model crosses the aforementioned maximum power point, but it is not assured that this condition
is reached at this point.

2. 1-diode/1-resistor model (indicated as 1D/1R in Figures 2 and 3, and Tables 2 and 3): the three
characteristic points and the slope of the I-V curve at maximum power point are used as the four
conditions needed to extract the values of parameters Ipv, I0, a and Rs in Equation (2).

3. 1-diode/2-resistor model, two procedures are used in this case:

(a) Four conditions procedure (indicated as 1D/2R-1 in Figures 2 and 3, and Tables 2 and 3):
the three characteristic points and the slope of the I-V curve at maximum power point,
together with a pre-established value of the ideality factor (reasonably, in the bracket
from a = 1.1 to a = 1.3 [8]), are used as the four conditions needed to extract the values of
parameters Ipv, I0, Rs and Rsh in Equation (3).

(b) Five boundary conditions procedure (indicated as 1D/2R-2 in Figures 2 and 3, and Tables 2
and 3): the three characteristic points, the slope of the I-V curve at maximum power point,
and the inverse of the slope of the I-V curve at the short-circuit point, Rsh0, are used as
the five conditions needed to extract the values of parameters Ipv, I0, a, Rs and Rsh in
Equation (3).

4. 2-diode/2-resistor model (indicated as 2D/2R in Figures 2 and 3, and Tables 2 and 3): the three
characteristic points, the slope of the I-V curve at maximum power point, and the inverse of the
slope of the I-V curve at the short-circuit and open-circuit points, Rsh0 and Rs0, together with the
pre-established value of the ideality factor corresponding to the second diode (a2 = 2.0), are used
as the four conditions needed to extract the values of parameters Ipv, I01, I02, a1, Rs and Rsh in
Equation (4).

As mentioned, the parameters extracted are included in Tables 2 and 3. They can be compared
with the ones from other authors that used Easwarakhantahan et al. experimental data [4] to describe
their solar cell/panel equivalent circuit parameter extraction procedures. The accuracy of each curve,
defined by the comparison with the testing result, ∆I = Iexp − I, is shown in the bottom graph of
Figures 2 and 3. Besides, in order to compare the five equivalent circuits, a normalized root mean
square error (RMSE) has been also included in Tables 2 and 3:

ξ =
RMSE

Isc
=

1
Isc

√√√√ 1
m

m

∑
j=1

(
Ical,j − Ij

)2

. (5)

This comparison parameter is based on the RMSE proposed by Askarzadeh and Rezazadeh [9,10].
The use of the normalized root mean square error allows the comparison between results from different
photovoltaic technologies and configurations. From the figures and the tables, it can be observed that
the more complicated the model is, the best results are obtained in terms of accuracy. However, it
should be pointed out that the 2-diode/2-resistor model fitted to the Photowatt PWP201 solar panel
shows a negative value of one of the diode reverse saturation currents. This result indicates that the
model does not reflect the physical properties of the solar panel, although mathematically it fits the
testing results very well.
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Figure 2. R.T.C. France silicon cell. (top): I-V curves (testing data and equivalent circuit models).
(bottom): Accuracy of the equivalent circuit models.
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Figure 3. Photowatt PWP201 solar panel. (top): I-V curves (testing data and equivalent circuit models).
(bottom): Accuracy of the equivalent circuit models.
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Table 1. Characteristic data from R.T.C. France solar cell and Photowatt PWP201 solar panel.

Characteristic Data R.T.C. France Photowatt PWP201

Isc (A) 0.7603 1.0300
Voc (V) 0.5728 16.778
Vmp (V) 0.4507 12.649
Imp (A) 0.6894 0.9120

Rsh0 (Ω) 246.80 * 689.13 *
Rs0 (Ω) 0.0907 * 2.5193 *
T (K) 306.15 318.15

N 1 36

* Estimated from data in [4].

Table 2. Equivalent circuit parameters (see Figure 1, and Equations (1)–(4)) and normalized root mean
square error (RMSE), ξ, in relation to the R.T.C. France solar cell.

Model Rs (Ω) Rsh (Ω) Ipv (A) I01 (A) a1 I02 (A) a2 ξ

1D - - 0.7603 1.12 × 10−5 1.9509 - - 2.25 × 10−2

1D/1R 0.0233 - 0.7603 2.07 × 10−6 1.6944 - - 6.84 × 10−3

1D/2R-1 0.0481 28.931 0.7616 4.14 × 10−8 1.3 * - - 5.95 × 10−3

1D/2R-2 0.0261 246.77 0.7604 1.44 × 10−6 1.6478 - - 5.48 × 10−3

2D/2R 0.0450 246.76 0.7604 1.54 × 10−9 1.1087 5.15 × 10−6 2.0 * 2.50 × 10−3

* Selected as reasonable values for calculations.

Table 3. Equivalent circuit parameters (see Figure 1, and Equations (1)–(4)) and normalized RMSE, ξ,
in relation to the Photowatt PWP201 solar panel.

Model Rs (Ω) Rsh (Ω) Ipv (A) I01 (A) a1 I02 (A) a2 ξ

1D - - 1.0300 1.55 × 10−4 1.9319 - - 2.87 × 10−2

1D/1R 0.8884 - 1.0300 1.80 × 10−5 1.5520 - - 6.70 × 10−3

1D/2R-1 1.4429 497.75 1.0330 7.04 × 10−7 1.2 * - - 4.59 × 10−3

1D/2R-2 1.2829 687.85 1.0319 2.04 × 10−6 1.2968 - - 2.31 × 10−3

2D/2R 1.2004 687.93 1.0318 5.31 × 10−6 1.3882 −1.96 × 10−5 2.0 * 2.04 × 10−3

* Selected as reasonable values for calculations.

1.2. The Problem of Determining the I-V Curve Maximum Power Point (MPP)

We can conclude from the above results that analytical methods need the characteristic points
of the I-V curve in order to extract the parameters of a photovoltaic system (cell or panel) equivalent
circuit. The advantage of using these points lies in the small amount of information needed, which
is normally provided by the manufacturer. However, if experimental data are the source to calculate
the equivalent circuit of a solar cell/panel using an analytical method, the main problem turns to be
the accurate determination of the I-V curve’s maximum power point (MPP). Unlike the other two
characteristic points (short-circuit and open-circuit), whose determination is relatively simple, the MPP
correct estimation requires multiple measurements at different voltage levels around this particular
point. This fact weakens one of the main advantages of the analytical methods, as quite large resources
are required to determine the MPP accurately. This is, in fact, one of the most relevant problems in the
solar energy industry: how to make the photovoltaic devices work at the maximum extractable power
despite the changing conditions (temperature, solar radiation, loads . . . ). Different maximum power
point tracking (MPPT) techniques have been developed in the past decades to track continuously the
maximum power point and force the photovoltaic device to work as close as possible.

Among the MPPT methods described in the available literature (see a quite complete review of the
MPPT methods in the recent works by Lyden and Haque [11], Koutroulis et al. [12], Verma et al. [13],
and Liu et al. [14]), it is possible to distinguish between offline and online methods [15]. In offline
methods, the maximum power point is calculated using information regarding the panel I-V curve.
One of the main advantages of these methods is the possibility to change the operating voltage
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instantaneously in order to reach the voltage level corresponding to the maximum output power.
The problem lays in the reduced accuracy obtained when calculating that voltage level, due to the
complexity of the equations used for estimating the equivalent circuit parameters. Additionally,
another problem shown by the offline methods is the absence of feedback to know whether the
prediction is correct.

On the other hand, feedback is available in online methods (e.g., perturb and observe methods). As
a consequence, using these methods the maximum power point (MPP) of the I-V curve is continuously
searched for, and the operating voltage accordingly corrected. However, online methods also have
some drawbacks, as large periods can be required to estimate the MPP voltage level.

Finally, there are also hybrid solutions, such as combining two different methods, each one from
one of the aforementioned categories. The offline method is used to get a quick approximation of the
MPP, whereas the online method is used to improve the result.

1.3. Methodology Proposed to Calculate the Maximum Power Point (MPP)

In the present work, an alternative analytical method is proposed to extract the 1-diode/2-resistor
equivalent circuit parameters from a reduced number of experimental measurements. Bearing in mind
that measuring both short-circuit and open-circuit points are also simple operations, the main problem
remains the maximum power point (MPP) determination, as the operating voltage of this point is, in
principle, unknown. In the proposed methodology, equations corresponding to the maximum power
point and its derivative are replaced by their equivalents at any other point (Ii, Vi).

This procedure is similar to other parameter-extraction methods that do not require the MPP, and
use another point of the I-V curve instead. For example, Laudani et al. [16] developed a non-direct
iterative method that avoids using the MPP. The works by other authors such as Garrigós et al. [17],
Toledo et al. [18], Blanes et al. [19] should be also mentioned, as they fit the equivalent circuit model to
the I-V curve with a limited number of points.

Once the equivalent circuit parameters have been extracted, the proposed analytical method
can be used to predict the MPP location on the I-V curve. Furthermore, the use of the proposed
analytical method for maximum peak power tracking (MPPT) is analyzed, as proposed by some of
the aforementioned authors [17–19]. The proposed calculation procedure can be briefly summarized
as follows:

• Obtain the short circuit current, Isc, and the inverse of the I-V curve’s slope at that point, Rsh0, of
the solar cell/panel as in MPPT offline methods (short circuiting the panel or with pilot cells).

• Obtain the open circuit voltage, Voc, of the solar cell/panel like in MPPT offline methods (opening
the circuit or with pilot cells).

• Monitor the solar panel to obtain the instantaneous working point, that is, the operation point (Ii,
Vi) and dI/dV|i.

• Extract the 1-diode/2-resistor equivalent circuit model parameters.
• Calculate the maximum power point Imp, Vmp.

As mentioned, this methodology has advantages in both offline and online methods. On the one
hand, in the case of the offline methods the method allows for the instantaneous calculation of the
desired value of the operating voltage, but with higher precision. On the other hand, in the online
methods, there is feedback that improves the accuracy in each step, because the operating point is
used to recalculate the maximum power point, which increases the accuracy of the calculation as the
operating point approaches to the maximum power point.

The use of the characteristic points (short circuit and open voltage) can be a problem if they are
measured during the solar panel operation, as it could represent “an unacceptable power loss” [19].
Nevertheless, on the one hand, this power loss will depend on the data acquisition frequency; on the
other hand, pilot cells could overcome this drawback, as mentioned above.
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The present work is the last contribution from the IDR/UPM Institute within the research
framework on space solar panel performance analysis. This project has proven to be successful
from both the scientific and academic points of view (the results from the research on solar panels, once
obtained, are immediately used by the students of the Master in Space Systems (MUSE), organized by
the IDR/UPM Institute [20–22]). It should be pointed out that one of the aims of the work carried out
at the IDR/UPM is to obtain procedures that obtain the quickest results in relation to foreseeing the
behavior of the photovoltaic systems (within a reasonable accuracy level), as in autonomous systems
such as the space systems, the fastest solutions are normally preferred. The results obtained with the
aforementioned analytical methods, together with some mathematical approaches [23], have been used
for the solar power supply estimations related to UPMSat-2 [24] and Lian-Hé/UNION missions. It is
also fair to mention that the key factor in large photovoltaic power stations (solar parks) is different. In
these industrial power plants, the power estimations should always provide the most accurate results,
as the impact of this accuracy on the economic revenue can be huge [25], and the calculation resources
and time consumptions being proportionally large as well.

This work is organized as follows. The methodology developed is explained in Section 2, whereas
the results, firstly applied to both the photovoltaic cell and panel mentioned in this section (R.T.C.
France and Photowatt PWP201, respectively), and then applied to a SELEX 5-cell space photovoltaic
module (the solar panels of the UPMSat-2 satellite integrate several of these modules, both series and
parallel connected), are included in Section 3. Finally, conclusions are summarized in Section 4.

2. Equations Proposed to Calculate the 1-Diode/2-Resistor Equivalent Circuit and the Maximum
Power Point (MPP)

Particularizing the 1-diode/2-resistor circuit equation in the characteristic points of the I-V curve,
the following equations can be obtained [3]:

Isc = Ipv − I0

[
exp

(
IscRs

NaVT

)
− 1
]
− IscRs

Rsh
, (6)

1
Rsh
− 1

Rsh0 − Rs
+

I0

NaVT
exp

(
Rs Isc

NaVT

)
= 0, (7)

0 = Ipv − I0

[
exp

(
Voc

NaVT

)
− 1
]
− Voc

Rsh
, (8)

Imp = Ipv − I0

[
exp

(
Vmp + ImpRs

NaVT

)
− 1
]
−

Vmp + ImpRs

Rsh
, (9)

−
Imp

Vmp
= − I0

NaVT

(
1−

Imp

Vmp
Rs

)[
exp

(
Vmp + ImpRs

NaVT

)]
− 1

Rsh

(
1−

Imp

Vmp
Rs

)
, (10)

where Equation (6) corresponds to the short-circuit point, Equation (7) to the slope at the short circuit
point, Equation (8) to the open-circuit point, Equation (9) to the maximum power point, and finally,
Equation (10) is derived from the condition dP/dV = 0 at that point.

The alternative proposed in this work is to substitute the Equations (9) and (10) with their
equivalents at any point (Ii, Vi):

Ii = Ipv − I0

[
exp

(
Vi + IiRs

NaVT

)
− 1
]
− Vi + IiRs

Rsh
, (11)

1
Ri

=
∂I
∂V

∣∣∣∣
V=Vi

= − I0

NaVT

(
1 +

∂I
∂V

∣∣∣∣
V=Vi

Rs

)[
exp

(
Vi + IiRs

NaVT

)]
− 1

Rsh

(
1 +

∂I
∂V

∣∣∣∣
V=Vi

Rs

)
, (12)
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From Equations (6)–(8), (11) and (12) the following explicit and decoupled equations can be
deduced for parameters Ipv, I0, Rsh, a and Rs:

Ipv =
Rsh + Rs

Rsh
Isc, (13)

I0 =
(Rsh + Rs)Isc −Voc

Rsh exp
(

Voc
NaVT

) , (14)

Rsh =

(
Vmp − ImpRs

)(
Vmp − Rs

(
Isc − Imp

)
− NaVT

)(
Vmp − ImpRs

)(
Isc − Imp

)
− NaVT Imp

, (15)

a =
(−Ri − Rs)(Vi + (Ii − Isc)Rsh0)

N(−Ri − Rsh0)VT
, (16)

Rs =
(Voc −Vi)B− ARi Ii

(A + B)Ii
, (17)

where:

A = (Vi + (Ii − Isc)Rsh0) ln
[

Vi + (Ii − Isc)Rsh0
Voc − IscRsh0

]
, (18)

B = (−Ri Ii − Rsh0 Ii), (19)

Once the parameters of the solar cell/panel equivalent circuit have been extracted, it is possible to
calculate the maximum power voltage, Vmp, and maximum power current, Imp, by solving Equations (9)
and (10). These two equations can be reduced to a two-equation system with one implicit equation only:

α +

[
I0 exp

(
α

NaVT

)
+

α

Rsh
−
(

Ipv + I0
)] NaVT

I0 exp
(

α
NaVT

)
+ NaVT

Rsh

+ 2Rs

 = 0, (20)

β = 2Rs

[
I0 exp

(
α

NaVT

)
+ α

(
1

Rsh
+

1
2Rs

)
−
(

Ipv + I0
)]

, (21)

where:
Imp =

α− β

2Rs
, (22)

Vmp =
α + β

2
, (23)

3. Results. Maximum Power Point (MPP) Determination

In this section, the accuracy of the proposed method for calculate the maximum power point
is analyzed.

3.1. R.T.C. France Solar Cell and Photowatt PWP201 Solar Panel

In the first place, the data from the R.T.C. France solar cell and the Photowatt PWP201 solar panel
are used. Two points of the I-V curve, with their corresponding slope (one at each side of the MPP),
were selected for both photovoltaic devices:

• R.T.C. France solar cell. Point 1: (Vi, Ii) = (0.4137, 0.728), and Point 2: (Vi, Ii) = (0.4784, 0.632).
• Photowatt PWP201 solar panel. Point 1: (Vi, Ii) = (11.8018, 0.963), and Point 2: (Vi, Ii) =

(13.1231, 0.8725).

The results from the parameter extraction are included in Tables 4 and 5, together with results
from other authors’ works (the results can also be compared to the ones included in Tables 2 and 3).
From these results, it can be assumed that the proposed method presents similar (but slightly larger)
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values of the normalized root mean square error, ξ, when compared to other methods that use the
MPP instead of an operation point that replaces it. Besides, it also seems that the accuracy is higher if
the voltage of operation point is larger than the voltage at MPP. Finally, it should also be highlighted
that the accuracy depends on the determination of the slope of the I-V curve at the short-circuit point,
which is quite challenging in this case due to the lack of points within this area in both I-V curves from
the aforementioned work of Easwarakhanthan et al.

Table 4. Equivalent circuit parameters and normalized RMSE, ξ, extracted with the present method
(P.M.) in relation to the R.T.C. France solar cell.

Model Rs (Ω) Rsh (Ω) Ipv (A) I0 (A) a ξ

P.M. 1 * 0.0459 246.78 0.7606 2.92 × 10−6 1.7407 1.24 × 10−2

P.M. 2 ** 0.0403 246.76 0.7606 5.02 × 10−7 1.5283 3.60 × 10−3

Al-Rashidi et al. [26] 0.0313 64.103 0.7617 9.98 × 10−7 1.6 2.509 × 10−2

El-Naggar et al. [27] 0.0345 43.103 0.762 4.767 × 10−7 1.5172 2.235 × 10−3

Gong and Cai [28] 0.0364 53.719 0.7608 3.23 × 10−7 1.4812 1.297 × 10−3

Askarzadeh and Rezazadeh [9] 0.0366 53.595 0.7607 3.05 × 10−7 1.4754 1.308 × 10−3

Peng et al. [29] 0.0364 54.054 0.7609 3.22 × 10−7 1.4837 4.659 × 10−3

Askarzadeh and Rezazadeh [10] 0.0366 52.290 0.7608 3.06 × 10−7 1.4758 1.303 × 10−3

Laudani et al. [16] 0.0368 49.9736 0.7611 2.0901 × 10−7 1.4701 1.163 × 10−3

* Point 1; ** Point 2.

Table 5. Equivalent circuit parameters and normalized RMSE, ξ, extracted with the present method
(P.M.) in relation to the Photowatt PWP201 solar panel.

Model Rs (Ω) Rsh (Ω) Ipv (A) I0 (A) a ξ

P.M. 1 * 1.7146 687.42 1.0343 3.105 × 10−7 1.1342 1.24 × 10−2

P.M. 2 ** 1.3995 687.73 1.0338 1.260 × 10−6 1.2512 4.00 × 10−3

Phang et al. [30] 0.0832 561.03 1.0319 6.405 × 10−5 1.7602 2.05 × 10−2

Bouzidi et al. [31] 1.2030 555.55 1.0339 3.076 × 10−6 13385 5.53 × 10−3

Wei et al. [32] 1.0755 1850.1 1.0286 8.301 × 10−6 1.4512 4.04 × 10−3

Al-Rashidi et al. [26] 1.1968 555.55 1.0441 3.436 × 10−6 1.3496 2.22 × 10−3

El-Naggar et al. [27] 1.1989 833.33 1.0331 3.664 × 10−6 1.3561 2.44 × 10−3

Gong and Cai [28] 1.2013 981.98 1.0305 3.482 × 10−6 1.3512 2.02 × 10−3

Peng et al.[29] 1.2132 625.00 1.0313 3.221 × 10−6 1.3423 7.49 × 10−3

Cubas et al. [3] 1.3535 559.68 1.0342 1.321 × 10−6 1.2554 2.86 × 10−3

Laudani et al. [16] 1.2241 689.32 1.3354 2.826 × 10−6 1.3294 2.09 × 10−3

* Point 1; ** Point 2.

With regard to the maximum power point (MPP) estimated from the equivalent circuit based on
the calculated parameters, the results are the following:

• R.T.C. France solar cell (Point 1): (Vmp, Imp) = (0.4529, 0.6874), which implies a 0.197% error with
regard to the maximum power supplied (Table 1).

• R.T.C. France solar cell (Point 2): (Vmp, Imp) = (0.4497, 0.6932), which implies a 0.329% error with
regard to the maximum power supplied (Table 1).

• Photowatt PWP201 solar panel (Point 1): (Vmp, Imp) = (12.5249, 0.9212), which implies a 0.018%
error with regard to the maximum power supplied (Table 1).

• Photowatt PWP201 solar panel (Point 2): (Vmp, Imp) = (12.6174, 0.9157), which implies a 0.155%
error with regard to the maximum power supplied (Table 1).

3.2. SELEX Galileo 5-Cell Photovoltaic Assembly

Once the proposed method has been checked with the well-known testing results by
Easwarakahnthan et al. [4], new and more recent experimental data, i.e., the I-V curve, from a SELEX
Galileo 5-cell Photovoltaic Assembly tests have been also used to validate the procedure (see Figures 4
and 5). These testing results were measured at CIEMAT (CIEMAT –Centro de Investigaciones Energéticas,
Medioambientales y Tecnológicas– is the Spanish national center for energy and environmental research,
and it is the reference laboratory related to solar panel qualification in Spain. It involves the highest



Appl. Sci. 2017, 7, 870 10 of 15

qualified personnel and facilities in relation to photovoltaic testing [33–36]) facilities, which is the
reference laboratory related to solar panel qualification in Spain.
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Figure 5. I-V curve of a SELEX Galileo 5-cell Photovoltaic Assembly (see Figure 4). Starting from the
measured values of Rsh0, Isc and Voc, each experimental point i: (Vi, Ii) measured between 0.893·Voc and
0.985·Voc was used as fictional operational point (this bracket was selected as it contains the maximum
power point, Vmp = 0.927·Voc). Therefore, the equivalent circuit was calculated for each operational
point following the procedure described in Section 2.

Once the equivalent circuit was calculated, it was used to predict the maximum power point.
The calculated values of the maximum power voltage and current are included in Figure 6, and
compared to the reference values extracted from experimental measurements. Results point out that
the maximum power voltage is predicted quite accurately. Obviously, the best results are obtained
with an operating point (Vi, Ii) closer to the reference MPP, particularly when this operating point is
located to the right of this maximum. Furthermore, the local dispersion showed in the graphs from
Figure 6 might be caused by the noise introduced in the calculation of the slope in each operation point
(this slope is calculated with four points, the two closest at each side of the operation point). Finally,
predictions of maximum power point (Vmp, Imp) compared to the P-V experimental curve are included
in Figure 7.
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Figure 6. Values of the maximum power voltage, Vmp, (top) and the maximum power current, Imp,
(bottom), related to the equivalent circuit calculated with the proposed methodology. These variables
are plotted (dots) as a function of the voltage level, Vi, at the operating point (Vi, Ii) selected for each
circuit calculation. The experimental reference values of Vmp and Imp have been included in both graphs
(dashed lines).
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of the estimated maximum power points (Vmp, Imp) calculated with different operating points (Vi, Ii),
using the proposed methodology.
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Additionally, in order to check the accuracy of the proposed methodology the normalized root
mean square error, ξ (Equation (5)), has been used to evaluate the error between the I-V curve of
the calculated equivalent circuits and the experimental data. Results (Figure 8) indicate a quite high
accuracy levels, with ξ < 10−2 in almost all points, i, of the selected range (Vi ∈ [0.893·Voc, 0.985·Voc]).
These figures agree with those normalized root mean squared error values calculated between the
R.T.C. France solar cell and the Photowatt PWP201 solar panel experimental results, and the equivalent
circuit models described in Section 1 (Tables 2 and 3) and Section 3.1 (Tables 4 and 5). It should also be
pointed out that these results are also similar (better in some cases) than the ones obtained by other
authors whose methods implied the use of the MPP to calculate the equivalent circuit parameters.Appl. Sci. 2017, 7, 870  13 of 15 
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4. Conclusions

A new explicit analytical method for equivalent circuit parameter calculation is presented. This
method allows calculating the equivalent circuit by knowing the short-circuit point and slope, the
open-circuit point, and any other experimental point with its slope of the I-V curve.

Apart from its simplicity, the principal advantage of the method is that, contrary to other analytical
methods, it is not necessary to know the maximum power point. Since this point is not easily obtainable
experimentally, the proposed method can be very useful in reducing the data necessary for parameter
determination. Furthermore, the accuracy of the results seems to be high, with a difference between
experimental results of less than 1% in terms of current. The accuracy increases when the third point
used for the calculation is nearby the maximum power point.

From the authors’ point of view, the simplicity and accuracy of these methods would make it
interesting for end users with little calculation and testing resources. Also, the procedure described
in the present work seems to be very appropriate for analyses that imply profuse calculations of
equivalent circuits or determine initial values for numerical methods.

Finally, a MPPT method based in the analytical models has been proposed. Using the experimental
data set of a solar panel, each measurement has been considered as an instantaneous operation point
to be optimized. The value of this point, together with the value of the slope of the I-V curve at each
point, has been used to predict the position of the maximum power point with quite high accuracy.
The implementation of this methodology on the space power systems design works at IDR/UPM
Institute is preliminary at present. Nevertheless, it represents a solid line of work as the accurate
prediction of the maximum power point, with a small amount of information regarding the solar panel
performance (short-circuit current and slope, open-circuit voltage, and operating point and slope), has
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been proven. Finally, it should be emphasized that an advantage of this method is the combination of
the precision and feedback of online MPPT with the instantaneous reaction of offline methods.
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