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Abstract. This paper presents a methodology for the
extraction of parameters of photovoltaic (PV) modules
through the use of eectric models with single and double
exponentials. The aim of the proposed method was extract the
parameters directly from measured curves applying the Trust
Region Method to solve a system of equations f(x;). The
variables x; are the photocurrent (I ), the reverse saturation
current (1), the ideality factor (A;), series resistance (Ry) and
the shunt resistance (Rg,). The validation method is made by
approximating the 1V curves using the calculated parameters.
So, is provided a statistical analysis of errors from the curves
obtained in a way to assess the feasibility of the method. A
comparison between the results obtained through the two
circuit modelsis also provided.
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1. Introduction

The determination of an efficient method able to estimate
the parameters of a photovoltaic panel is essential for the
development and performance analysis of such
equipments. In this context several methodologies have
been proposed in order to obtain these parameters from
measurements performed on these devices.

The search for methods to estimate these parameters
based on experimental data is justified by the difficulty in
determining the values of some variables that describe
the analytical equations, when focusing on an analysis of
the chemistry and physics of materials. This analysis
based on physics of materials can be seen in [1].

Some methods have been proposed using
measurements taken at different light levels [1] - [7],
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while others use light and dark conditions [8] - [13].
There are also methods that differ by the proposed
analysis model, in other words, the equivalent electric
circuit used for analysis. In short, there are two models
used frequently in this area of study: the model with one
exponential [14], [15] and the model with two
exponentials [16] - [18].

Figs. 1 and 2 show the model of a cell with one and
two exponentials, respectively.
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Fig.1. Electric model of photovoltaic cells with one
(exponential) diode.
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Fig.2. Electric model of photovoltaic cells with two
(exponentials) diodes.

The main advantage of using the model with single
diode is to simplify the electric circuit and consequently
the equation that describes the device operation. The
model with two diodes may represent more closely the
observable effects on the device under consideration in
various lighting conditions.
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Equations (1) and (2) are governing statements of the
electrical behavior of a solar cell represented by one and
two diodes, respectively.
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where |, defines the total current generated by the cell
for a given lighting and temperature conditions in
Amperes;l,; is the reverse saturation current in Amperes;
k is the Boltzmann constant (1.3812Q)/K); q is the
electron charge (1.602177x10C); T is the temperature
in Kelvin; A is the ideality factor,Rs is the series
resistance an®y, is theshuntresistance.

The purpose of this work is to use theust Region
Optimization Methodo extract the parameters of silicon
photovoltaic modules considering the uncertainty in the
behavior of current when the panel approaches the point
of short circuit. Furthermore, the method validation is
done by calculating the errors in the curves obtained
using the estimated parameters with respect to those
curves obtained experimentally.

The use of numerical methods, such as optimization
methods, is of paramount importance when working with
equations whose complexity hinders or prevents the
analytical solution; as the equations that describe the
behavior of cells and solar panels.

2. Theoretical description

According to (1) and (2) it appears that both models have
a different number of variables. In the first case there are
five variables, ie, five parameters to be determined:
photocurrent (J,), reverse saturation current)(l diode
ideality factor (A), series resistance (Rand shunt
resistance (R).

In the second case, there are two reverse currgnand

loo) and two ideality factors (Aand A), plus the other

paameters that are the same presented in the first model.

So that, the two models have five variables, the ideality
factors take on their theoretical values, according to (3).

A =n and A =2n (3
where,n is the number of cells connected in series.
Thereby, the equation (2) can be simplified as (4)

+IR) +IR) _V+ IR
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So, the parameters to be determined in this modé|,are
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A. Trust Region Method

The Trust Region Method is an optimization method
widely used in solving systems of nonlinear equations
with a high rate of convergence.

The aim of the method is to minimize the system of
equationdi(x) = 0 in order to determine the values»pf
which suits the problem. The first iteration of the method
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is made so thdt=(xq) = fo, Wherex, is the initial value of
x and f, is the initial value of(x).

Thus, for iteratiork [19], the subproblem indicated in (5)
must be solved.

minm,(p)= t+d pr= B B p for|pl<a, (5)
pr 2

wheref, =f(x,) is the function value at poink,
g, = 0f(x,)is the gradient of(x,), B, =0%(x,) is the
Hessian matrix off(x) and A, >0 is the trust region

radius.

An essential condition for defining a trust region
method is to choose the radius of this region at each
iteration. This choice was based on the approximate
relationship between the model function and the
objective function at previous iteration, according to
equation (6). The numerator of the equation is called
actual reduction and the denominator is tharedicted
reduction[19].

IRCARRICRE)
m.0)- m.(R)

(6)

k

This radius indicates that the points whose distance
from the centek,, is at most equal tpy, are part of the
trust region. Yet, ifpc is negative the value of the new
function f(x + p)is greater than the current
value f (x.) , then the calculated value should be rejected.

The approach is valid wheam is close to 1, i.e., the
approximationm, is close to the functiofy. In the case
wherepy is close to 0 the radius of trust region should be
reduced and, if it is positive, but far from 1, the trust
region is not changed.

Done this, the actuak point is updated, as shown by

).

X, = X, if p <71,
" X + P onthe contrary

where 7, represents the established tolerance for the
variation ofx,.

(7)

3. Problem definition

The definition of the problem to be optimized is initially
made by determining the equations that will compose the
non-linear system to be solved. To do so, in view of the
proposal made in this work, were used five representative
points of IV measured curves that will result in five
equations required to extract the parameters in the two
models under analysis.
Figure 3 shows the points used in each equation.
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Fig. 3. Points used to define the system of equations

The choice of the points was made according to the
following definitions:

e« P1:(Vy Iy = (0, Isc)— open circuit voltage. As
the measure does not starts at 0, was used the
lowest voltage measured.

o P2 (Va Iy) = (0.3Vee losved — the voltage is
about 30% of the open circuit voltage.

e P3: (V3 1) = (Vimax Imay — maximum power
point.

o P4 (V4 ly) = (0.9V, looved — the voltage is
about 90% of the open circuit voltage.

e P5:(Vs, Is) = (Voo 0) — the voltage is equal the
open circuit voltage and the current is zero.

From the sampled points, it is possible to demonstrate
the two systems of equations to be solved for each of the
methods discussed, as in (8) and (9).
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Thus the solution of the systems is done by applying
these equations in (5). Moreover, were used the settings
shown in (10) and (11)

o of of,
o o oax
of, of,  of

g, =0f(x)=[ox o~ 0% (10)
o, of, of,
o o oax

wherex; = lpn, X2 = lo, X3 = loz, X4 = Rs andxs = R It
can be noticed that in the iterative method this is the well
known Jacobian matrix.

0*f,  ofof, of of
x> ax0x, 9%0%
of,of, 921, of,of, (11)
B =0%f(x)=|0x,0%  0x, 0%,0%
of.of,  ofof, 0% 1,
ox0x  0%0% %

It is easy to see, from Eq. (11), th& is a
symmetrical matrix and follows the common architecture
of matrices in physical systems; this matrix is embedded
in the Trust Region Method as described by equation (5).

4. Simulations and results

All curves used in the simulations were experimentally
obtained from a photovoltaic panel whose characteristics
are listed in Table I.

Table | -Nominal characteristics of the panel

Features Value
Power 40 W
Voltage at maximum power | 16.6 V
point
Current at maximum power 245 A
point
Open circuit voltage 205V
Short circuit current 2.80A
Type of material Monocrystalline
silicon
Numbers of cells connected in | 36
series

Measurements were made using a gauge called Mini
KLA [20]. For all measurements, as shown in Figure 3,
the current shows a very non-uniform behavior when the
voltage approaches zero. Thus, the objective was to
develop a method that is able to extract the parameters of
this panel from these curves measured. To this end, tests
were carried out in different curves using the two models
mentioned above. Table Il shows data related to the
curves used in the simulations.

RE&PQJ, Vol.1, No.9, May 2011



Table Il - Input data

Curve | Light Intensity (W/m?) | Temperature (°C)
1 225.00 25
2 596.80 35
3 698.00 54
4 860.20 52

As the Trust Region Method is an iterative method, is
necessary to set up the variables. Values should be
established to enable the convergence mathematics,
namely that the method should perform valid
mathematical operations. However, it was observed that
there is no need to use an initial value for each curve.
Therefore, were used the same initial values for all
curves.

Moreover, in order to test the accuracy of the curves
obtained, was made a statistical analysis of calculated
data. Were calculated theoot mean squared error
(RMSE), themean bias erro(MBE) andmean absolute
error (MAE) which are key measures of accuracy for
fitting curves [21].
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where Vimeas) iS the measured voltageficac is the
calculated voltage anll the number of variables. It can
be noticed that by replacing the parameters calculated in
(1) or (2), the variable used as the independent variable is
the currentl), so thatv = f(l).

A. Single exponential model

For the single exponential model the initial conditions are
laid down in (13)

[1alo AR, R,]=[15%°,50,1.5,10f (13)

Table Il shows the results obtained by the Trust Region
Method.

Table Il - Obtained parameters with single exponential

Curve Parameters
|Dh [A] lo [UA] A R. [Q] Rsh [Q]
1 0.6736| 2.4258 | 48.2045| 2.0364 | 129.8172
2 1.8498 | 0.1632 | 37.4816| 0.5282 | 69.1844
3 2.2006 | 0.9783 | 36.1223| 0.5497 | 57.7150
4 2.7577] 0.6358 | 36.0000| 0.5692 | 50.5662

Replacing the values found in equation (1) the IV curve
was draw up for each measurement curve and a
comparison was made with the experimental curve, as in
Figure 4.
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Fig. 4. Approximated curves using the single diode model

Table IV shows the errors in the approximations
obtained using the model with an exponential. It is
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observed that by using the approximate parameltgys (
lo A, R, Ry errors obtained were less than 1%
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indicating a good approximation to the desired

Table V shows the results obtained by the Trust
Region Method for this model.

parameters.
Table IV — Errors in approximated curves with single Table V — Obtained parameters with double exponential
exponential
Curve Parameters
Curve RMSE MBE MAE Ion [A] | 1o1[UA] | 102[PA] | R([€] Rqh [€]
1 0.20% -0.10% 0.11% 1 0.6821| 0.00026 | 10.000 | 2.9734 | 115.4228
2 0.11% -0.04% 0.06% 2 1.8521| 0.08063 | 0.1260 | 0.5657 | 67.5704
3 0.13% -0.04% 0.06% 3 2.2009| 0.92799 | 0.1300 | 0.5525 | 57.5792
4 0.31% 0.01% 0.11% 4 2.7576| 0.63582 | 0.1220 | 0.5692 | 50.5665

B. Double exponential model

The values for initialization of the method in the model
with two exponentials are shown in (14)

Proceeding the same way as the previous model, the
values found were replaced in Eq (2) and the
approximated curves were plotted. Figure 5 shows the
comparison between the measured and approximated
curves.
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Fig. 5. Approximated curves using the double diode model
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Table VI indicate the errors calculated for the

approximate curves using the double exponential. It can

5. Conclusion

be observed that the errors obtained at the two exponential The use of iterative methods for the extraction of

model are very close to those obtained previously.
However, for curve 4 which shows the highest rate for the
RMSE, the model with two diodes was more appropriate.

Table VI —Errors in approximated curves with double

exponential
Curve RMSE MBE MAE
1 0.19% -0.07% 0.10%
2 0.11% -0.04% 0.06%
3 0.13% -0.04% 0.06%
4 0.13% -0.03% 0.07%
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parameters for PV panels allows obtaining these
parameters from the use of only five known points on the
curve VI of a PV module. Moreover, it was found that the
proposed method allows the extraction of parameters for
curves that have a large variation in the behavior of
current when it approaches the point of short circuit.
In this context, by calculating the statistical errors, we
observe that the method of trust region allows us to obtain
parameters that approximate satisfactorily IV curves
measures for both exponential models.
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