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Abstract

Electric faults in photovoltaic (PV) systems cause negative economic and safety impacts, reducing their performance and making unwanted
electric connections that can be dangerous for the user. Line-to-line, ground and open circuit faults, are three of the main faults that happen
in a photovoltaic array system. This work proposes a characterization of the equivalent circuits and the voltage-power (VP) curves at the
output of multiple PV arrays under different topological configurations and fault conditions to evaluate the effects of these three main faults
on the performance of a photovoltaic array system, taking into account the influence of temperature and solar radiation. This work presents
a validation of the characterization by measuring the output VP curves of a low-power photovoltaic array system under real outdoor
conditions. This method can be useful in future works to develop low cost systems capable of detecting and classifying electric faults in
photovoltaic array systems.

Keywords: photovoltaic array; electric faults; line-to-line faults; ground faults; open circuit faults; characterization of electric faults; voltage
and power curves.

Caracterizacion de fallas eléctricas en sistemas fotovoltaicos

Resumen

Las fallas eléctricas en sistemas fotovoltaicos causan impactos negativos en la economia y la seguridad, reduciendo el desempefio del
sistema y generando conexiones eléctricas indeseadas que pueden ser peligrosas para el usuario. Las fallas de linea a linea, conexion a
tierra y circuito abierto, son algunas de las principales fallas eléctricas que se pueden presentar en un arreglo fotovoltaico. Este articulo
propone una caracterizacion de los efectos que generan las tres fallas mencionadas en el desempefio del sistema fotovoltaico por medio de
un analisis de los circuitos equivalentes y las curvas de voltaje-potencia (VP) que se obtienen frente a diferentes fallas, topologias en el
arreglo, condiciones de temperatura y radiacion solar. El método propuesto fue validado experimentalmente usando arreglos fotovoltaicos
en condiciones reales y puede ser aplicado en trabajos futuros para desarrollar un algoritmo capaz de detectar y clasificar fallas eléctricas
en arreglos fotovoltaicos.

Palabras clave: arreglo fotovoltaico; fallas eléctricas; fallas de linea a linea; fallas de conexion a tierra; fallas de circuito abierto;
caracterizacion de fallas eléctricas; curvas de voltaje y potencia.

1. Introduction

Solar energy is one of the main renewable energy resources
that has been used increasingly during the last 10 years, because
of its advantages, such as being pollution-free and noiseless [1].
However, electric faults in PV arrays generate significant power
losses, which is why researchers are looking for effective ways to
detect and classify these faults in order to improve system
reliability and efficiency [3].

The performance of a photovoltaic system mainly depends
on the temperature of operation of the solar panels, solar radiation
and the presence of faults that may cause significant power
losses. Monitoring systems for photovoltaic arrays represents a
high cost of investment for the owners. This is why in small
photovoltaic arrays, like residential applications, users do not
regularly check for faults, leading to losses in energy and safety
[2]. This research proposes a characterization method by only
measuring the voltage and current at the output of the array to
obtain the VP curves without using multiple voltage and current
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Figure 1. Circuit diagram of the three main faults in PV array systems.
Source: The Authors.

sensors in each string, leading to a low-cost solution capable of
detecting and classifying electric faults in PV array systems.

Fig. 1 shows a circuit diagram of the three main faults that are
analyzed in this work. The line-to-line fault is causing low
impedance between two different strings in the PV array. The
open circuit fault is generating a faulty string, disabling the power
delivery corresponding to that string because the current in the
string is zero. The ground fault is causing low impedance
between a node of a string and the negative wire conductor.

A ground fault in a PV array produces a low impedance path
between a Current Carrying Conductor (CCC) and the
ground/earth [4]. To detect ground faults, PV systems usually use
devices such as Ground Fault Detection and Interruption Devices
(GFDI), Residual Current Monitoring Devices (RCM), and
Insulation Monitoring Devices (IMD). These ground fault
detection devices have some limitations because they are based
on differential current measurement methods, which may create
blind spots during low solar radiation, night, cloudy days or
partial shading [4,5].

A line-to-line fault can reverse the current flow through the
faulty string. The amplitude of the fault current depends on the
voltage difference between the points of the strings that are
causing the fault [4]. Over Current Protection Devices (OCPD)
are used to detect line-to-line faults, but these devices have some
limitations if the current is lower than a threshold [4,5].

An open circuit fault occurs when a solar panel is
disconnected, making the current of all the solar panels associated
to the same string zero. In this case, supposing that the solar
radiation in each solar panel is the same, the voltage at the output
of the array will not be affected. Only the current will be reduced
(subtracting the current that is not being supplied by the faulty
string), leading to a loss of power.

To prevent significant power losses and reduce the negative
economic and safety impacts, it is important to detect the
existence of electric faults in PV array systems on time.
Conventional fault detection and protection methods like GFDI,
RCM, IMD and OCPD are not able to detect faults on time due
to different solar radiation conditions.

Researchers have developed multiple techniques to detect
electric faults in PV array systems. Recent reviews of proposed
techniques are reported in [4,6,7]. In [8,9], authors developed
Time Domain Reflectometry (TDR) techniques for PV fault
detection and localization. The proposed method has limitations
because the installation circumstances can easily change the
parameters of the system. Therefore, it is important to measure
the characteristics of the signal response just after installing the
PV system. In [10-13], the authors propose voltage and current
measurement methods to detect faults in a PV array system. The
methods were able to increase the accuracy of the failure
judgement but need multiple voltage and current sensors, one per
each string of the PV array.

Intelligent systems have been proposed to detect faults in PV
systems. Neural networks were employed in [14,15] as pattern
recognition systems. Non-supervised learning was employed in
[16]. Extreme machine learning was proposed in [17] and fuzzy
systems in [18]. All these methods require large amounts of data
about the system’s operation under normal conditions to train the
pattern recognition systems.

Fault diagnosis analyses from different types of systems, such
as hydroelectric generators, were reviewed as referents to identify
algorithms and methods that could be applied in photovoltaic
array systems. In [19], a neuro-fuzzy algorithm was proposed to
detect faults in hydroelectric generators. In [20-22], fault
diagnosis systems were proposed to detect mechanical problems
in the rotor by using different spectral estimation techniques,
based on SVM (Support Vector Machine) and PCA (Principal
Component Analysis).

Therefore, none of the previous works has presented a
characterization of electric faults in PV arrays by only measuring
the VP (Voltage and Power) curve at the output of an array
without using multiple voltage and current sensors in each string.

Table 1.
Nomenclature.
PV Photovoltaic
Number of solar panels connected in series to form a string
N, Number of strings connected in parallel to form an array
Nyo Number of open strings in a photovoltaic array
V.. Open circuit voltage
I Short circuit current
B Solar radiation W/m2
MPP  Maximum power point
4 Voltage and power
44 Voltage and current
Prax Maximum power
Pom Maximum nominal power without faults
Viom Voltage at the maximum nominal power point
Lyn Photocurrent of the solar cell model
Iy Diode current in the solar cell model
I, Shunt current in the solar cell model

K Temperature coefficient of the solar cell
T Temperature of operation of the solar cell
T Temperature of reference of the solar cell
I Diode reverse saturation current in the solar cell model
q Electric charge of an electron
K Boltzmann coefficient
A Ideal factor of the diode
E Band gap semiconductor in the solar cell
g

Source: The Authors.
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This research uses the one-diode solar cell model to represent
the functional behavior of photovoltaic array systems under
different fault, temperature and solar radiation conditions, in
order to make a characterization of the VP curves at the output of
the photovoltaic array. The results from this work can open the
possibility of designing and developing low-cost solutions
capable of detecting faults in photovoltaic array systems.

This article is divided as follows: Section 2 presents an
electric model of a photovoltaic module in order to simulate faults
in photovoltaic array systems. Section 3 presents a
characterization of the VP curves under different fault conditions.
Section 4 presents the results and conclusions. Table 1 shows the
nomenclature used in this article.

2. Photovoltaic array electric model

Solar panels are composed of multiple solar cells
connected in series. A photovoltaic array can be made by
connecting multiple solar panels. In this section, a one diode
solar cell model is described in order to simulate photovoltaic
arrays of dimensions Ngx N, which means the array is
composed of N, strings connected in parallel, and each string
is composed of N; solar panels connected in series.

Fig. 2 shows an equivalent circuit of a one diode solar cell
model based on [12].

The output current I can be described with the following
equation:

Izlph_ld_lsh (D

The photocurrent I,,, can be described with the following

equation:

L, = ﬁ(lsc + K; (T_Tr))

- 2
ph 1000 @

The diode current I; can be described with the following
equation:
_ 1)

The diode reverse saturation current I; can be described
with the following equation:

q(V+IRs)
e KTA
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3 akg (Tl,._%)

I = I (TZ) e KA “
Rs
Id Ish !
Iph C‘D %/ vd Rsh

Figure 2. Solar cell model.
Source: The Authors.
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The diode reverse saturation current at the reference
temperature L. can be described with the following equation:

ISC

4Voc
eKAT — 1
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The shunt current I, can be described with the following
equation:

V — IR,
Rsh

(6)

Ish

With this model, the VI (Voltage and Current) curve at
the output of the solar cell can be obtained by defining solar
radiation and the solar cell’s temperature of operation. The
model of a photovoltaic array can be represented by
multiplying the voltage and current by the number of solar
cells connected in series and in parallel, respectively.

A. Experimental validation of the electric model using one
solar panel

The first step of this research was to experimentally
validate the electric model of a solar cell. To do this, the VI
curve at the output of a 20W solar panel with V. = 21.6V
and I, = 1.31A was measured. The 20W solar panel was
connected to a variable load to obtain the VI curve by
measuring the voltage and current with a power analyzer,
FLUKE 43B, and a digital multimeter, FLUKE 8010A. Two
600W HUSKY lamps were used to simulate different solar
radiation levels, and radiation was measured with an LT300
luxometer. The electric model was validated using Matlab
and Simulink, comparing the VI curve obtained
experimentally to the VI curve generated by the model.

Fig. 3 shows a photo of the 20W solar panel used in the
lab to measure the VI curve in order to validate the electric
model.

B. Experimental validation of the electric model under
different fault conditions

Figure 3. Photo of the 20W solar module used to validate the electric model.
Source: The Authors.
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Figure 4. Photo of the 3x2 PV array used to validate the electric model under
different fault conditions.
Source: The Authors.
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Figure 5. Experimental VP curves of a 3x2 PV array under line-to-line faults
and ground faults.
Source: The Authors.
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Figure 6. VP curves of a 170W Kyocera PV module under different solar
radiation levels.
Source: The Authors.
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Figure 7a. VP curves of a 170W Kyocera PV module under different
temperatures of operation.

Source: The Authors.
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After validating the electric model with the 20W solar
module, another experiment was performed using six 2W
solar panels to build a 3x2 PV array. The array’s VP curve
was measured under different fault conditions in order to
validate the model. Fig. 4 shows a photo of the 3x2 PV array
under different fault conditions. In this experiment, the
voltage and current of each solar panel were measured
simultaneously with a digital multimeter, FLUKE 8010A.
Solar radiation [W/m?] was measured using a pyranometer,
and the simulation of solar radiation was generated using two
600W HUSKY lamps. Different VP curves were obtained

~ according to each type of fault with these measurements.

Fig. 5 shows the VP curves of the three types of faults that

- were obtained experimentally in the 3x2 PV array. An array

with the same topology was built in Simulink/Matlab to

~ simulate the operation under the same fault conditions to

validate the solar cell model. The electric model of a 3x2 PV
array under different fault conditions was validated with this

~ analysis.

The electric model was also validated by simulating the

VP curve of a 170W Kyocera PV module under different

temperature and solar radiation conditions. The output power
of a solar panel is proportional to the solar radiation and
inversely proportional to the temperature of operation. Fig. 6
and Fig. 7a present the VP curves of a 170 W Kyocera PV
module under different levels of solar radiation and
temperature of operation.

Fig. 6 shows that the power at the MPP (Maximum Power
Point) at the output of a PV module changes for different
levels of solar radiation, while the voltage remains almost
constant.

Fig. 7a shows that, for different levels of temperature, the
power and voltage at the MPP at the output of a PV module
changes.

3. Characterization method

After validating the PV array model in Section 2 under
different fault conditions, different array configurations
between 2x2 and 7x7 PV with blocking diodes were
simulated in order to characterize the different VP curves that
can be obtained at the output of each array depending on the
type of fault and the dimensions of the array.
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Figure 7b. Schematic of a 3x3 PV array under open circuit faults.
Source: The Authors.

A. Open circuit faults

Open circuit faults are symmetrical between strings. In an
open circuit fault, the voltage at the output of each string is
the same, assuming that all the solar panels have the same
technical specifications and that all of them are under the
same solar radiation and temperature conditions. This means
that if a string has an open circuit fault, the voltage at the
output of the remaining strings will still be the same. This is
why the voltage at the maximum power point in a VP curve
will be the same even if the array changes its number of
strings - because, by adding or removing strings, the
equivalent circuit is only changing the output current of the
full array.

Fig. 7b shows an example of a 3x3 PV array with an open
circuit fault in the first (left position) and the second (middle
position) string. These two faults generate an open circuit in
the two strings, only making the power that is produced from
the third string available. In this example, the power at the
output of the array will be the third part of the power of the
full array without faults.

Fig. 8 shows a simulation of all the possible VP curves
that can be obtained in a 7x4 PV array model under open
circuit faults with a constant solar radiation of 1000 W/m?.
The curve labeled as ‘normal’ represents the operation of the
array without faults. The curve labeled as ‘3/4 Strings’
represents an open circuit fault in one of the four strings of
the array. The curve labeled as ‘2/4 Strings’ represents an
open circuit fault in two of the four strings of the array. The
curve labeled as ‘1/4 Strings’ represents an open circuit fault
in three of the four strings of the array.

Fig. 8 shows that the voltage at the MPP of the array VP
curve is the same when the system has an open circuit fault.
The VP curves of the array under open circuit faults have the
same voltage at the MPP (35V), which is the same voltage of
the MPP of the curve that represents normal operating

PV Array 7x4 - Voltage Vs Power
60 ‘

—Normal

N |
0 10 20 30 40
Voltage [V]
Figure 8. VP curves at the output of a 7x4 array under open circuit faults.
Source: The Authors.

conditions (without faults). This means that the output power
at the MPP of the array can be described as:

N, — N
Pugm L2
14

(M

Pnax =

Where,

Py 18 the maximum power of the VP curve, P,,,, is the
maximum nominal power of the VP curve (without faults),

N, is the number of strings in the array, and Np, is the

number of open strings in the array.
From Eq. (7) the number of strings that are opened in a
PV array can be calculated as follows:

PmaxJ

Pnom

Npo = le—Np ®)

For example, by using Eq. (8) in a 3x4 array system with
anominal power of 240W for a given solar radiation (12 solar
panels of 20W each). If an MPP measurement shows that the
power is 115W, it means there are two faulty strings
(rounding to the lower and nearest integer):

115WJ

Npo = l4 Tt 240w

B. Line-to-line faults

Line-to-line faults in PV array systems are symmetrical

between strings. Fig. 9 shows a 3x2 PV array under a line-
to-line fault between solar panel Al and B2, called LA1B2
here. In the line-to-line fault presented in Fig. 9, the voltage
at the output of PV module A1 will be the same as the sum
of voltages at the output of PV modules Bl and B2,
generating a current between the two strings and disabling
the power output from PV module B3.
The line-to-line fault LA1B2 is symmetrical to a line-to-line
fault LA2B1. LA1B3 fault is symmetrical to LA3B1, and
LA2B3 is symmetrical to LA3B2. In the same way, in a 3x3
PV array, LAIB2 is symmetrical to a LA1C2. Therefore,
because line-to-line faults are symmetrical, the number of
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Figure 9. Schematic of line-to-line fault LA1B2 in a 3x2 PV array.
Source: The Authors.
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Figure 10. 7x4 PV array with line-to-line faults.
Source: The Authors.

different line-to-line faults that can be differentiated is equal
to (N; — 1).

Fig. 10 shows the VP curves at the output of a 7x4 PV
array with different line-to-line faults.

Fig. 10 shows that a line-to-line fault generates two peaks
in the VP curve. The first peak (lower voltage peak) occurs
at different voltages, depending on the line-to-line fault,
while the second peak has a small variation when faults
occur. The voltage at the first peak for each faulty condition
is approximately 5V (LA7B1), 12V (LA7B2), 17V (LA7B3),
24V (LA7B4), 28V (LA7BS5) and 33V (LA7B6). Meanwhile,
the voltage at the second peak (higher voltage peak) of each
curve is between 36V and 38V.

From the previous analysis, we can conclude that a VP
curve with two peaks is a characteristic of a line-to-line fault.
Thus, by measuring the position of the first peak, it could be
possible to detect and classify this kind of electric fault in a
PV system.

B. Ground faults
Ground faults are symmetrical between strings. Fig. 11

shows a 3x2 PV array under a ground fault in solar panel B2,
which is called GB2.

59
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Figure 11. Schematic of ground fault GB2 in a 3x2 PV array.
Source: The Authors.
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Figure 12. 7x4 PV array with ground faults.

Source: The Authors.
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Note that ground fault GB1 is symmetrical to ground fault
GAl. Fault GB2 is symmetrical to GA2, and GB3 is
symmetrical to GA3.

Fig. 12 shows the VP curves at the output of a 7x4 PV
array with different ground faults. It shows that a ground fault
has the characteristic of generating two peaks in the VP curve
as line-to-line faults. And again, the voltage at the first peak
serves as an indicator of the position of the ground fault in a
PV array.

By comparing the VP curves from Figs. 10 and 12, we
can conclude that both types of faults (line-to-line faults and
ground faults) generate a similar behavior in the VP curves.

This means that the following equivalents are:

LA1B2 =GBl (1 PV of difference)
LA1B3 =GB2 (2 PV of difference)
LA1B4 =GB3 (3 PV of difference)
LA1BS5 = GB4 (4 PV of difference)
LA1B6 = GB5 (5 PV of difference)
LA1B7 = GB6 (6 PV of difference)

4. Analysis of the VP curves under faults

In the characterization of line-to-line faults, the positions
of the two peaks, P1 (lower voltage peak) and P2 (higher



Nieto et al / Revista DYNA, 86(211), pp. 54-63, October - December, 2019.

voltage peak), were analyzed in terms of percentage
variations of voltage and power with respect to the point of
reference, which is the MPP of the VP curve without faults.
A trend curve was obtained depending on the type of line-to-
line fault and the dimensions Ng x N,, of the array.

Fig. 13 shows the percentage variation of voltage in peak
P1 depending on the number of solar panels connected in
series (Ns) in the array and the number of PV’s of difference
in a line-to-line fault.

Fig. 14 shows the percentage variation of power at peak
P1 depending on the number of solar panels connected in
series (Ns) in the array and the number of PV’s of difference
in a line-to-line fault.

From Figs. 13 and 14, it is possible to obtain a first
estimate of the position of peak P1 by considering the number
of solar panels connected in series. In order to improve the
estimate of peak P1’s position, a second trend curve was
used, which considered the number of strings connected in
parallel in order to obtain a voltage compensation level.

Voltage Trends
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Figure 13. Voltage at peak P1 for line-to-line faults from 1PV to 6PV of
difference.
Source: The Authors.
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Figure 14. Power at peak P1 for line-to-line faults from 1PV to 6PV of
difference.

Source: The Authors.

60

The voltage compensation level in this work refers to a
percentage of voltage associated to N, that can be added to
the percentage of voltage associated to N; in order to obtain
a more accurate voltage level of peak P1.

Fig. 15 shows the voltage compensation at peak P1 for
line-to-line faults with 1 PV of difference. It is possible to
obtain a more accurate voltage level of peak P1 by adding the
voltage compensation to the voltage that is obtained from the
trend curves from Fig. 13, taking into account dimensions Nj
and N, of the PV array.

Fig. 16 shows the power compensation at peak P1 for
line-to-line faults with 1 PV of difference. It is possible to
obtain a good estimate of the power at peak P1 by adding the
power compensation to the power that is obtained from the
trend curves that are in Fig. 14, taking into account
dimensions N and N,, of the array.

It is possible to obtain a good estimate of the position of
peak P1 when a line-to-line fault occurs by using the trend
curves from Figs. 13, 14, 15 and 16.

Voltage Compensation Trend 1 PV of Difference
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Figure 15. Voltage compensation at peak P1 for line-to-line faults with [PV
of difference.
Source: The Authors.
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Figure 16. Power compensation at peak P1 for line-to-line faults with 1PV

of difference.

Source: The Authors.
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Eq. (9) represents the percentage variation of voltage at
peak P1 for line-to-line faults of 1 PV of difference according
to the parameter Ns.

Vy, = —0.082N} + 1.9316N3 — 17.514NZ + 75.199N; )
— 42.304

Eq. (10) represents the percentage variation of power of
peak P1 for a line-to-line fault of 1 PV of difference
according to the parameter N.

Py, = —0.1201N# + 2.6708N3 — 22.682N2 + 90.472N,
—57.808

(10)

For the particular case of a 4x3 PV array (Ns = 4), by
using eq. (9, 10), the percentage of voltage and power at peak
P1is Vy = 80.9% and Py = 81.35%.

Eq. (11, 12) represent the percentage variation of voltage
and power at peak P1 for a line-to-line fault of 1PV of
difference depending on the parameter N, for the particular
case of a PV array with Ny =4.

Vy = 0.0483Nj3 — 0.9557N? + 7.286N,, — 11.133 an
v P P p

PNp = 0.0293N§ - 0.6625N§ + 5.8388N,, — 9.2758 (12)
For a 4x3 PV array, by using eq. (11, 12) the percentage
of voltage and power at peak P1 is Vn,= 3.4%and Py,= 3.1%.
Now, by using equations (9 - 12) it is possible to estimate
the voltage of the first peak P1 by using the following
equation:

VNs

V1 = Viominat <M (13)

2
100

Where V] is the voltage at the peak P1, V,,pmina 1S the
voltage at the MPP without faults, Vy_ is the percentage

variation of voltage of peak P1 compared to the voltage at
MPP associated with Ng, Vzvp is the percentage variation of

voltage at MPP associated with N,,. By using eq. (13), the
voltage at peak P1 can be calculated:

2wy
100
80.9

3.4
Vi = Viominai (100 + m)

Vi = 0.843Viominai

VNs
Vi = Viominai m

This means that the voltage at peak P1 when a line—to-
line fault with 1 PV of difference occurs in a 4x3 PV array
will be at 84.3% of the nominal voltage of the array at the
MPP when there are no faults.

Fig. 17 shows a simulation of different VP curves for a
4x3 PV array with different types of line-to-line faults. The
curves represent the operation of the array with line-to-line
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Figure 17. 4x3 PV array with line-to-line faults.
Source: The authors.

fault LA1B2, which is a fault of 1 PV of difference, line-to-
line fault LA1B3, which is a fault of 2 PV of difference, and
line-to-line fault LA1B4, which is a fault of 3 PV of
difference.

The MPP of the VP curve without faults is (19.54V,
23.29W). From the curve that represents the line-to-line fault
LA1B2, the voltage of peak P1 is 16.46V and corresponds to
84.24% of the nominal voltage. By applying equation 13 for
a line-to-line fault of 1 PV of difference, the estimated
voltage of peak P1 is 16.48V (84.3% of the nominal voltage),
which is a very good estimate to obtain the position of peak
P1. The same operation can be performed using the power
equation trends to estimate the power at point P1.

Finally, all the VP curve trends were calculated between
2x2 and 7x7 PV arrays for line-to line faults between 1 and 6
PV of difference to obtain the characterization of the faults
and be able to calculate the position of the first peak
according to the dimensions of the PV array. Table 2 shows
the voltage and power levels corresponding to peak P1 and
peak P2 in a 4x3 PV array under different line-to-line faults.

It is possible to estimate if an open circuit fault occurs
when there is only one peak in the VP curve by knowing the
nominal VP curve at the output of a PV array system, and
then by applying the equations mentioned before. When
there are two peaks in the VP curve, it is possible to estimate
the position of peak P1 to identify the type of line-to-line
fault that is presented in the array. All this can be done with

Table 2.
Voltage and power levels in peak P1 and peak P2 in a 4x3 PV under line-to-
line faults.

Line-to-line fault P1 P1 P2 P2

Voltage Power  Voltage Power

LAIB2 84.2 % 84.8 % 103 % 100 %

(1 PV difference)

LA2B3 84.2% 84.9 % 105 % 72.1 %

(1 PV difference)

LA3B4 83.8% 84 % 1089%  73.9%

(1 PV difference)

LAIB3 56.1 % 56.8%  102.5%  69.4 %

(2 PV difference)

LA2B4 56.1 % 56.7% 1057% 721 %

(2 PV difference)

LAIB4 26.8 % 26.8% 1025%  695%

(3 PV difference)
Source: The Authors.
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minimal instrumentation, by only measuring voltage and the
current at the output of the array to obtain the VP curve.

In a future work, designing an algorithm capable of
classifying different types of faults could be possible by
measuring the temperature and solar radiation in a PV array
system. This can be done by applying the results presented in
this work after knowing the temperature and solar radiation
levels during the system’s operation in order to estimate the
nominal VP curve at the output of the array without faults.

5. Conclusions

Electric faults in PV arrays can generate a local and global
maximum point in the VP curve at the output of the array. A
simulation of multiple PV array topologies from 2x2 to 7x7
under different electric faults was performed in order to get
the local and global maximum power point position from the
VP curve at the output of the arrays. A characterization of the
VP curves at the output of different photovoltaic array
topologies under line-to-line faults, open circuit faults and
ground faults was presented based on the location of the local
and global points on the VP curve at the output of an array.
The characterization of electric faults was validated
experimentally by measuring the VP curves at the output of
multiple PV array topologies.

Ground faults at the last PV of a string generate the same
VP curve of an open circuit fault with one faulty string. Line-
to-line faults produce an equivalent circuit similar to ground
faults, producing the same VP curves, so they cannot be
differentiated easily. By applying this characterization
method, and by only measuring the voltage and the current at
the output of an array to get the VP curve, it was possible to
identify and estimate the position of the local and global
points in the VP curve according to each type of fault for
multiple PV array topologies.

In a future work, the characterization method can be
implemented inside an algorithm to detect and classify these
three faults in a photovoltaic array system by only measuring
the voltage and the current at the output of a photovoltaic
array to obtain the VP curve, significantly reducing the
number of sensors needed to diagnose the system. In order to
design an algorithm based on the characterization method, it
is important to measure the temperature of the PV modules,
solar radiation and the VP curve at the output of an array fast
enough (<1s) to prevent significant solar radiation variations.

Acknowledgement

The authors thank Project 1203-718-49890, “Sistema de
gestion de energia basado en almacenamiento para la
integracion de fuentes fotovoltaicas con regulacion de voltaje
y frecuencia,” from the Pontificia Universidad Javeriana and
Colciencias.

References

(1]

Rabhi, D.A. and Hajjaji, A., Comprehensive modulation and classification
of faults and analysis their effect in DC side of photovoltaic system, Journal

62

[5]

(6]

(7

[10]

(1]

[12]

[13]

(14]

[15]

[16]

[17]

(18]

on Energy and Power Engineering, 5(4B), pp. 230-236, 2013. DOI:
10.4236/epe.2013.54B045.

Ducange, P., Fazzolari, M., Lazzerini, B. and Marcelloni, F., An
intelligent system for detecting faults in photovoltaic fields, in: 11%
International Conference on Intelligent Systems Design and
Applications, 2011, pp 1346-1346. DOL:
10.1109/ISDA.2011.6121846.

Guerriero, P., Di Napoli, F., Vallone, G., d’Alessandro V. and Daliento, S.,
Monitoring and diagnostics of PV plants by a wireless self powered sensor
for individual panels, IEEE Journal of Photovoltaics, 6(1), pp. 286-294,
2016. DOIL: 10.1109/JPHOTOV.2015.2484961

Alam, M.K., Khan, F., Johnson, J. and Flicker, J., A comprehensive review
of catastrophic faults in PV arrays: types, detection, and mitigation
techniques, IEEE Journal of Photovoltaics, 5(3), pp. 982-997, 2015. DOIL:
10.1109/JPHOTOV.2015.2397599

Zhao, Y., Ball, R., Mosesian, J. and de Palma, J.F., Brad Lehman Graph-
based semi-supervised learning for fault detection and classification in solar
photovoltaic arrays, IEEE Transactions on Power Electronics, 30, pp. 2848-
2858, 2015. DOLI: 10.1109/TPEL.2014.2364203.

Triki-Lahiani, A., Bennani-Ben Abdelghani, A. and Slama-Belkhodja,
1., Fault detection and monitoring systems for photovoltaic
installations: A review, Renewable and Sustainable Energy Reviews,
82(3), pp. 2680-2692, 2018, ISSN  1364-0321, DOLI:
10.1016/j.rser.2017.09.101.

Mellit, A., Tina, G.M. and Kalogirou, S.A., Fault detection and
diagnosis methods for photovoltaic systems: a review, Renewable and
Sustainable Energy Reviews, 91, pp. 1-17, 2018. ISSN 1364-0321,
DOI: 10.1016/j.rser.2018.03.062.

Takashima, T., Yamaguchi, J. and Ishida, M., Fault detection by signal
response in PV module strings, in: IEEE Photovoltaic Specialists
Conference, 2008, DOI: 10.1109/PVSC.2008.4922843.

Roy, S., Alam, M.K., Khan, F., Johnson, J. and Flicker, J., An
irradiance-independent, robust ground-fault detection scheme for PV
arrays based on Spread Spectrum Time-Domain Reflectometry
(SSTDR), IEEE Transactions on Power Electronics, 33(8), pp. 7046-
7057,2018. DOI: 10.1109/TPEL.2017.2755592.

Xu, X., Wang, H., Xu, X. and Zuo, Y., Method for diagnosing
photovoltaic array fault in solar photovoltaic system, in: 2011 Asia-
Pacific Power and Energy Engineering Conference, Wuhan, 2011, pp.
1-5. DOI: 10.1109/APPEEC.2011.5747701

Zhigiang H. and Li, G., Research and implementation of
microcomputer online fault detection of solar array, in: 2009 4™
International Conference on Computer Science & Education, Nanning,
2009, pp. 1052-1055. DOI: 10.1109/ICCSE.2009.5228541

Wang, W, Liu, A.C., Chung, H.S., Lau, R.W., Zhang, J. and Lo, A.W.,
Fault diagnosis of photovoltaic panels using dynamic current—voltage
characteristics, IEEE Transactions on Power Electronics, 31(2), pp.
1588-1599, 2016. DOI: 10.1109/TPEL.2015.2424079

Hu, Y. et al., Online two-section PV array fault diagnosis with
optimized voltage sensor locations, IEEE Transactions on Industrial
Electronics, 62(11), pp. 7237-7246, 2015. DOI:
10.1109/TIE.2015.2448066

Mekki, H., A, Mellit, and Salhi, H., Artificial neural network-based
modelling and fault detection of partial shaded photovoltaic modules,
Simulation Modelling Practice and Theory, 67, pp. 1-13, 2016. ISSN
1569-190X, DOI: 10.1016/j.simpat.2016.05.005.

Chine, W., Mellit, A., Lughi, V., Malek, A., Sulligoi, G. and Massi-
Pavan, A., A novel fault diagnosis technique for photovoltaic systems
based on artificial neural networks, Renewable Energy, 90, pp. 501-
512,2016. ISSN 0960-1481, DOI: 10.1016/j.renene.2016.01.036.
Zhao, Y., Ball, R., Mosesian, J., de Palma J. and Lehman, B., Graph-
based semi-supervised learning for fault detection and classification in
solar photovoltaic arrays, IEEE Transactions on Power Electronics,
30(5), pp. 2848-2858, 2015. DOI: 10.1109/TPEL.2014.2364203
Chen, Z., Wu, L., Cheng, S., Lin, P., Wu, Y. and Lin, W., Intelligent
fault diagnosis of photovoltaic arrays based on optimized kernel
extreme learning machine and I-V characteristics, Applied Energy,
204, pp. 912-931, 2017. ISSN  0306-2619, DOIL
10.1016/j.apenergy.2017.05.034.

Yi, Z. and Etemadi, A.H., Fault detection for photovoltaic systems
based on multi-resolution signal decomposition and fuzzy inference



Nieto et al / Revista DYNA, 86(211), pp. 54-63, October - December, 2019.

Systems, IEEE Transactions on Smart Grid, 8(3), pp. 1274-1283,2017.
DOL: 10.1109/TSG.2016.2587244

Abdel-Aziz, M.S., Elsamahy, M., Moustafa-Hassan, M.A. and
Bendary, F.M.A., A novel study for hydro-generators loss of excitation
faults detection using ANFIS, International Journal of Modelling and
Simulation, 37(1), pp- 36-45, 2017. DOI:
10.1080/02286203.2016.1232956

Selak, L., Butala, P. and Sluga, A., Condition monitoring and fault
diagnostics for hydropower plants, Computers in Industry, 65(6), pp.
924-936, 2014. ISSN 0166-3615, DOLI:
10.1016/j.compind.2014.02.006.

Zhang, X., Zhou, J., Guo, J., Zou, Q. and Huang, Z., Vibrant fault
diagnosis for hydroelectric generator units with a new combination of
rough sets and support vector machine, Expert Systems with
Applications, 39(3), pp. 2621-2628, 2012. ISSN 0957-4174, DOI:
10.1016/j.eswa.2011.08.117.

Zhu, W., Zhou, J., Xia, X., Li, C., Xiao, J., Xiao, H. and Zhang, X., A
novel KICA-PCA fault detection model for condition process of
hydroelectric generating unit, Measurement, 58, pp. 197-206, 2014.
ISSN 0263-2241, DOI: 10.1016/j.measurement.2014.08.026.

[19]

(20]

[21]

(22]

A.E. Nieto-Vallejo, received the BSc. in Electronic Engineering in 2014 and
MSc. in Electronic Engineering in 2016, all of them from Pontificia
Universidad Javeriana, Bogota, Colombia. He worked on research in
robotics and smart grids for Pontificia Universidad Javeriana. Currently, he
is a full professor in the Design Department, Facultad of Architecture and
Design, Pontificia Universidad Javeriana. His research interests include:
photovoltaic systems, smart grids, robotics, electronic design, digital
systems and product development.

ORCID: 0000-0003-1934-8552

F. Ruiz, received BSc. in 2002 and MSc. in 2006 in Electronic Engineering,
both from Pontificia Universidad Javeriana, Colombia, and a PhD. in 2009
in Information and System Engineering from Politecnico di Torino, Italy. Is
associate professor at the Electronic Engineering Department of Pontificia
Universidad Javeriana, Colombia. His research activity focuses on control
and optimization, particularly the use and of data-driven techniques in
optimal estimation and control design, with applications in smart-grids,
power electronics and bio-technology.

ORCID: 0000-0003-2276-3722

D. Patino, received the BSc. in Electronic Engineering from the Universidad
Nacional de Colombia, Manizales,Colombia in 2002, a MSc. in Automatic
Control and Computers from Universidad de los Andes, Bogota,Colombia
in 2005, and a PhD. in Automatic Control and Signal Processing from the
National Polytechnic Institute of Lorraine, Nancy, France in 2009. He is
currently a full-time professor at Pontificia Universidad Javeriana in Bogota,
Colombia and head of the electronics department.

ORCID: 0000-0001-6181-6175

63

=
UNIVERSIDAD NACIONAL DE COLOMBIA

SEDE MEDELLIN
FACULTAD DE MINAS

Area Curricular de Ingenieria
Quimica e Ingenieria de Petroleos

Oferta de Posgrados

Doctorado en Ingenieria - Sistemas Energéticos
Maestria en Ingenieria - Ingenieria Quimica
Maestria en Ingenieria - Ingenieria de Petrdleos

Mayor informacion:

E-mail: qcaypet_med@unal.edu.co
Teléfono: (57-4) 425 5317



mailto:qcaypet_med@unal.edu.co

	1.  Introduction

