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Abstract—This paper deals with a data-driven fault diagnosis
method for photovoltaic (PV) system. The proposed method is
based on the Principal Component Analysis (PCA) to detect and
identify different shading types. The PCA uses the current- voltage
(I-V) curves that are experimentally determined for a
monocrystalline PV module of 250Wec. The experimental tests
were carried out for several shading patterns covering the PV
cells. For the diagnosis process, three features (current, voltage
and power of PV module) are extracted for each test to build the
database which is then analyzed through the PCA algorithm.
Simulation results using the experimental data, prove the
efficiency of the proposed method in terms of discrimination. The
healthy data are clearly separated from the faulty ones despite
sudden irradiation variations.

Keywords— PV cells, Shadow faults ; I-V curves; Principal
Component Analysis; Fault diagnosis

I. INTRODUCTION

Solar energy has received much attention in recent years, as
an alternative form of electricity source using the photovoltaic
(PV) technology in both residential and commercial
applications, reaching a global installed capacity of 296 GW in
the world, at the end of 2016 [1]. In the literature, PV modules
present an overall performance degradation quantified by an
annual average degradation rate of 0.8% per year [2]. The
environment is one of the contributing factors that directly affect
the PV module performances. In this context, a great number of
recent researches have been focused on environment factors
effects on PV performances such as soiling and shading that
cover the PV cells [3]. According to [4], partial shading can lead
to more than 10-20% of annual reduction in power production
in residential installations. Apart from power losses, the
presence of localized shading on PV modules leads to an
overheating of the shaded PV cells despite the presence of
bypass diodes. The IR thermography such in [5,6] proves the
presence of hot spot zones of the shaded PV cells. The
temperature increase in these zones reduces considerably the PV
module lifetime and can damage the shaded cells [7]. Fault

diagnosis in such systems is thus necessary to improve their
productivity, efficiency and safety. Several techniques have
been developed to detect faults in PV systems. These techniques
can be classified into two major categories: model-based
approaches and process history-based approaches also named
data-driven approaches. Model-based approaches generally use
an analytical model of the PV system. This model is used to
estimate the parameters, which will be compared to the
measured ones obtained from real time data to generate residues
for diagnosis purposes. If the model can capture the main
physics of the system, these methods are efficient for shading
detection [8-9]. Process history-based approaches use available
data of the process and rely often on computational intelligence
and machine learning methods. Among this category of
techniques, those based on signal analysis such as time-domain
reflectometry (TDR) [10,11] are used to detect and identify
open-circuit fault. Spread spectrum time-domain reflectometry
(SSTDR) techniques are used to detect catastrophic faults,
ground-faults and PV arc faults [12,13]. However these are not
used to detect and identify shading faults. Another group of data-
driven approaches is based on the analysis of the I[-V
characteristic for PV module, string or array. The study in [14]
detects the activation of bypass diodes indicating the presence of
shading, by calculating the first and the second derivatives of (I-
V). In [6], the detection of the shading is done through the
comparison of I-V curves in normal and shaded operations. The
methods presented in [6,14] are simple and can detect shading
faults, but they are not able to identify and classify the type of
shading patterns. The shading faults can also be detected with
artificial neural network (ANN) and fuzzy classifier system as
described in [15,16]. The main disadvantage of these techniques
is that the rules must be designed for each system.

In this paper, authors propose a shading fault detection
method based on the analysis of the features extracted from the
-V curve using Principal component analysis (PCA).

Principal component analysis (PCA) is a data-driven tool
that has been proved in several studies to be effective and
powerful for the diagnosis in different applications [17-19]. To



our knowledge, PCA has not yet been used for PV systems
diagnosis.

This paper is outlined as follows. Section II presents a brief
description of the experimental setup used in this study. Section
IIT introduces the PCA. The test protocol is detailed and the
results are presented and discussed. The final section concludes
the paper.

II. EXPERIMENTAL SET-UP DESCRIPTION

The experimental setup is installed at the SIRTA [20]
meteorological station in Palaiseau, France. A picture and a
diagram describing the instrumentation are displayed in Fig.1.
The experimental photovoltaic generator used in this study, is a
monocrystalline PV module, whose specifications are listed in
Table I under standard test condition (STC: solar irradiation of
1000 W/m?, module temperature of 25°C). The PV module
under test is composed of 60 PV cells connected in series and
gathered into three sub-strings of 20 PV cells. This module is
equipped with three bypass diodes; each one is mounted in anti-
parallel to protect a PV sub-string. The structure of Fig.1
comprises:

e the PV module under test (FL 6-250MBP by
FranceWatts),

e a reference cell (RG100 by SOLEMS) used to
measure the solar irradiance captured by the PV
module area,

e a 4-wire Ptl100 probe used to measure the
temperature on the back face of the PV module,

e avariable load (Programmable DC electronic load
chroma 63600) wused to sweep the I-V
characteristic,

e a data acquisition system and a computer for

supervision and data visualization using
LabVIEW.
TABLE L FL60-250MBP MODULE SPECIFICATIONS AT STC
Symbol Quantity Value
- Maximum Power 250 We
t at
o Current a Pm o 821 A
Volt: t
me oltage ai Pmpp 30.52V
I Short-circuit Current 8.64 A
V Open-circuit voltage 37.67V

III. FAULT DETECTION BASED ON PCA METHOD

A. PCA Principle

Principal Component Analysis (PCA) is a multivariate
statistical method, which seeks in the multidimensional space of
process variables, the most interesting dimensions to re-express

the multivariate dataset built from a large number of
measurements collected at different sampling times. The new
dimensions are uncorrelated so the reduced subspace behaves
like a denoising filter and keeps the underlying “latent
structures” in the data.

This subspace is called the principal subspace or the
‘representation’ subspace. Its complementary subspace into
which noises and outliers are rejected is termed the residual
subspace. Analytically, PCA seeks orthogonal directions, which
maximise the variance of projections of the dataset points. These
directions are called principal components (PCs), each one being
characterised by a loading vector and a score vector. Each PC is
aligned in a direction corresponding to the largest variance of the
data, starting with the first PC. Principal components are
therefore ordered from the most energised (with highest
eigenvalue) to the less energised (with the lowest eigenvalue).
Based on stop criteria the most energised PCs span the principal
subspace while the remaining ones span the residual subspace.

The solution to the PCA problem is given by the eigenvector
decomposition of the data covariance matrix [21]. The obtained
eigenvectors are the loading vectors, and the scores are
projections of data points onto these vectors. From the data
collected in the normal (healthy) operating mode of the process,
PCA is applied and the loading vectors are used as references to
design the process model. The scores or their statistical
distributions can be also used to design the implicit model.
When new data are collected, they are projected in the subspaces
(principal or/and residual). The deviation from the reference is
measured and analysed to assess the fault occurrence.

The data consist of measurements at /V different sampling
times of m physical variables termed the features. The time
points represent the observations. PCA wuses a linear
combination of the original variables to build the new variables
while keeping maximum variance information. The first
principal components, which span the principal subspace, are
given by the first / dominant eigenvectors of the data covariance
matrix. They are associated to the / highest eigenvalues. The last
non-retained eigenvectors (1 — [) define the residual subspace.
In the principal subspace containing the most significant
variations, the eigenvectors are denoted loading vectors and the
new data which are projections of the system data on the loading
vectors are called principal component scores.

Let us consider NV observations of m variables arranged into
the original data matrix X, , given by:

Koy =L, 0

where X, is the j* variable.

(j=1,.N)
The first consists of centering (zero mean) and reducing each

variable such as in (2) for each observation of X, _

x (k) =(%),
@),

(x,), (k) = ®)



where (xj)ﬂis the centered and reduced variable, ()?j)m and
(0),), are respectively the mean value and the standard

deviation of X

Jj(j=1,.N) *
We can therefore define the new data matrix as
CANREICHIMESINERN
The covariance matrix is then calculated as:
1 r
C=——X/X, 3)
N-1

Reference cell

Let us denote P the column matrix of loading vectors, which
are arranged in the descendent order of their corresponding
eigenvalues. The principal component scores are finally
obtained by the projection of the original data centered and

reduced on the new basis P. The matrix 7; ~wop OF the principal

xm]

component scores is defined by:

T =X, P =[lnlt,]

[Nxm] [Nxm]™ [mxm] TITEITTN
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Fig. 1: Layout of the experimental setup

B. Test protocol for PCA data processing

The experimental tests have been performed under several
operating conditions:

e healthy mode with and without soiling that is
considered as an external source of perturbation for
the healthy mode,

Data
acquisition NI

—

e and faulty modes with different shading patterns
applied on the PV cells as shown in Fig.3 and Fig.5.

A total of 8 sets of experimental tests have been conducted. The
corresponding I-V curves are illustrated in Fig. 2, 4 and 6.

The mean duration between two measurements of one [-V
characteristic is less than one minute. Despite this short duration,
the irradiation can change significantly. Each I-V curve consists



of 101 samples. The behavior of all experimental characteristics
differs according to the shaded pattern (row level, column level,
number of shaded cells) and to the climatic variations
(temperature and solar irradiation).

For each I-V curve (Fig.2, 4 and 6), the irradiation displayed in
the legend is the one measured with the reference cell.

1) Scenario 1: Healthy test condition

Fig.2 illustrates the experimental I-V curves when the PV
module operates in normal condition considered as reference.
Initially, the PV panel was dusty and some cells were covered
with bird soiling. To show the effect of the soiling, the PV
module area was manually cleaned with water. After cleaning
the I-V curve was also measured while the PV panel was still
wet. Finally after drying the PV panel, the I-V curve has also
been measured. The I-V curves show the effect of the presence
of soiling which results in a little decrease of the PV current as
it reduces the quantity of the solar irradiation received by PV
cells. The amount of this decrease is proportional to the quantity
of soiling accumulation on PV cells. However, the I-V curves
have the same shape before and after cleaning.
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Fig. 2: I-V curves under healthy (normal) conditions

2) Scenario 2: shading patterns 1, 2 and 3

A survival blanket is used to cover the cells during the tests.
The first three shading patterns are illustrated in Fig.3:

v Shading pattern 1: four rows of the module are
shaded,

v Shading pattern 2: six PV cells of the first column
are shaded,

v Shading pattern 3: six PV cells of the first column
and six additional PV cells of the second column
are shaded

In general, under the shading conditions, the current
generated by the unshaded cells flows through the bypass diodes
instead of the shaded cells. The activation of these diodes
prevents the shaded cells from heating up and becoming hot
spots. The deviations in the I-V curves of Fig.4 clearly reveal the
activation of one or two bypass diodes.

+
o

(a) Shading pattern 1 (b) Shading pattern 2

(¢) Shading pattern 3

Fig. 3: Shading patterns for scenario 2
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Fig. 4: I-V curves for scenario 2

3) Scenario 3: shading patterns 4 and 5

Fig.5 illustrates the case of shaded patterns 4 and 5. They
correspond respectively to 18 and 24 shaded cells. The impact is
clearly illustrated by the deviations in the I-V curves as shown
in Fig.6.

(a) Shading pattern 4 (b) Shading pattern 5

Fig. 5: Shading patterns for scenario 3
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Fig.6: I-V curves for scenario 3

C. Results and discussions

To perform the PCA algorithm, we first build our database
matrix.  X[goga] = [1 V P] is composed of 808

observations. 101 samples for each of the 8 experiments with 3
variables (the current, the voltage and the power of the PV
module) are enough to sweep each I-V curve of the module
under study. The number of the samples required to extract the
characteristics is selected according to the size of the PV system
and to the mismatching conditions in order to clearly show the
deviations and the inflection points on the I-V curve. The data is
collected and processed under Matlab®.

To select the scores that include the maximum data variance,
we plot in Fig.7 the relative contribution of each eigenvalue. As
it can be deduced, the first and the second scores represent 97%
of the cumulated variance.
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Fig.7: Contribution (in percentage) of the eigenvalues

The data projection into the 2-dimensionnal subspace
spanned with the first and the second principal components (PC1
and PC2) gives the data scatter illustrated in Fig.8. Another
graphical representation of the data in PCA subspace is proposed
in Fig.9.

Despite the variation of the solar irradiation during the
measurement, we can separate the data into three different
classes: C1 that gathers healthy data including slight soiling, C2
that represents the first shading patterns 1, 2 and 3 and C3 that

corresponds to the second shading patterns 4 and 5. This
classification is consistent with the I-V curves obtained for the
tests. Moreover, one can notice that the three classes are clearly
separated.

PC2(30%)

healthy with soiling
healthy under washing
healthy without soiling
shading pattern 1
shading pattern 2
*  shading pattern 3
O shading pattern 4
O shading pattern 5

2 3 4
PC1(67%)

Fig. 8: PCA results in the subspace spanned by PC1 and PC2
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O shading pattern 4
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T ~
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o

PC1(67%) 2 PC2(30%)

Fig. 9: PCA results in the subspace spanned by PC1, PC2 and PC3

The previous results are confirmed by the confusion matrix
given in table II. The one-leave-out cross validation technique
is used to estimate the error rates of class separability into the
PCA space. To assign an observation to a class C, we need to
measure the Euclidean distance between this observation and
the gravity center of C. We first calculate the coordinates of the
gravity centers relative to the three obtained classes. Each
observation in the dataset is then assigned to a class C among
the three classes if this data is the closest to its gravity center.
This matrix shows that 98.02% of the data corresponding to the
healthy condition are correctly classified. Only 1.93% of these
data are misclassified into the faulty class C3. This result



confirms that the PCA highly performs in term of fault
detection. For the first faulty class C2, 91.1% of the data are
perfectly classified; about 5% and 4% of the data are
misclassified respectively into C1 and C3. 88% of the second
faulty class C3 data, are well classified but 12% are gathered
into C2. This analysis confirms that the classification obtained
by the PCA algorithm is efficient.

TABLE II. CONFUSION MATRIX FOR FAULT CLASSIFICATION ANALYSIS
A posteriori
Fault Class Fault Class Fault Class
Cl 2 c3

Fault Class C1 98.02 % 0% 1.98 %

5

'i Fault Class C2 4.99 % 91.1 % 391 %

<
Fault Class C3 0% 11.99 % 88.01%

IV. CONCLUSION

A very simple method for the detection of PV cells shading
has been presented in this paper. The approach is data-driven
and is based on the measured current and voltage. An
experimental setup has allowed the collection of data for 8
different operating conditions. After processing the data, the
Principal Component Analysis (PCA) is used to analyze the [-V
characteristic. The implicit model obtained from the PCA has
been used as a new subspace into which the data is projected.
The results show a good classification capability relevant with
the I-V characteristics. The data are effectively separated with a
maximum error of 12% to three different classes: a healthy class
and a two faulty classes. Moreover, the proposed method is
insensitive to the sudden variations of solar irradiation. In future
works, the intra-classes classification will be studied. The
performances of the fault diagnosis will also be evaluated in
terms of detection and false alarms probability rates.
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