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As the photovoltaic system consists of many equipment components, manual inspection will be very costly. This study proposes
the photovoltaic system fault diagnosis based on chaotic signal synchronization. First, MATLAB was used to simulate the fault
conditions of solar system, and the maximum power point tracking (MPPT) was used to ensure the system’s stable power and
capture and record the system fault feature signals. The dynamic errors of various fault signals were extracted by chaotic signal
synchronization, and the dynamic error data of various fault signals were recorded completely. In the photovoltaic system, the
captured output voltage signal was used as the characteristic values for fault recognition, and the extension theory was used to create
the joint domain and classical domain of various fault conditions according to the collected feature data. The matter-element model
of extension engineering was constructed. Finally, the whole fault diagnosis system is only needed to capture the voltage signal of
the solar photovoltaic system, so as to know the exact fault condition effectively and rapidly. The proposed fault diagnostor can be
implemented by embedded system and be combined with ZigBee wireless network module in the future, thus reducing labor cost

and building a complete portable renewable energy system fault diagnostor.

1. Introduction

The rapid development of technology has led to over depen-
dence on energy. Although oil is the most important energy
source at present, it will be in shortage in the next 50 years.
In order to solve this problem, humans have begun to seek
alternative energy sources which will not harm the earth, such
as renewable energy sources. The renewable energy sources
are the energy sources derived from the nature, such as solar
energy, wind power, tidal power, and geothermal heat, which
are inexhaustible energy sources. Fossil energy is exhaustible,
sunlight can meet 2,850 times of global energy needs, wind
energy can meet 200 times of global energy needs, hydraulic
power can meet 3 times of global energy needs, biomass
energy can meet 20 times of global energy needs, and geother-
mal heat can meet 5 times of global energy needs.

This study focused on solar photovoltaic power genera-
tion. In the regions with abundant light supply (e.g., space
exposed to the sun, ocean, coast, and open rocky area), solar

energy is supplied continuously, and the production process
does not pollute the environment or consume other earth
resources or cause greenhouse effect. Solar energy is derived
from the sun inexhaustibly and is as good as water power
or wind power. Many countries are developing solar energy
actively. The solar energy facilities can be constructed facili-
ties, such as wind energy facilities, protecting many lands and
ecologies. The solar module can be mounted on buildings,
which is called photovoltaic integrated buildings. The solar
panel can generates electric power in sunlight, insulate
heat, reduce the temperature inside buildings effectively, and
reduce the building energy consumption. Solar energy is a
renewable energy that can be conveniently obtained. As long
as the solar panel is placed in an open area with long sunshine,
the solar energy can be obtained effectively. However, as the
equipment is set in open area for a long time, it is likely to
be destroyed by natural disasters and to age. These factors
will reduce the efficiency of solar photovoltaic system. Once a
fault occurs in the solar module, it must be inspected, but the
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FIGURE 1: Solar photovoltaic system structure.

faults may be difficult to detect with naked eye. The detection
is labor and cost consuming. This study thus proposes an
intelligent solar photovoltaic system fault diagnostor. When
small solar power systems are popularized and combined
with commercial power, the household solar power system
is likely to have faults; thus, the solar photovoltaic system
fault diagnostor will be an important tool. The research and
development of solar energy fault diagnostor will be very
helpful to solar power systems, not only shortening manual
detection time and reducing risks but also detecting the fault
point effectively.

Most current studies on the fault diagnosis for solar pho-
tovoltaic system use software simulated or measured power
generation data of solar photovoltaic system as the fault diag-
nosis data. As the output power of solar photovoltaic system
is influenced by the sunshine intensity and module surface
temperature significantly and the solar power system data are
nonlinear system, many studies use software for simulation.
Several diagnostic methods for solar photovoltaic system are
introduced as follows. Literature [1] proposed a diagnos-
tic method based on error backpropagation algorithm (BP),
combined with the unique characteristics of calculator and
artificial neural network, such as rapid development of
complexity, association, memory, adaptability, self-learning,
and processing complex multimode. The artificial neural
network [1, 2] is applicable to fault diagnosis, and BP neural
network is the most used one. The input signal is transmitted
from the input layer and hidden layer to the output layer.
The output end generates the output signal. The weight of
network is fixed in initial propagation, and the state of neuron
of a layer only influences the state of neuron of next layer.
When the output signal is not as good as the output layer
expected, the error backpropagation is triggered. In the error
signal backpropagation, the weight of network can adjust the
error signal. However, the defect in neural network is that
the optimal number of neurons of hidden layer should be
selected through multiple experiments, and a long training
is required in order to converge to the system. Literature
[3] used MATLAB software to simulate the characteristics of
solar photovoltaic system. Equivalent mathematical equation

was used to simulate the characteristic curves of photovoltaic
system in sunlight and in shadow. The simulation system sets
the series-parallel connection of modules and photovoltaic
module shadow coverage area, whether or not to mount
bypass diode and blocking diode. The simulation effect was
very close to the actual result, but the equivalent parameter
changed when a fault occurred. Thus, the defect in the above
method is that the fault parameter is difficult to be calculated
when the photovoltaic system has other faults. Literature
[4, 5] used PSIM software to build a solar photovoltaic system.
The characteristic curve of simulation result was similar to the
actual operation curve, and the extension theory was applied
to diagnose the fault category, so the diagnosis effect was very
good. However, the curve of simulated photovoltaic system
fault in [4, 5] was slightly different from the actual faulty
system. The simulation system did not consider the influence
of bypass diode and blocking diode on the photovoltaic
system, and the actual photovoltaic system was equipped with
bypass diode and blocking diode. Therefore, there was a pit in
IV curve when the photovoltaic system had a fault, so that the
maximum power point shifted, resulting in multiple peaks of
PV characteristic curve. This paper proposes a fault diagnosis
method based on chaotic synchronization signal, combined
with the intelligent classification of extension theory. The
chaotic system is very sensitive to the change in system
parameter, and the system parameter of system must be
changed if the solar photovoltaic system has a fault. Therefore,
this method only needs to import the signal of the photo-
voltaic system with faults into the chaotic synchronization
system according to the variance in system parameter and
to capture the variance in dynamic error. It is imported into
the extension theory to distinguish the fault state effectively,
and the extension theory does not need learning time, so the
diagnosis is rapid.

2. Photovoltaic System

The main function of solar photovoltaic system is to convert
the solar irradiation into electrical energy by solar photo-
voltaic cell and an electric power converter. The equipped
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FIGURE 2: Chaotic signal synchronization and extension diagnostic system flow chart.

electric power converter can stabilize, increase and reduce TaBLE 1: Solar photovoltaic system fault category.
the output voltage, or convert the frequency according to . —
the requirement of output load. The output power depends ~ _2ultcategory  Fault conditions
on the area of solar photovoltaic cell, conversion efficiency, PF1 Normal operation
solar illumination, ambient temperature, and effect of load. PF2 Two series branches, one fault in any branch
The solar photovoltaic array used in this study was a 10 * 2 PF3 Two series branches, two faults in any branch
array, equipped with a boost converter and MPPT algorithm, PF4 Two series branches, three faults in any branch
as shown in Figure 1. The MPPT algorithm guarantees the ) )

. . PF5 Two series branches, one fault in each branch
maximum power output when the solar photovoltaic array ] ]
has faults. The voltage variation is measured in the system PF6 Two series branches, two faults in each branch
operation to distinguish the fault. PE7 Two series.branches, one fault in one branch,

The power characteristic generated by solar photovoltaic two faults in the other branch
cell is not linear, and the power of solar photovoltaic cell PES Two series branches, one fault in one branch,
varies with current sunshine intensity and ambient temper- three faults in the other branch
ature. In order to keep the output power at the maximum  pgg Two series branches, two faults in one branch,

value of the characteristic curve [6], the solar photovoltaic
system must be equipped with MPPT control to guarantee the
maximum output power, so as to maximize the system output
efficiency. At present, the common incremental conductance
MPPT method [7] is used in this paper.

3. Proposed Fault Diagnosis Method

3.1. Chaotic Synchronization System. As the chaotic system
is very sensitive to the change in system parameter [8-14],
this study used this characteristic to capture the solar photo-
voltaic system fault voltage signal for chaotic synchronization
transformation. The kinematic trajectories of dynamic error
were extracted, and these kinematic trajectories were the fault
features; thus, the extension theory was used to recognize
fault conditions. The Lorenz chaotic synchronization system
is expressed as follows [8]:

X =a(x—x),

Master: § X, = x| — X X3 — X, @
X3 = XX, — PX3,
» :0‘()’2_)’1):
Slave: 1 ¥, = By1 = 15 = Y2 )
V3= Y12~ Vs

Dynamic error of system is as follows:

& -« « 0 e, 0
&l=1B8 -1 0 e |+ |-y +txxs |, (3)
é; 0 0 rlle Y1)a = X1%,

three faults in the other branch

where «, f3, and y are positive constants. According to the
condition of chaos theory [8], if the eigenvalues of system
are negative, the system state is determined as stable, so
that the chaotic attractor can be generated. The kinematic
trajectory of chaotic attractor is used for various studies. This
paper observes the kinematic trajectory of chaotic attractor
to distinguish the fault type of solar photovoltaic system.

3.2. Extension Theory. The extension is the real number
extended from fuzzy set range [0, 1] to [-00, 00], representing
the degree of a property of things. First, the maximum and
minimum extents of characteristics of real number are deter-
mined. The maximum extent is set as @’ and the minimum
extent is ', and the real domain [a,b'] is obtained. The
classical domain range [a, b] can be worked out by (4) and
(5), where « is the extend factor of classical domain, aiming
at extension considering light error resulted from human or
irresistible factors in actual measurement. This region is
called classical domain [15].

Consider the following:

b=~1+a)b, (4)
g=(1+p)b. (5)

a=(01-a)d,
f=0-pBa,

In order to avoid omitting important features outside the
classical domain range [a, b], the extension rate 3 is proposed
to obtain the joint domain. The joint domain [ f, g] is obtained
by (6). Finally, the obtained classical domain X, = [a, b] and
joint domain X = [f, g] are two intervals in the real number
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TABLE 2: Matter-element model.
Simulations Experiments
Neighborhood ¢, (200, 520) PF1 ¢ (485,490) Neighborhood ¢, (200,400) [ PF1 ¢, (378,386)
Domain ¢ (200,520) ¢, (485,490) | Domain ¢, (200,400) I ¢, (375,390) |
[PE2 ¢ (410,415) [PE3 ¢ (335,345) [PE2 ¢ (355,361) ] [PE3 ¢ (349,325) ]
| ¢ (410,415) | ¢ (335,345 | ¢ (352,367) | ¢, (323,330) ]
[PF4 ¢ (239.5,240.5) | [PF5 ¢ (335,345) [PF4 ¢ (225,242) ] [PF5 ¢ (340,345) |
| ¢ (239.5,240.5) | | ¢ (335,345) | ¢ (225,245) | ¢ (335,350) |
[PE6 ¢, (286,289) | [PE7 ¢ (313,316) [PE6 ¢, (395,301) ] [PE7 ¢ (312,317) ]
| ¢, (286.5,288.5) | ¢ (313,316) | ¢ (292,306) | ¢ (310,315)
[PES ¢ (227.5,228.5)] [PF9 ¢ (215,217) ] PE8 ¢ (262.5,268) PF9 ¢, (255,261.5)
| ¢ (227.5,2285) ] | o (215,217) o (266,272) o (252,259)
TABLE 3: Simulated fault diagnosis results.

Qty EDpy, EDpr, EDpy; EDpyy EDprs EDpre EDpy, EDprg EDpry Results
1 1.000 —-0.585 -0.839 -0.981 -0.722 -0.931 —0.893 -0.991 -1.000 PF1
2 1.000 —-0.585 -0.839 -0.981 -0.722 -0.931 -0.983 -0.991 —-1.000 PF1
3 -0.186 1.000 -0.224 -0.910 -0.337 -0.670 —-0.485 —-0.958 -1.000 PF2
4 -0.176 1.000 -0.224 -0.910 0.337 -0.670 —-0.485 —-0.958 -1.000 PF2
5 -1.000 —-0.357 1.000 -0.549 -0.004 0.054 0.564 -0.662 -0.760 PF3
6 -1.000 —-0.357 1.000 -0.549 -0.004 0.054 0.565 —0.662 -0.759 PF3
7 -1.000 -0.885 —-0.642 1.000 -0.822 -0.258 -0.510 0.982 0.465 PF4
8 -1.000 —0.885 —-0.642 1.000 -0.822 —0.258 —0.510 0.987 0.468 PF4
9 -0.584 0.406 0.366 —0.843 1.000 -0.420 —0.093 -0.926 -1.000 PF5
10 -0.584 0.406 0.369 —0.842 1.000 -0.419 -0.091 -0.926 -1.000 PF5
11 -1.000 -0.633 0.140 -0.007 —0.432 1.000 0.562 -0.162 —0.289 PF6
12 -1.000 —-0.631 0.147 -0.007 —0.429 1.000 0.571 —0.161 —0.289 PF6
13 -1.000 -0.530 0.459 -0.170 -0.273 0.648 1.000 -0.308 -0.424 PF7
14 -1.000 -0.530 0.459 -0.176 -0.273 0.636 1.000 -0.313 —0.429 PF7
15 -1.000 -0.893 -0.668 0.855 -0.834 -0.312 —0.545 1.000 0.455 PF8
16 -1.000 -0.895 -0.668 0.855 -0.834 -0.322 —0.552 1.000 0.450 PF8
17 -1.000 -0.934 -0.796 0.136 —0.898 —0.578 -0.721 0.711 1.000 PF9
18 -1.000 -0.932 -0.791 0.169 -0.896 -0.566 -0.713 0.761 1.000 PF9

field [-00, 00]. If x is a point of real number, the correlation
function is defined as

—p (% X,), x € X

p(x X,)
p(x,X)—p(xX,)

K(x) = (6)

x¢X

0*

Figure 2 is the chaotic signal synchronization and extension
diagnostic system flow chart. First, the measured voltage of
solar photovoltaic system is recorded, and then the recorded
voltage signal to be measured is imported into the slave
system of chaotic signal synchronization system. The chaotic
synchronization system generates the chaotic dynamic error
signal after the subtraction between master system and slave
system. The kinematic trajectory formed of chaotic dynamic

error signal is the main basis of extension diagnosis, which
is the fault feature of solar photovoltaic system. Finally,
as long as the chaotic dynamic error signal is imported
into the finished extension matter-element model, the fault
category can be identified rapidly and accurately by extension
diagnosis of fault conditions.

4. Simulation and Experimental Results

The solar photovoltaic system was simulated by using MAT-
LAB 2009a. The solar photovoltaic array for experiment
was Agilent Technologies E4360A modularized solar array
simulator platform. The solar panel was SM 1611. The specifi-
cations are as follows: open-circuit voltage is 3 V, short-circuit
current is 0.8 A, maximum power point voltage is 2.36'V,
maximum power point current is 0.72 A, solar illumination is
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TABLE 4: Actual fault diagnosis results.
Qty EDppy EDpr, EDprs EDpry EDps EDpre EDyp, EDpgq EDpgy Results
1 1.000 -0.391 -0.790 -1.000 —-0.641 -0.887 —-0.843 -0.963 -0.978 PF1
2 1.000 -0.391 -0.790 -1.000 —-0.641 -0.887 —-0.843 -0.963 -0.978 PF1
3 -0.222 1.000 -0.476 -1.000 -0.103 -0.719 -0.610 -0.908 -0.945 PF2
4 -0.222 1.000 -0.476 -1.000 -0.103 -0.719 -0.610 -0.907 -0.945 PF2
5 -0.743 -0.391 1.000 -1.000 -0.042 -0.115 0.226 -0.710 -0.829 PF3
6 -0.743 -0.392 1.000 -1.000 -0.044 -0.116 0.224 -0.710 -0.829 PF3
7 -1.000 -0.964 -0.890 1.000 -0.931 -0.787 -0.858 -0.581 —-0.448 PF4
8 —-0.488 -0.964 -0.890 1.000 -0.931 -0.787 -0.858 —-0.581 —-0.448 PF4
9 —-0.488 -0.074 -0.205 -1.000 1.000 -0.573 -0.408 -0.860 -0.917 PF5
10 -1.000 -0.073 -0.205 -1.000 1.000 -0.573 -0.408 -0.860 -0.917 PF5
11 -1.000 -0.817 -0.440 -0.812 —-0.653 1.000 -0.280 -0.517 —-0.638 PF6
12 —-0.888 -0.817 -0.440 -0.821 —-0.653 1.000 -0.280 -0.517 —-0.638 PF6
13 —-0.888 -0.572 0.145 -1.000 -0.272 -0.017 1.000 —-0.678 —-0.810 PF7
14 -1.000 -0.572 0.145 -1.000 -0.272 -0.017 1.000 -0.678 —-0.810 PF7
15 -1.000 -0.865 —-0.589 -0.074 —-0.745 -0.205 -0.471 1.000 0.363 PF8
16 -1.000 -0.865 -0.589 -0.074 —-0.745 -0.205 -0.472 1.000 0.363 PF8
17 -1.000 -0.889 -0.662 0.015 -0.791 -0.346 -0.566 0.285 1.000 PF9
18 -1.000 -0.889 -0.662 0.015 -0.791 —-0.346 -0.565 0.286 1.000 PF9
500 F T T T T ] 400 T T T T T T T T T
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FIGURE 3: (a) ¢é,¢, dynamic error plane of nine simulated fault conditions. (b) é,¢, dynamic error plane of nine physical fault conditions.

1000 W/m?, ambient temperature is 25°C, and the connection
mode is 10 series and 2 parallel. The fault types are shown in
Table 1. The voltage-current characteristic curve with faults
was captured and recorded, and the voltage in nine cases
was imported into the chaotic synchronization system, so
that the chaotic synchronization system generated dynamic
error. Figure 3(a) shows the é,é; dynamic error plane of
nine simulated fault conditions. Figure 3(b) shows the é,é,
dynamic error plane of nine actual fault conditions. The fault
features are extracted as the base of extension diagnosis.
Finally, the matter-element models are finished in Table 2 for

fault recognition. Finally, 18 data are imported for the system
to distinguish. There are 18 data imported into simulated
and actual diagnoses, respectively. The diagnostic results are
shown in Tables 3 and 4. They show that the proposed scheme
has good diagnostic performance.

5. Conclusion

This study diagnosed the faults in solar photovoltaic system
based on chaotic signal synchronization and used extension
theory to distinguish the fault category. As the chaotic



synchronization allows the system to have obvious nonlinear
motion due to the change in system parameter, this obvious
kinematic trajectory was used as the characteristic values
of faults, and excellent diagnosis effect was obtained by the
intelligent recognition of extension. The extension theory
does not need iteration or learning, and its diagnosis is very
fast in comparison to general neural diagnosis. Accurate,
rapid, timesaving, and cost saving fault recognition could be
achieved by capturing one voltage signal and two character-
istic values of chaos. The cost was much lower than other
traditional methods which need many sensors to capture
physical quantities for distinguishing faults. As an intelligent
fault diagnostor, its effect is excellent.
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