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Abstract. This paper describes a fault diagnosis method of photovoltaic (PV) module,
which bases on equivalent circuit module and probabilistic neural network (PNN). The
output characteristics of the PV module under normal, dust deposition, abnormal
aging and partial shading conditions are simulated by using the equivalent circuit
model. The simulated data are used as characteristic parameters to fault type diagnosis.
The performance of the fault diagnosis model is evaluated, and the results indicate that
the method can detect the fault types correctly.

1. Introduction

The reliability and stability of photovoltaic (PV) module is the key for PV system performance. The
PV module may appear some faults in actual application processing, if not detected soon enough, not
only reduce output power but may also cause serious damage and fire hazards. Thus the fault
diagnosis is crucial and necessary for PV module maintenance.

The accuracy fault diagnosis technology is necessary for improving the performance and reliability
of PV systems to achieve higher energy yields. For this propose, several fault diagnosis methods have
been studied. Wang et al. proposed an online fault diagnosis method. The fault diagnosis model is
based on BP neural network and mathematical model of the PV module. The results indicate that the
model is suit for diagnosis various faults, and has high effective and suitability. Due et al. analyzed the
output characteristics of PV modules under partial shadow and abnormal conditions, and a fault
diagnosis method for PV modules based on the decision tree algorithm is proposed. According to the
change of fill factor (FF), the maximum power point voltage (Ump), the maximum power point
Current (Imp), open circuit voltage (Ouch) and short circuit current (Sic), the state of PV modules can
be diagnosed by the decision tree. The experiment results show that the method is feasibility and
effectiveness. Chen et al. presented a fault diagnosis method based on PV module power loss and [-V
output curve. Through comparing the simulated and measured output power to determine whether
there is power loss in the module, and then used the Ouch and FF to identify the types of the fault.

The above theoretical and experimental studies have given some fault diagnosis methods, but the
actual situation of the fault is very complex, there are still some difficulties to accuracy determine the
types of fault.
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In fact, due to the complex working environment, the PV module fault presents the complexity and
diversity, there are still difficult to accuracy determine the types of fault. Thus, fault diagnosis method
needs to be further improvement and development.

In this paper, the output characteristics of PV module under different fault types are simulated by
using the equivalent circuit model. The simulated results are used to summarize the principles of PV
module output characteristic. The fault diagnosis model base on probabilistic neural network (PNN) is
established, and the accuracy and reliability of the model is validated.

The equivalent circuit model

Figure 1 shows the equivalent circuit diagram of solar cells, the mathematical expressions could be
express as follows:
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Where Ipoh is the photocurrent, and the /d is the current which through the D diode, /0 is the diode
reverse saturation current, is is the current through the parallel resistance, sic is the short circuit current.
The Ouch and U are open circuit voltage the output voltage of PV cell, respectively. The Rash is the
parallel resistance, and Rest is the series resistance. The ¢ is the unit charge (1.6x10-19 C), UT is the
thermal voltage of diode (25.9 mV) .The Graf and G are the reference solar irradiance at STC (1000
W/m2) and the irradiance at real working condition, respectively. Tre is the temperature of the PV cell
at STC (25 ° C), and the T is the temperature of working condition, « is the current temperature
coefficient.
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Figure 1. The equivalent circuit of solar cell

PV module consists of many PV cells wired in parallel to increase current and in series to voltage,
according to the formula (6), the equivalent mathematical expression of the PV module could be
expressed as:
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Where, the Ns and Nap are the number of series and parallel solar cell, respectively.
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The simulation model of PV module is built by using the mat lab/Simulink compiler. The peak
power of the module is 320 W, the open circuit voltage (Ouch) is 46.78 V, short circuit current (Sic) is
8.98 A, maximum power point voltage (Ump) and maximum power point current (Imp) are 38.46 V
and 8.32 A, respectively. The short circuit current temperature coefficient () is 0.00059, and the open
circuit voltage temperature coefficient is (B) -0.0033. The Rest of the module is 0.18 Q. The
simulation model diagram of the PV module shows in Figure 2.
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Figure 2. The simulation model of PV module

The output characteristic of PV module at standard test condition (STC) can be simulated by using
the simulation model. Due to the effect of the measuring environment, it is difficult to obtain the
output characteristic at standard test condition. Thus, it is necessary to change the data of real test
environment into standard test condition. The transformation formula as follows:
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2. The fault analysis of PV modules

The PV module is directly exposed to work in complex outdoor environment, along with the
time increasing, the module unavoidably appears various faults. The common types of fault for PV
module are as follows: dust deposition, abnormal aging and partial shading.

2.1. Abnormal aging

The value of series resistance increases significantly when the PV module appears abnormal aging
phenomenon, which results the reduction of the maximum power point voltage and the maximum
power point current.According to the simulation model of PV model, ignoring the influence of the
temperature and external factors on series resistance, the relationship of Rest, Ipoh, Imp and Ump can
be expressed as follows:
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Figure 3 shows the simulated output parameters of PV module with different values of series
resistance. It can be seen from the figure, when the value of Rest is smaller than 5Q, the maximum

power point voltage and maximum power point current appear decline, while the open circuit voltage
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and short circuit current of the module remain the same. But with the resistance value continues to
increase, when the value of Rest is above 5Q, the short circuit current of PV modules shows
downward trend. Nevertheless the open circuit voltage remains unchanged. Thus, the Ouch, Sic, Ump,
Imp, Pump and I-V curve can be used to diagnose the abnormal aging condition.
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Figure 3. The output characteristic varied with changing of series resistance value

2.2. Dust deposition and partial shading

The dust deposited on the surface of PV module, which results in reducing of the solar radiation
intensity and output power decreases. The simulate result of the dust impact on the output
characteristic of PV module at strand test condition are shown in Figure 4. As shown in the Figure,
there is a line relationship between short circuit current and solar radiation intensity, and the influence
of solar radiation intensity to open circuit voltage is not significantly. Due to decline of the maximum
power point current, which cause the maximum output power decrease.
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Figure 4. The impact of dust deposition on the output characteristic of PV module

The output power curves of PV module under multiple solar cell shaded conditions are shown in
Figure 5. As can be seen from the Figure 5, due to the effect of the bypass diode, the output current of
the module is a piecewise function, the I-V curve of the PV module exhibits multiple gradients and
multiple extreme values under the different partial shading conditions, which make it is difficult to
find any extreme value of the curve as the maximum output power point. The above results indicate
the open circuit voltage and shot circuit current do not change when the PV module is shaded. Thus,
the open circuit voltage, shot circuit current and I-V curve are used to diagnosis the fault of partial
shading.
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Figure 5. The I-V and output power curves of PV module under different partial shading condition.
3. The Probabilistic Neural Network

The probabilistic neural network is consisted of input layer, hidden layer and output layer, the
structure of the neural network is shown in Figure 6. For fault diagnosis of PV module, the input layer
is used to receive the output power curves of PV module for fault diagnosis. The number of neurons is
same as the length of the input vector. Use x to express an input sample, which dimension is d, so
x=(x1, x2, x3, ad). The hidden layer is the fault category. The neurons number of each category has
the same number as the input sample, ® is the category, c is the total number of categories, where, =
(0l, 2, ®3, cu). The input layer and the hidden layer are connected by a Gaussian function for
obtaining the degree of matching between each neuron in the hidden layer and each neuron in the
input layer. The summation layer sums up the matching degree of each class, and then averages the

values to get the corresponding problem categories of the input samples. The number of neurons in the
summation layer is the same as the hidden layer, and the expression as follows:
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Where Ni is the number of sample, which category belong to it, ¢ is the smoothing factor; I is the j
central vector of the I type.
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Figure 6. The structure of Probabilistic Neural Network
4. Results and discussion

The mat lab software is used to build the fault diagnosis model,and the equivalent circuit models are
established by using mat lab/Simulink to obtained I-V curve, Ouch, Sic, Imp and Ump of PV module
under different fault types. The simulate results are used as fault diagnosis parameters for PNN model.
The accuracy and practicability of fault diagnosis model are verified by experiment data. Three fault
PV modules are selected as the research object. The simulated and measured [-V curves are shown in
Figure 7-9, the specific parameters and diagnosis results are shown in Table 1, respectively.
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According to the figure 7, the simulated and measured curves are fitting well. The fault diagnosis
result indicates that two pieces of solar cell of the PV modules are shaded, and the shading ratios are
30%.
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Figure 7. The measured and simulated curves of PV module under partial shading

Figure 8 shows the matching result of simulated and measured curves for PV module, which
surface is covered by dust. The simulated curve and measured curve exhibit same variation trend. The
simulated result indicates that dust deposition causes the solar radiation, which receives by PV module
decreases 5%.
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Figure 8. The measured and simulated I-V curves under dust deposition condition.

Figure 9 shows the simulated and measured curves of abnormal aging PV module. The simulated
result indicates that the series resistance value of abnormal aging PV module increases from 0.18 to
0.23.
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Figure 9. The measured and simulated IV curves of abnormal aging PV module

From the above results, it can be seen that the fault diagnosis results for the PV module samples are
correct. Therefore, it can be proved that the fault diagnosis method, which bases on PNN network and
PV module equivalent circuit model can diagnosis the fault types, and can accurately simulate the
electrical characteristics of PV modules.

Table 1. Measured and simulated output characteristic of PV module under different fault types

Sample = Measured/simulated Sic  Ouch Imp Ump PMAX  Types of fault

| simulated 854 4653 600 4050 243.02 .o
measured 8.84 4683 6.15 42.02 25842 P &

5 simulated 844667 78 3889 30336 o e
measured 8.48 46.52 7.92 38.64 301.26

3 simulated 8.16 46.58 7.6 37.83 287.56 Abnormal
measured 8.14 4674 730 3954 288.76 aging

5. Conclusion

In this paper, a fault diagnosis method of PV module is proposed. The method bases on equivalent
circuit model and probabilistic neural network, the equivalent circuit model of PV modules under
different fault types are established, and the corresponding electrical parameters are selected as the
fault characteristic parameters for Fault diagnosis analysis. The method has high accuracy and
feasibility.
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