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Abstract

In this paper, a circuit-based simulation model of a photovoltaic (PV) panel by PSIM software package is developed, firstly. Then, a 3kW PV
arrays established by using the proposed PSIM model with series and parallel connection is not only employed to carry out the fault analysis, but
also to represent its /-V and P-V characteristics at variable surface temperatures and isolations under normal operation. Finally, a novel extension
diagnosis method based on the extended correlation function and the matter-element model was proposed to identify the faulting types of a 3kW
PV system. The simulated results indicate that the proposed fault diagnosis method can detect the malfunction types correctly and promptly.
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1. Introduction

Although the real-time simulation technique of the PV sys-
tem has been developed in [1], it is still difficult to analyze the
features of the PV system within the same atmosphere con-
dition. Moreover, these techniques utilize an expensive solar
simulator and their flexibilities are limited due to the construc-
tion of hardware. Numerous researchers have been trying to
develop adequate simulation model by the simulation platforms
for instance SPICE [2], SABER [3], and EMTP [4]. However,
the combination of the PV system with varied series and par-
allel topology by using these simulation models cannot reveal
the characteristics of the PV system. The simulated time is also
an obstacle with these software platforms. Although the rate
of calculation can be speeded up with the traditional mathe-
matic model [5], the electrical behavior of the PV system still
cannot be shown significantly. Furthermore, there are some sim-
ulation models being constructed with Neural Networks [6],
Fuzzy [7] and Neural Fuzzy [8] algorithms for improving the
simulated performance of the PV system, but an accurate model
and expansibility of the PV system is still difficult to achieve.
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With the related technology of photovoltaic (PV) systems
rapidly growing, photovoltaic capability is increasing from an
individual system (kW) to the power plant (MW). If the PV mod-
ules have a shading fault in one series of the connection branch,
the shaded branch will actually be a burden that drains the gen-
erated power from the non-shaded solar modules. In addition,
the shading situations may cause a so-called irreversible hot-
spot damage to the cell, which causes focal-point heating with
temperatures higher than 150 °C [9]. The PV system would be
damaged under such shading effects over a long period of time
[10]. Moreover, electrical accidents and module aging may also
cause solar modules malfunction [11]. Meanwhile, PV modules
are mismatched in terms of series connection with the transmis-
sion line resister which will lead to the output characteristics of
PV modules greatly varying. Due to the continuous fault changes
mentioned above, the output power and generation efficiency
will fall.

Nowadays, since there is no supervisory mechanism for PV
systems in a power level from 1 to 10 KW, thus, the exact faulting
type identification is difficult for system operators. Therefore,
traditional false diagnosis process causes a lot of time and man-
power to be wasted in this search. What is more, the individual
power plant (MW) runs at hundreds of volts, the maintenance
could involve potential peril to employees. Hence, there is aneed
for diagnosing the PV system failure quickly and efficiently.
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A PSIM circuit-based model of the PV panel is presented in
this paper for enhancing not only the less simulation time with
large-scale PV arrays, but also showing the electrical behav-
iors of PV arrays for various topologies of series and parallel
combination. In addition, a 3 kW photovoltaic arrays model was
established to investigate the /-V and P-V characteristics and
impacts of insolation, temperature and load varying. The PSIM
model can be also used for further investigations, such as fea-
tures of partial shadowing fault, module performance decayed
analysis of PV panel, islanding analysis, etc. Furthermore, an
extension diagnosis method based on the extended correlation
function and the matter-element model was also proposed to
identify the faulting types of the 3kW PV system. The exten-
sion theory was proposed by Cai in 1983 for the purpose of
solving inconsistent problems [12]. It has been adopted widely
in many applications [13]. Nevertheless, the extension theory
has seldom been employed in PV modules malfunction inves-
tigation. Since this theory allows classification problems with
range features, analog input, discrete output, and without learn-
ing process, it is very suitable for PV fault diagnosis application.
The matter-element model and extended mathematics are the
main principles of extension theory. It can indicate the alter-
able relations between quality and quantity by matter-element
transformation. The proposed fault diagnosis method will firstly
create a set of fault matter-element of PV modules, and then a
regular extended correction function will identify the fault type
of PV arrays by calculating the degrees of extended correction.
According to these results, the proposed fault diagnosis method
detects the malfunction correctly and promptly with less mem-
ory consumption and the maintenance staffs can confirm the
fault types of PV system without system interruption.

2. PSIM based solar module modeling

The solar cell is basically a p—n junction diode, and its tra-
ditional equivalent circuit may express itself similar to what is
shown in Fig. 1 [6]. Where Rq is the very small series resistance
and Ry, is the quite large shunt resistance. D; is the ideal P-N
diode, Ipn expressed as the photocurrent source generated pro-
portionally by the surface temperature and insolation. V and /
represent the output voltage and output current of the solar cell,
respectively. According to the physical property of p—n semicon-
ductor, the I-V characteristics of PV module could be expressed
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Fig. 1. The equivalent circuit of a solar cell.

as follows [3]:
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In Eq. (1), g is the electron charge (1.602 x 10~1°, C); k repre-
sents the Boltzman constant (1.38 x 10~23 J/°K), Tis the surface
temperature of PV module and A shows the ideality factor
(A =1-5). Where ng is the number of cells connected in series
and ny, is the number of cells parallelly connected. In addition,
the module reverse saturation current Is5 shown in Eq. (2) varies
with temperature 7

T\? E 11
w2 () w

Eqyp is the energy of the band gap for silicon (Egap = 1.1€V), and
T; is the reference temperature of solar cell. The I, expressed in
Eq. (3) represents the photocurrent proportionally produced to
the level of cell surface temperature and radiation. Where Iy, is
the short-circuit current, k; the short-circuit current temperature
coefficient, and S; is the solar radiation inW/m?:

S;
1000

A circuit-based SIEMENS SP75 solar module model will be
formed from the PSIM software package. PSIM is a simulation
software package especially designed for power electronics and
motor control. It possesses the characteristics of fast speed and
provides a powerful simulation environment for power electron-
ics, analog and digital control, and motor drive systems [14]. The
related specifications of SIEMENS SP75 can be found from the
manufacturer datasheet [15]. In order to exhibit the influence
of insolation and temperature, the tested scheme of PV module
based on the PSIM software package is constructed as shown in
Fig. 2. Eq. (1) is reproduced as the PSIM module and Eq. (3)
is represented as ‘Iph.dll block’ in C-code to produce photocur-
rent Iy, The variable parameters such as solar insolation and
module surface temperature are included in the external DLL
(dynamic link library) block, which allows users to write code
in C/C++, and link it with PSIM. In addition, the “fault switch”

Iph = {Isso + ki(T — Tp)}
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Fig. 2. The scheme diagram of PSIM based PV module.
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Fig. 3. The inner subcircuit of the proposed PV module.

could switch the proposed PSIM module to engage in faulting
simulation or normal operation.

Fig. 3 shows the inner subcircuit of proposed PV module,
where Vi, is the modified diode shield voltage as the temperature
is changing, which can be expressed as Eq. (4), where k, is the
open-circuit voltage temperature coefficient:

Vip = ky(T — T)) @)

Fig. 4(a) and (b) shows the simulated /-V and P-V char-
acteristic curves of SIEMENS SP75 at variable irradiance and
temperature by using the proposed PSIM model. It is clear that
the simulated /-V and P-V characteristic curves are all close
to those found from the manufacture datasheet of SIEMENS
SP75 [15]. As we can see from Eq. (1), the photovoltaic current
is a function of itself, causing an algebraic loop problem. For
solving this problem, the series resistance is always neglected in
conventional mathematical model to form a simple equation. Its
results show that the proposed PSIM model can be significantly
more accurate than the conventional model in simulating the PV
module characteristics.

3. The summary of extension theory

In the Cantor set, an element either belongs to or does not
belong to a set, so the range of the Cantor setis {0,1}, which can
be used to solve a two-valued problem. In contrast to the standard
set, the fuzzy set allows for the description of concepts in which
the boundary is not explicit. It concerns not only whether an
element belongs to the set but also to what degree it belongs to.
The range of a fuzzy set is [0,1]. The extension set extends the
fuzzy set from [0,1] to (—00,00). As aresult, it allows us to define

Table 1
Three different sorts of mathematical sets
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Fig. 4. The simulated characteristic curves of the proposed PSIM based PV
model at variable irradiance and temperature: (a) -V curve and (b) P-V curve.

a set that includes any data in the domain [12]. Extension theory
tries to solve the incompatibility or contradiction problems by
the transformation of the matter-element. The comparisons of
the standard sets, fuzzy sets and extension sets are shown in
Table 1. Some definitions of extension theory are introduced in
the next section.

3.1. Matter-element model

The matter-element is one of the main theories in extension
theory. A matter-element contains three essential factors. We can

Compared item Cantor set

Fuzzy set Extension set

Data variables
Mathematics model
Transfer function
Precision
Ca(x)€(0,))

Research objects
Model

Descriptive function
Descriptive property
Range of set

Linguistic variables
Fuzzy mathematics model
Membership function
Ambiguity

ua(x) €[0,1]

Contradictory problems
Matter-element model
Correlation function
Extension

Ka(x) € (—00,00)




100 K.-H. Chao et al. / Electric Power Systems Research 78 (2008) 97-105

define the matter with name N, whose characteristic is ¢, and v
is the value related to c. The matter-element can be expressed as
follows [12]:

R=(N ¢ v) 5)

where N, ¢, and v are called the three fundamental elements
of the matter-element. For example, R = (John, weight, 90kg)
can be used to state that John’s weight is 90 kg. In addition, we
canassignthe R = (N C V)asamulti-dimensional matter-
element with a characteristic vector C=[c; ¢ ... ¢5]
and the value vector V.=[v; v v, ] with respect to
C. The multi-dimensional matter-element is described as

R N ¢ v
Ry ()

R=(N C V)= . = . ) 6)
Ry Cn VUp

In Eq. (6), Rj=(N c¢; v;) (=1, 2, ..., n) is the sub-
matter-element of R. Based on the matter-element model, a
new mathematical concept can be established to characterize
the relationship between the quality and quantity of a matter by
matter-element model.

3.2. Conception of extension set

Set theory is akind of mathematical scheme that describes the
classification and pattern recognition about an objective. A Can-
tor set describes the definiteness of matters; a fuzzy set describes
the fuzziness of matters. The extension set extends the fuzzy set
from [0,1] to (—o0,00) [12]. An extension set is composed of
two definitions.

Definition 1. Let Ube a space of objects and x a generic element
of U, then an extension set E in U is defined as a set of ordered
pairs as follows:

E={(x,ylxeUy=K(x) e(—o0,00)} @)

where y=K(x) is called the correlation function for extension
set E. The K(x) maps each element of U to a membership grade
between —oo and 0o. An extension set £ in U can be denoted
by

E=ETUZyUE"~ (8)
where

ET ={(x,plxel,y= K(x) > 0} ©)
Zo={(x, plxel,y = K(x) =0} (10)
E” ={(x, »lxelU,y=Kx) <0} (1D

In Egs. (9)—(11), E*, E~ and Z are called, respectively, the
positive field, negative field and zero boundary in E.

Definition 2. If Xo=(a,b), and X= (f,g), are two intervals in
the real number field, and Xy C X, where X and X are the clas-
sical (concerned) and neighborhood domains, respectively. The

K(x) A

Fig. 5. The correlation functions of the proposed diagnosis method.

correlation function in the extension theory can be defined as
follows:

—p(x, Xo) x€ Xo
K(x) = p(x, Xo) (X (12)
p(x, X) — p(x, Xo) 0
where
b b—
e, X = [ - 4 ‘— s (13)
o(x. X) = x_¥ —% (14)

The correlation function can be used to calculate the member-
ship grade between x and X. The extended membership function
is shown in Fig. 5. When K(x) > 0, it indicates the degrees to
which x belongs to Xy. When K(x) <0 it describes the degree to
which x does not belong to Xo. When —1 < K(x) <0, it is called
the extension domain, which means that the element x still has
a chance to become part of the set if conditions change.

4. The proposed faulting diagnosis method

A 3 kW photovoltaic arrays model with 4 x 40 series—parallel
connection can be constructed by the circuit-based PSIM model
of single PV module. The PV system generates a maximum
power of 2992 W at 68 V rated output voltage and 44 A rated out-
put current. Fig. 6 shows the I-V and P-V characteristic curves of
the established 3 kW PV arrays. To simulate the “Module Fault”
in the PV system, the fault switch located at the PV system can
be firstly selected, then setting the amount of faulting PV pan-
els and assigning the insolation and temperature to simulate the
module fault operation.

The output voltage, current, and power will differ at var-
ied atmosphere in all fault categories when failure continuously
changed. Consequently, the proposed fault diagnosis method
divides atmosphere into seven sections according to the aver-
age temperature and relative irradiation in Taiwan [16]. The
distinguishable specification of the atmosphere sections repre-
sents as Fig. 7. Sections C—G are the atmosphere conditions for
the most PV system operation. A and B sections represent the
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Fig. 6. The simulated /-V and P-V characteristic curves of the 3kW PV arrays.

insufficient irradiation region. Moreover, the extension diagno-
sis method establishes the matter-element model for all faulting
sorts in every atmosphere region. The output power, voltage, and
current of PV system are regarded as the characteristics of the
matter-element in the proposed method.

In the process of the proposed method, the atmosphere sec-
tions will discriminate firstly when malfunction takes place.
Following this, the detector measures the three characteristic
values and delivers it to the proposed malfunction investiga-
tion system. Finally, the fault category will be recognized by
selecting the maximum value of all relation degree indices.
According to the recognized result, the maintained staff can
find up the amount of panels that broke down and proceed with
troubleshooting.

4.1. Matter-element model of fault categories

Based on the proposed diagnosis method, the faulting cate-
gories can be divided into six kinds. The represented symbols
of these fault categories are described below:

e PF;. Normal operation.
e PF,. Any 1 branch with 1 module fault in 10 series of con-
nection branches.
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Fig. 7. The distinguishable specification of the atmosphere sections.
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Fig. 8. The output power of PV array system when module failure happened at
the standard test conditions (STC).

e PF3. Any 2 branches with 1 module fault in 10 series of
connection branches.

e PF4. Any 3 branches with 1 module fault in 10 series of
connection branches.

e PFs. Any 4 branches with 1 module fault in 10 series of
connection branches.

e PFs. Any 5 branches with 1 module fault in 10 series of
connection branches.

Fig. 8 indicates that the power output degrades rapidly when
module failure happened at Standard Test Conditions (STC, irra-
diation is 1000 W/m?, temperature is 25 °C). According to the
simulated results, the faulting matter-element of atmosphere
section G within insolation 901-1000 W/m?and temperature
30-40°C are shown in Table 2. PF={PF,, PF,, PFs, ..., PFs}

Table 2
The fault matter-element model of atmosphere section G within isolation
901-1000 W/m? and temperature 30-40°C

Fault types Matter-element model
Pri vou (62.8, 67.0)
PF Rp = i (40.6,43.4)
Pout  (2558.0,2904.9)
Pry vour (58.8,63.6)
PF; R = jow  (38.1,41.2)
Pou  (2244.5,2621.9)
Pr3  Vout (53.3,58.5)
PF3 Rps = jow  (34.4,37.8)
Pout  (1838.7,2218.2)
Pry  vou (46.8,51.9)
PFy Rpy = i (30.3,33.6)
Pout  (1417.9,1742.9)
Prs  Vout (40.2, 44.7)
PFs Rps = i (26.0,28.9)
Pout (1047.5,1295.5)
Prs vouw  (33.6,37.4)
PFs Rr = jow  (21.7,24.2)
Pour  (732.9,906.3)
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is the fault set and PF,, denotes the nth faulting sort. The “Nor-
mal operation” is simulated for confirming that the proposed
method can correctly identify the PV system is whether in nor-
mal operation or malfunctioning. The classical regions and value
range of every characteristic are assigned by the lower and upper
boundary of simulated records. In addition, one can set a matter-
element model to express the neighborhood domain of every
characteristic for describing the possible range of all fault set.
The value range of neighborhood domain Vi = (f, g) could be
determined from the maximum and minimum values of every
characteristic in simulated records. This can be represented as

P Vour  (21,53)
C V)= i (13,35) (15)
Pout (326, 1722)

Rp = (Pr

4.2. The diagnostic procedure of the proposed method

The proposed diagnosis method can be dealt with by the com-
puter program. The process of the proposed method is shown as
below:

e Step 1. Establishing the matter-element model of every fault-
ing category in every section, which is performed as follows:

RFj Vout Vj
RFjZ [out Vj N j=1,2,...,6 (16)
Pout YV

where Vi = (aj, bj) is the classical region of every charac-
teristic set. In this paper, the classical region of each fault
matter-element is assigned by the maximum and minimum
values of output voltage, current, and power.

e Step 2. Setting the matter-element of the tested PV modules
as follows:

Prye  Vout Uyl
Rex=(Ppy C Vg)= lout Vg2 a7
Pout  Vf3

e Step 3. Calculating the correlation degrees of the tested PV
modules with the characteristic of each fault matter-element
by the proposed extended correlation function as follows:

—p(v s, V; .
=P Vik) ifog e Vi
Ka(om) [Vikl
ik Ufk =
! ok, Vi) ifo ¢ Vi
P Vi) — p(o sk, Vk) i /
where
b.
V| = |24k (19)
2
ajx+ bk 1
P, Vik) = vﬁ——;LE—i———Eank—aﬂ) (20)
fix+gi| 1
P, Vi) = v = =555 = (e = fir) 1)

e Step 4. Assigning weights to the faulting characteristic such as
Wi1, W2, Wj3, denoting the significance of every faulting char-
acteristic. In this paper, Wj1, Wy, W3 are set as 1/3 because
the significance of these three characteristics are equal.

e Step 5. Calculating the relation degrees of every faulting cat-

egory:
3

=S Wakp G=1,23,...,6) (22)
k=1

e Step 6. Normalizing the relation degrees for every fault
category to be between 1 and —1. This procedure will conve-
niently diagnose the faulting category:

A’.
m / | ifA; >0
, max
N, = N 23)
— /‘\max

e Step 7. Selecting the maximum value from the normal relation
degrees (or 1) to recognize the faulting category of the tested
PV module. The judgmatical equation is shown as follows:

if (A; =1), then (PF, = PF)) (24)

The fault indices obtained from the proposed diagnosis
method not only point out the accuracy of the main fault type
compared to the other, but also indicate the fault probability
of other categories. In general, the more relation index values
that are owned, the greater possibility of a fault to occur.

e Step 8. If anew tested PV module exists, then go back to Step
2, or else end the process.

5. Simulated results

Firstly, the fault records in atmosphere section G are selected
to test the effectiveness of the proposed extension fault diagnosis
method. Table 3 lists eight tested data selected arbitrarily from
the fault records in atmosphere section G. The input parameters
of PV arrays system in every atmosphere section include inso-
lation, temperature and the numbers of fault switch. Whereas,
their output signals are voltage, current and power, which are

for f=1,2,3,...,6;k=1,2,3(18)

also considered as the tested parameters in the diagnosis process.
Table 4 shows the identified results of the proposed method with
the fault relation indices A’; for each fault type. Compared to the
tested data listed in Table 3, it demonstrates that the proposed
diagnosis method can correctly recognize the fault category. For
instance, in tested number 2, the relation index is 1 (or maxi-
mum value) for the fault category PFj. It indicates that the PV
arrays system is now working properly in atmosphere section
G. Moreover, the relation indexes of other fault category are all
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Table 3
The tested data obtained in atmosphere section G
Tested no. Insolation (W/m?) Temperature (°C) The number of fault switch Voltage (V) Current (A) Power (W) Faulting types
1 917 37 4 41.0 26.5 1086.5 PFs
2 983 31 0 66.6 43.1 2878.4 PF;
3 950 33 4 49.3 319 1572.6 PFs
4 928 38 5 34.7 22.4 7713 PF¢
5 931 32 2 54.9 355 1948.9 PF3;
6 998 36 3 51.7 335 1731.9 PF,4
7 946 34 1 61.3 39.7 2433.6 PF,
8 905 35 3 47.1 30.4 1431.8 PF,4
Table 4
The identified results of the proposed method in atmosphere section G
Tested no. Relation indexes )\’/ of fault types Section Result
PF; PF, PF; PF, PFs PF¢
1 -1 —0.935 —0.191 —0.537 1 —0.381 G PFs
2 1 —0.629 —0.834 —0.927 —0.973 —1 G PF,
3 -1 —0.809 —0.421 —0.278 1 —0.803 G PFs
4 -1 —0.98 —0.942 —0.863 —0.690 1 G PFe
5 —0.669 —0.40 1 —0.324 —0.759 -1 G PF3
6 —0.904 —0.671 —0.184 1 —0.644 -1 G PF4
7 —0.226 1 —0.35 —0.726 —0.902 -1 G PF,
8 -1 —0.856 —0.566 1 —0.254 —0.726 G PF4
Table 5
The tested instances of PV system selected from A to G atmosphere sections
Tested no. Insolation (W/m?) ~ Temperature (°C) ~ The number of ~ Voltage (V)  Current (A)  Power (W)  Atmosphere section  Faulting types
fault switch
1 1000 37 3 51.9 33.6 1742.3 G PF,4
2 850 26 0 61.8 40.0 2476.7 F PF;
3 680 19 4 30.3 19.6 594.9 D PFs
4 510 17 2 30.1 19.5 588.6 C PF3;
5 770 23 1 51.1 33.1 1692.8 E PF,
6 570 16 5 21.3 13.8 295.0 C PF¢
7 430 12 2 254 16.4 417.8 B PF3;
8 310 8 1 20.5 13.3 272.8 A PF,

negative values, which mean that the possibility on other fault
category is much lower than the fault category PF.

In addition, the field tested instances of PV system between
A and G atmosphere sections shown in Table 5 are also selected
to reveal the flexibility of the proposed fault diagnosis method.
Table 6 represents the simulated results of six fault types can be

Table 6
The identified results of PV system obtained from A to G atmosphere sections

identified exactly in large field sections. Furthermore, the pro-
posed method can indicate the atmospheric section which the
tested instance belongs to as well. The proposed extension fault
diagnosis method does not only diagnose the main fault category
of the PV system, but can also diagnose that the possibilities of
other fault categories have been revealed by the relation indices.

Tested no. Relation indexes of each fault type Section Diagnostic result
PF; PF, PF; PF4 PFs PFs
1 -1 —0.737 —0.191 1 —0.354 —0.968 G PF4
2 1 —0.435 —0.778 —0.901 —0.963 -1 F PF;
3 -1 —0.134 0.146 0.399 1 0.325 D PFs
4 0.006 0.351 1 0.175 —0.504 —1 C PF3
5 —0.084 1 0.025 —0.580 —0.861 -1 E PF,
6 -1 —0.985 —0.962 —0.919 —0.814 1 C PFe
7 —0.053 0.275 1 0.089 —0.761 —0.962 B PF;
8 0.401 1 0.369 0.005 —0.601 —0.872 A PF,
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Table 7
The comparison of the classification accuracy rate for different methods

Method The number of The amount of constructed The amount of Identification
iteration (or learning) data tested data accuracy rate (%)

The proposed extension method 0 12 6000 99.11

MLP-BP (3-6-6-6) 1500 (epochs) 6000 6000 97.01

K-Means 500 6000 6000 75.183

Table 8
The identification accuracy rate in every atmosphere section

Atmosphere section Accuracy rate (%)

95.879
96.011
96.350
97.946
98.838
99.792
99.117

QTmmgQw»

For example, the relation index of PF4 is 0.399 in tested num-
ber 3, which means that the PV system has a 39.9% possibility
on fault category PF4. In addition, the tested number 4 has the
lowest possibility for PFy, because its relation index is —1 (or
minimum). This information will be useful to find the hidden
fault of the tested object for a maintenance engineer.

To prove the efficiency of the proposed method, the compari-
son of the classification accuracy rate with MLP-BP (Multilayer
Perceptron-Back Propagation) [17] and K-Means clustering [ 18]
are also shown in Table 7. It shows that the atmosphere sec-
tion G includes a total of 6000 instances, which were used to
train the MLP-BP network with 2 hidden layers and 90 connec-
tions. In addition, the K-Means clustering classifies these 6000
sets with 500 iterations, too. Table 7 indicates that the proposed
method has a higher accuracy rate than others, where the pro-
posed method has accuracy of 99% in 6000 tested instances.
Contrarily, the accuracy of a MLP-BP method and K-Means
clustering are, respectively, only 97% and 75% in the same con-
ditions. Moreover, the proposed method does not need learning
procedure, but only using 12 instances to find the low bound and
upper bound of the input features. It is rather beneficial when
implementing the proposed fault diagnosis method in a micro-
computer for a real-time fault detecting device or a portable
instrument. The identification accuracy rate of every atmosphere
section by the proposed fault diagnosis method is also listed in
Table 8. The results verify that the proposed method has high
accuracy rate about 95-99% under different testing conditions.

6. Conclusion

In this paper, an accurate circuit-based PV module was estab-
lished by the PSIM software package, which combined a 3 kW
PV arrays system as well as gathered the tested data for fault
diagnosis. According to the compared results, the proposed
PSIM based PV module possesses a higher accuracy in electrical
parameters than the conventional mathematic model. Further-
more, the simulated results also show that the proposed fault

diagnosis method can easily recognize the main fault category
and indicate the possibilities of others. The less constructed data
utilized, no learning procedures needed and high identification
rate; these are the good features of the proposed fault diagnosis
method. When the capacity of the PV system increases, only a
fractional amount of the data should be modified, thus the update
interval may be much reduced. Therefore, the proposed method
will be easy to implement in a real-time fault detecting device
or a portable instrument. The proposed method also has good
economic benefits for the maintenance of large-scale PV arrays
system with MW power plant capacity in the future.

Appendix A

List of symbols

A ideality factor (A = 1-5) of solar cell

C characteristic vector of multi-dimensional matter-

element
E a set of systematic pairs in U
Egap band gap energy for silicon=1.1eV
1 output current of PV module

Iph photocurrent of PV module

I reverse saturation current at temperature 25 °C, irradi-
ation 1000 W/m?

Lot diode reverse saturation current of solar cell model

Isso short-circuit current at temperature 25 °C, irradiation
1000 W/m?

k Boltzman’s constant = 1.38 x 10723 J/°K

K; short-circuit current temperature coefficient

Ky open-circuit voltage temperature coefficient

np number of cells connected in parallel
ng number of cells connected in series
N name for matter-element

q electron charge = 1.602 x 10~ C
R;

sub-matter-element of multi-dimensional matter-
element

Ry series resistance of solar cell model

Ry shunt resistance of solar cell model

S; solar radiation

T surface temperature of PV module

T: reference temperature of solar cell

U an universe set of the extension set

Vv output voltage of PV module

14 value vector of multi-dimensional matter-element

Vik the classical domain of every characteristic set

Vip modified diode shield voltage
ik the neighborhood domain of every characteristic set
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Wik the weighting factor of the faulting category

X neighborhood domain of primitively extended correla-
tion

Xo classical domain of primitively extended correlation
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