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bstract

In this paper, a circuit-based simulation model of a photovoltaic (PV) panel by PSIM software package is developed, firstly. Then, a 3 kW PV
rrays established by using the proposed PSIM model with series and parallel connection is not only employed to carry out the fault analysis, but

lso to represent its I–V and P–V characteristics at variable surface temperatures and isolations under normal operation. Finally, a novel extension
iagnosis method based on the extended correlation function and the matter-element model was proposed to identify the faulting types of a 3 kW
V system. The simulated results indicate that the proposed fault diagnosis method can detect the malfunction types correctly and promptly.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Although the real-time simulation technique of the PV sys-
em has been developed in [1], it is still difficult to analyze the
eatures of the PV system within the same atmosphere con-
ition. Moreover, these techniques utilize an expensive solar
imulator and their flexibilities are limited due to the construc-
ion of hardware. Numerous researchers have been trying to
evelop adequate simulation model by the simulation platforms
or instance SPICE [2], SABER [3], and EMTP [4]. However,
he combination of the PV system with varied series and par-
llel topology by using these simulation models cannot reveal
he characteristics of the PV system. The simulated time is also
n obstacle with these software platforms. Although the rate
f calculation can be speeded up with the traditional mathe-
atic model [5], the electrical behavior of the PV system still

annot be shown significantly. Furthermore, there are some sim-
lation models being constructed with Neural Networks [6],

uzzy [7] and Neural Fuzzy [8] algorithms for improving the
imulated performance of the PV system, but an accurate model
nd expansibility of the PV system is still difficult to achieve.

∗ Corresponding author. Tel.: +886 4 23924505x7272; fax: +886 4 23922156.
E-mail address: chaokh@ncut.edu.tw (K.-H. Chao).
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With the related technology of photovoltaic (PV) systems
apidly growing, photovoltaic capability is increasing from an
ndividual system (kW) to the power plant (MW). If the PV mod-
les have a shading fault in one series of the connection branch,
he shaded branch will actually be a burden that drains the gen-
rated power from the non-shaded solar modules. In addition,
he shading situations may cause a so-called irreversible hot-
pot damage to the cell, which causes focal-point heating with
emperatures higher than 150 ◦C [9]. The PV system would be
amaged under such shading effects over a long period of time
10]. Moreover, electrical accidents and module aging may also
ause solar modules malfunction [11]. Meanwhile, PV modules
re mismatched in terms of series connection with the transmis-
ion line resister which will lead to the output characteristics of
V modules greatly varying. Due to the continuous fault changes
entioned above, the output power and generation efficiency
ill fall.
Nowadays, since there is no supervisory mechanism for PV

ystems in a power level from 1 to 10 KW, thus, the exact faulting
ype identification is difficult for system operators. Therefore,
raditional false diagnosis process causes a lot of time and man-

ower to be wasted in this search. What is more, the individual
ower plant (MW) runs at hundreds of volts, the maintenance
ould involve potential peril to employees. Hence, there is a need
or diagnosing the PV system failure quickly and efficiently.

mailto:chaokh@ncut.edu.tw
dx.doi.org/10.1016/j.epsr.2006.12.012
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module surface temperature are included in the external DLL
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A PSIM circuit-based model of the PV panel is presented in
his paper for enhancing not only the less simulation time with
arge-scale PV arrays, but also showing the electrical behav-
ors of PV arrays for various topologies of series and parallel
ombination. In addition, a 3 kW photovoltaic arrays model was
stablished to investigate the I–V and P–V characteristics and
mpacts of insolation, temperature and load varying. The PSIM
odel can be also used for further investigations, such as fea-

ures of partial shadowing fault, module performance decayed
nalysis of PV panel, islanding analysis, etc. Furthermore, an
xtension diagnosis method based on the extended correlation
unction and the matter-element model was also proposed to
dentify the faulting types of the 3 kW PV system. The exten-
ion theory was proposed by Cai in 1983 for the purpose of
olving inconsistent problems [12]. It has been adopted widely
n many applications [13]. Nevertheless, the extension theory
as seldom been employed in PV modules malfunction inves-
igation. Since this theory allows classification problems with
ange features, analog input, discrete output, and without learn-
ng process, it is very suitable for PV fault diagnosis application.
he matter-element model and extended mathematics are the
ain principles of extension theory. It can indicate the alter-

ble relations between quality and quantity by matter-element
ransformation. The proposed fault diagnosis method will firstly
reate a set of fault matter-element of PV modules, and then a
egular extended correction function will identify the fault type
f PV arrays by calculating the degrees of extended correction.
ccording to these results, the proposed fault diagnosis method
etects the malfunction correctly and promptly with less mem-
ry consumption and the maintenance staffs can confirm the
ault types of PV system without system interruption.

. PSIM based solar module modeling

The solar cell is basically a p–n junction diode, and its tra-
itional equivalent circuit may express itself similar to what is
hown in Fig. 1 [6]. Where Rs is the very small series resistance
nd Rsh is the quite large shunt resistance. Dj is the ideal P–N
iode, Iph expressed as the photocurrent source generated pro-
ortionally by the surface temperature and insolation. V and I

epresent the output voltage and output current of the solar cell,
espectively. According to the physical property of p–n semicon-
uctor, the I–V characteristics of PV module could be expressed

Fig. 1. The equivalent circuit of a solar cell.

(
i
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s follows [3]:(
1 + Rs

Rsh

)
= npIph− npIsat

[
exp

{
q

AkT

(
V

ns
+ IRs

)}
−1

]

− V − ns

Rsh
(1)

n Eq. (1), q is the electron charge (1.602 × 10−19, C); k repre-
ents the Boltzman constant (1.38 × 10−23 J/◦K), T is the surface
emperature of PV module and A shows the ideality factor
A = 1–5). Where ns is the number of cells connected in series
nd np is the number of cells parallelly connected. In addition,
he module reverse saturation current Isat shown in Eq. (2) varies
ith temperature T:

sat = Irr

(
T

Tr

)3

exp

{
qEgap

kA

(
1

Tr
− 1

T

)}
(2)

gap is the energy of the band gap for silicon (Egap ∼= 1.1 eV), and
r is the reference temperature of solar cell. The Iph expressed in
q. (3) represents the photocurrent proportionally produced to

he level of cell surface temperature and radiation. Where Isso is
he short-circuit current, ki the short-circuit current temperature
oefficient, and Si is the solar radiation inW/m2:

ph = {Isso + ki(T − Tr)} Si

1000
(3)

A circuit-based SIEMENS SP75 solar module model will be
ormed from the PSIM software package. PSIM is a simulation
oftware package especially designed for power electronics and
otor control. It possesses the characteristics of fast speed and

rovides a powerful simulation environment for power electron-
cs, analog and digital control, and motor drive systems [14]. The
elated specifications of SIEMENS SP75 can be found from the
anufacturer datasheet [15]. In order to exhibit the influence

f insolation and temperature, the tested scheme of PV module
ased on the PSIM software package is constructed as shown in
ig. 2. Eq. (1) is reproduced as the PSIM module and Eq. (3)

s represented as ‘Iph.dll block’ in C-code to produce photocur-
dynamic link library) block, which allows users to write code
n C/C++, and link it with PSIM. In addition, the “fault switch”

Fig. 2. The scheme diagram of PSIM based PV module.
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Fig. 3. The inner subcircuit of the proposed PV module.

ould switch the proposed PSIM module to engage in faulting
imulation or normal operation.

Fig. 3 shows the inner subcircuit of proposed PV module,
here Vtp is the modified diode shield voltage as the temperature

s changing, which can be expressed as Eq. (4), where kv is the
pen-circuit voltage temperature coefficient:

tp = kv(T − Tr) (4)

Fig. 4(a) and (b) shows the simulated I–V and P–V char-
cteristic curves of SIEMENS SP75 at variable irradiance and
emperature by using the proposed PSIM model. It is clear that
he simulated I–V and P–V characteristic curves are all close
o those found from the manufacture datasheet of SIEMENS
P75 [15]. As we can see from Eq. (1), the photovoltaic current

s a function of itself, causing an algebraic loop problem. For
olving this problem, the series resistance is always neglected in
onventional mathematical model to form a simple equation. Its
esults show that the proposed PSIM model can be significantly
ore accurate than the conventional model in simulating the PV
odule characteristics.

. The summary of extension theory

In the Cantor set, an element either belongs to or does not
elong to a set, so the range of the Cantor set is {0,1}, which can
e used to solve a two-valued problem. In contrast to the standard
et, the fuzzy set allows for the description of concepts in which

he boundary is not explicit. It concerns not only whether an
lement belongs to the set but also to what degree it belongs to.
he range of a fuzzy set is [0,1]. The extension set extends the

uzzy set from [0,1] to (−∞,∞). As a result, it allows us to define

3

t

able 1
hree different sorts of mathematical sets

ompared item Cantor set

esearch objects Data variables
odel Mathematics model
escriptive function Transfer function
escriptive property Precision
ange of set CA(x) ∈ (0,l)
ig. 4. The simulated characteristic curves of the proposed PSIM based PV
odel at variable irradiance and temperature: (a) I–V curve and (b) P–V curve.

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

he next section.
.1. Matter-element model

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

Fuzzy set Extension set

Linguistic variables Contradictory problems
Fuzzy mathematics model Matter-element model
Membership function Correlation function
Ambiguity Extension
μA(x) ∈ [0,l] KA(x) ∈ (−∞,∞)
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efine the matter with name N, whose characteristic is c, and v

s the value related to c. The matter-element can be expressed as
ollows [12]:

= ( N c v ) (5)

here N, c, and v are called the three fundamental elements
f the matter-element. For example, R = (John, weight, 90 kg)
an be used to state that John’s weight is 90 kg. In addition, we
an assign the R = ( N C V ) as a multi-dimensional matter-
lement with a characteristic vector C = [ c1 c2 . . . cn ]
nd the value vector V = [ v1 v2 . . . vn ] with respect to
. The multi-dimensional matter-element is described as

= ( N C V ) =

⎡
⎢⎢⎢⎢⎣

R1

R2

...

Rn

⎤
⎥⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎢⎣

N c1 v1

c2 v2

...
...

cn vn

⎤
⎥⎥⎥⎥⎦ (6)

n Eq. (6), Rj = ( N cj vj ) (j = 1, 2, . . ., n) is the sub-
atter-element of R. Based on the matter-element model, a

ew mathematical concept can be established to characterize
he relationship between the quality and quantity of a matter by

atter-element model.

.2. Conception of extension set

Set theory is a kind of mathematical scheme that describes the
lassification and pattern recognition about an objective. A Can-
or set describes the definiteness of matters; a fuzzy set describes
he fuzziness of matters. The extension set extends the fuzzy set
rom [0,1] to (−∞,∞) [12]. An extension set is composed of
wo definitions.

efinition 1. Let U be a space of objects and x a generic element
f U, then an extension set Ẽ in U is defined as a set of ordered
airs as follows:

˜ = {(x, y)|x ∈ U, y = K(x) ∈ (−∞, ∞)} (7)

here y = K(x) is called the correlation function for extension
et Ẽ. The K(x) maps each element of U to a membership grade
etween −∞ and ∞. An extension set Ẽ in U can be denoted
y

˜ = E+ ∪ Z0 ∪ E− (8)

here

+ = {(x, y)|x ∈ U, y = K(x) > 0} (9)

0 = {(x, y)|x ∈ U, y = K(x) = 0} (10)

− = {(x, y)|x ∈ U, y = K(x) < 0} (11)

In Eqs. (9)–(11), E+, E− and Z0 are called, respectively, the

ositive field, negative field and zero boundary in Ẽ.

efinition 2. If X0 = 〈a,b〉, and X = 〈f,g〉, are two intervals in
he real number field, and X0 ⊂ X, where X0 and X are the clas-
ical (concerned) and neighborhood domains, respectively. The

a
d
s
t

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

orrelation function in the extension theory can be defined as
ollows:

(x) =
⎧⎨
⎩

−ρ(x, X0) x ∈ X0

ρ(x, X0)

ρ(x, X) − ρ(x, X0)
x /∈ X0

(12)

here

(x, X0) =
∣∣∣∣x − a + b

2

∣∣∣∣ − b − a

2
(13)

(x, X) =
∣∣∣∣x − f + g

2

∣∣∣∣ − g − f

2
(14)

The correlation function can be used to calculate the member-
hip grade between x and X0. The extended membership function
s shown in Fig. 5. When K(x) ≥ 0, it indicates the degrees to
hich x belongs to X0. When K(x) < 0 it describes the degree to
hich x does not belong to X0. When −1 < K(x) < 0, it is called

he extension domain, which means that the element x still has
chance to become part of the set if conditions change.

. The proposed faulting diagnosis method

A 3 kW photovoltaic arrays model with 4 × 40 series–parallel
onnection can be constructed by the circuit-based PSIM model
f single PV module. The PV system generates a maximum
ower of 2992 W at 68 V rated output voltage and 44 A rated out-
ut current. Fig. 6 shows the I–V and P–V characteristic curves of
he established 3 kW PV arrays. To simulate the “Module Fault”
n the PV system, the fault switch located at the PV system can
e firstly selected, then setting the amount of faulting PV pan-
ls and assigning the insolation and temperature to simulate the
odule fault operation.
The output voltage, current, and power will differ at var-

ed atmosphere in all fault categories when failure continuously
hanged. Consequently, the proposed fault diagnosis method
ivides atmosphere into seven sections according to the aver-

ge temperature and relative irradiation in Taiwan [16]. The
istinguishable specification of the atmosphere sections repre-
ents as Fig. 7. Sections C–G are the atmosphere conditions for
he most PV system operation. A and B sections represent the
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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/m2and temperature
30–40 ◦C are shown in Table 2. PF = {PF1, PF2, PF3, . . ., PF6}

Table 2
The fault matter-element model of atmosphere section G within isolation
ig. 6. The simulated I–V and P–V characteristic curves of the 3 kW PV arrays.

nsufficient irradiation region. Moreover, the extension diagno-
is method establishes the matter-element model for all faulting
orts in every atmosphere region. The output power, voltage, and
urrent of PV system are regarded as the characteristics of the
atter-element in the proposed method.
In the process of the proposed method, the atmosphere sec-

ions will discriminate firstly when malfunction takes place.
ollowing this, the detector measures the three characteristic
alues and delivers it to the proposed malfunction investiga-
ion system. Finally, the fault category will be recognized by
electing the maximum value of all relation degree indices.
ccording to the recognized result, the maintained staff can
nd up the amount of panels that broke down and proceed with

roubleshooting.

.1. Matter-element model of fault categories

Based on the proposed diagnosis method, the faulting cate-
ories can be divided into six kinds. The represented symbols
f these fault categories are described below:
PF1. Normal operation.
PF2. Any 1 branch with 1 module fault in 10 series of con-
nection branches.

Fig. 7. The distinguishable specification of the atmosphere sections.

9

F

P

P

P

P

P

P

ig. 8. The output power of PV array system when module failure happened at
he standard test conditions (STC).

PF3. Any 2 branches with 1 module fault in 10 series of
connection branches.
PF4. Any 3 branches with 1 module fault in 10 series of
connection branches.
PF5. Any 4 branches with 1 module fault in 10 series of
connection branches.
PF6. Any 5 branches with 1 module fault in 10 series of
connection branches.

Fig. 8 indicates that the power output degrades rapidly when
odule failure happened at Standard Test Conditions (STC, irra-

2 ◦
01–1000 W/m2 and temperature 30–40 ◦C

ault types Matter-element model

F1 RF1 =
{

PF1 vout 〈62.8, 67.0〉
iout 〈40.6, 43.4〉
pout 〈2558.0, 2904.9〉

}

F2 RF2 =
{

PF2 vout 〈58.8, 63.6〉
iout 〈38.1, 41.2〉
pout 〈2244.5, 2621.9〉

}

F3 RF3 =
{

PF3 vout 〈53.3, 58.5〉
iout 〈34.4, 37.8〉
pout 〈1838.7, 2218.2〉

}

F4 RF4 =
{

PF4 vout 〈46.8, 51.9〉
iout 〈30.3, 33.6〉
pout 〈1417.9, 1742.9〉

}

F5 RF5 =
{

PF5 vout 〈40.2, 44.7〉
iout 〈26.0, 28.9〉
pout 〈1047.5, 1295.5〉

}

F6 RF6 =
{

PF6 vout 〈33.6, 37.4〉
iout 〈21.7, 24.2〉
pout 〈732.9, 906.3〉

}
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s the fault set and PFn denotes the nth faulting sort. The “Nor-
al operation” is simulated for confirming that the proposed
ethod can correctly identify the PV system is whether in nor-
al operation or malfunctioning. The classical regions and value

ange of every characteristic are assigned by the lower and upper
oundary of simulated records. In addition, one can set a matter-
lement model to express the neighborhood domain of every
haracteristic for describing the possible range of all fault set.
he value range of neighborhood domain V ′

F = 〈f, g〉 could be
etermined from the maximum and minimum values of every
haracteristic in simulated records. This can be represented as

F = ( PF C V ′
F ) =

⎧⎪⎨
⎪⎩

PF Vout 〈21, 53〉
iout 〈13, 35〉
pout 〈326, 1722〉

⎫⎪⎬
⎪⎭ (15)

.2. The diagnostic procedure of the proposed method

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

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

RFj =

⎡
⎢⎣

RFj Vout Vj1

Iout Vj2

pout Vj3

⎤
⎥⎦ , j = 1, 2, . . . , 6 (16)

where Vjk = 〈ajk, bjk〉 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.
Step 2. Setting the matter-element of the tested PV modules
as follows:

RFx = ( PFx C VF ) =

⎧⎪⎨
⎪⎩

PFx vout vf1

iout vf2

pout vf3

⎫⎪⎬
⎪⎭ (17)

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:

Kjk(vfk) =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

−ρ(vfk, Vjk)

|Vjk| if vfk ∈ Vjk

ρ(vfk, Vjk)

ρ(vfk, V
′
jk) − ρ(vfk, Vjk)

if vfk /∈ Vjk

for

where

|Vjk| =
∣∣∣∣bjk − ajk

2

∣∣∣∣ (19)

∣∣ ajk + bjk

∣∣ 1

ρ(vfk, Vjk) = ∣∣vfk −

2
∣∣ −

2
(bjk − ajk) (20)

ρ(vfk, V
′
jk) =

∣∣∣∣vfk − fjk + gjk

2

∣∣∣∣ − 1

2
(gjk − fjk) (21)

i
m
a
G

ems Research 78 (2008) 97–105

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

Step 4. Assigning weights to the faulting characteristic such as
Wj1, Wj2, Wj3, denoting the significance of every faulting char-
acteristic. In this paper, Wj1, Wj2, Wj3 are set as 1/3 because
the significance of these three characteristics are equal.
Step 5. Calculating the relation degrees of every faulting cat-
egory:

λj =
3∑

k=1

WjkKjk (j = 1, 2, 3, . . . , 6) (22)

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:

λ′
j =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

λj

|λmax| if λj > 0

λj

| − λmax| if λj < 0

(23)

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 (λ′
j = 1), then (PFx = PFj) (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.
Step 8. If a new tested PV module exists, then go back to Step
2, or else end the process.

. Simulated results

Firstly, the fault records in atmosphere section G are selected
o test the effectiveness of the proposed extension fault diagnosis

ethod. Table 3 lists eight tested data selected arbitrarily from
he fault records in atmosphere section G. The input parameters
f PV arrays system in every atmosphere section include inso-
ation, temperature and the numbers of fault switch. Whereas,
heir output signals are voltage, current and power, which are

lso considered as the tested parameters in the diagnosis process.
able 4 shows the identified results of the proposed method with

he fault relation indices λ′
j for each fault type. Compared to the

ested data listed in Table 3, it demonstrates that the proposed
iagnosis method can correctly recognize the fault category. For

nstance, in tested number 2, the relation index is 1 (or maxi-

um value) for the fault category PF1. It indicates that the PV
rrays system is now working properly in atmosphere section
. 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/m2) 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 PF5

2 983 31 0 66.6 43.1 2878.4 PF1

3 950 33 4 49.3 31.9 1572.6 PF5

4 928 38 5 34.7 22.4 777.3 PF6

5 931 32 2 54.9 35.5 1948.9 PF3

6 998 36 3 51.7 33.5 1731.9 PF4

7 946 34 1 61.3 39.7 2433.6 PF2

8 905 35 3 47.1 30.4 1431.8 PF4

Table 4
The identified results of the proposed method in atmosphere section G

Tested no. Relation indexes λ′
j of fault types Section Result

PF1 PF2 PF3 PF4 PF5 PF6

1 −1 −0.935 −0.191 −0.537 1 −0.381 G PF5

2 1 −0.629 −0.834 −0.927 −0.973 −1 G PF1

3 −1 −0.809 −0.421 −0.278 1 −0.803 G PF5

4 −1 −0.98 −0.942 −0.863 −0.690 1 G PF6

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 PF2

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/m2) Temperature (◦C) The number of
fault switch

Voltage (V) Current (A) Power (W) Atmosphere section Faulting types

1 1000 37 3 51.9 33.6 1742.3 G PF4

2 850 26 0 61.8 40.0 2476.7 F PF1

3 680 19 4 30.3 19.6 594.9 D PF5

4 510 17 2 30.1 19.5 588.6 C PF3

5 770 23 1 51.1 33.1 1692.8 E PF2

6 1.3
7 5.4
8 0.5

n
c

A
t
T

i
p

T
T

T

1
2
3
4
5
6
7
8

570 16 5 2
430 12 2 2
310 8 1 2

egative values, which mean that the possibility on other fault
ategory is much lower than the fault category PF1.
In addition, the field tested instances of PV system between
and G atmosphere sections shown in Table 5 are also selected

o reveal the flexibility of the proposed fault diagnosis method.
able 6 represents the simulated results of six fault types can be

t
d
o
o

able 6
he identified results of PV system obtained from A to G atmosphere sections

ested no. Relation indexes of each fault type

PF1 PF2 PF3 PF4

−1 −0.737 −0.191 1
1 −0.435 −0.778 −0.901

−1 −0.134 0.146 0.399
0.006 0.351 1 0.175

−0.084 1 0.025 −0.580
−1 −0.985 −0.962 −0.919
−0.053 0.275 1 0.089

0.401 1 0.369 0.005
13.8 295.0 C PF6

16.4 417.8 B PF3

13.3 272.8 A PF2

dentified exactly in large field sections. Furthermore, the pro-
osed method can indicate the atmospheric section which the

ested instance belongs to as well. The proposed extension fault
iagnosis method does not only diagnose the main fault category
f the PV system, but can also diagnose that the possibilities of
ther fault categories have been revealed by the relation indices.

Section Diagnostic result

PF5 PF6

−0.354 −0.968 G PF4

−0.963 −1 F PF1

1 0.325 D PF5

−0.504 −1 C PF3

−0.861 −1 E PF2

−0.814 1 C PF6

−0.761 −0.962 B PF3

−0.601 −0.872 A PF2
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Table 7
The comparison of the classification accuracy rate for different methods

Method The number of
iteration

The amount of constructed
(or learning) data

The amount of
tested data

Identification
accuracy rate (%)

The proposed extension method 0 12
MLP-BP (3-6-6-6) 1500 (epochs) 6000
K-Means 500 6000

Table 8
The identification accuracy rate in every atmosphere section

Atmosphere section Accuracy rate (%)

A 95.879
B 96.011
C 96.350
D 97.946
E 98.838
F
G

F
b
o
l
m
f

s
P
a
t
t
t
s
m
p
C
c
d
p
u
i
c
i
s
T
a

6

l
P
d
P
p
m

d
a
u
r
m
f
i
w
o
e
s

A

L
A
C

E
E
I
I
I

I
I

k
K
K
n
n
N
q
R

R
R
S
T
T
U
V

99.792
99.117

or example, the relation index of PF4 is 0.399 in tested num-
er 3, which means that the PV system has a 39.9% possibility
n fault category PF4. In addition, the tested number 4 has the
owest possibility for PF1, because its relation index is −1 (or
inimum). This information will be useful to find the hidden

ault of the tested object for a maintenance engineer.
To prove the efficiency of the proposed method, the compari-

on of the classification accuracy rate with MLP-BP (Multilayer
erceptron-Back Propagation) [17] and K-Means clustering [18]
re also shown in Table 7. It shows that the atmosphere sec-
ion G includes a total of 6000 instances, which were used to
rain the MLP-BP network with 2 hidden layers and 90 connec-
ions. In addition, the K-Means clustering classifies these 6000
ets with 500 iterations, too. Table 7 indicates that the proposed
ethod has a higher accuracy rate than others, where the pro-

osed method has accuracy of 99% in 6000 tested instances.
ontrarily, the accuracy of a MLP-BP method and K-Means
lustering are, respectively, only 97% and 75% in the same con-
itions. Moreover, the proposed method does not need learning
rocedure, but only using 12 instances to find the low bound and
pper bound of the input features. It is rather beneficial when
mplementing the proposed fault diagnosis method in a micro-
omputer for a real-time fault detecting device or a portable
nstrument. The identification accuracy rate of every atmosphere
ection by the proposed fault diagnosis method is also listed in
able 8. The results verify that the proposed method has high
ccuracy rate about 95–99% under different testing conditions.

. Conclusion

In this paper, an accurate circuit-based PV module was estab-
ished by the PSIM software package, which combined a 3 kW
V arrays system as well as gathered the tested data for fault

iagnosis. According to the compared results, the proposed
SIM based PV module possesses a higher accuracy in electrical
arameters than the conventional mathematic model. Further-
ore, the simulated results also show that the proposed fault

V
V
V
V

6000 99.11
6000 97.01
6000 75.183

iagnosis method can easily recognize the main fault category
nd indicate the possibilities of others. The less constructed data
tilized, no learning procedures needed and high identification
ate; these are the good features of the proposed fault diagnosis
ethod. When the capacity of the PV system increases, only a

ractional amount of the data should be modified, thus the update
nterval may be much reduced. Therefore, the proposed method
ill be easy to implement in a real-time fault detecting device
r a portable instrument. The proposed method also has good
conomic benefits for the maintenance of large-scale PV arrays
ystem with MW power plant capacity in the future.

ppendix A

ist of symbols
ideality factor (A = 1–5) of solar cell
characteristic vector of multi-dimensional matter-
element

˜ a set of systematic pairs in U
gap band gap energy for silicon ∼= 1.1 eV

output current of PV module
ph photocurrent of PV module
rr reverse saturation current at temperature 25 ◦C, irradi-

ation 1000 W/m2

sat diode reverse saturation current of solar cell model
sso short-circuit current at temperature 25 ◦C, irradiation

1000 W/m2

Boltzman’s constant ∼= 1.38 × 10−23 J/◦K
i short-circuit current temperature coefficient
v open-circuit voltage temperature coefficient
p number of cells connected in parallel
s number of cells connected in series

name for matter-element
electron charge ∼= 1.602 × 10−19 C

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

s series resistance of solar cell model
sh shunt resistance of solar cell model
i solar radiation

surface temperature of PV module
r reference temperature of solar cell

an universe set of the extension set
output voltage of PV module

value vector of multi-dimensional matter-element

jk the classical domain of every characteristic set
tp modified diode shield voltage
′
jk the neighborhood domain of every characteristic set
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jk the weighting factor of the faulting category
neighborhood domain of primitively extended correla-
tion

0 classical domain of primitively extended correlation
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