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Sensors placement for the faults detection and isolation based on bridge linked configuration
of photovoltaic array

Introduction. The photovoltaic market has been increased over the last decade at a remarkable pace even during difficult economic
times. Photovoltaic energy production becomes widely used because of its advantages as a renewable and clean energy source. It is eco-

friendly, inexhaustible, easy to install, and the manufacturing time is relatively short. Photovoltaic modules have a theoretical lifespan of
approximately 20 years. In real-life and for several reasons, some photovoltaic modules start to fail after being used for a period of 8 to

10 years. Therefore, to ensure safe and reliable operation of photovoltaic power plants in a timely manner, a monitoring system must be
established in order to detect, isolate and resolve faults. The novelty of the proposed work consists in the development of a new model of
sensors placement for faults detection in a photovoltaic system. The fault can be detected accurately after the analysis of changes in

measured quantities. Purpose. Analysis of the possibility of the number and the position of the sensors into the strings in function of
different faults. Methods. This new method is adapted to the bridge linked configuration. It can detect and locate failure points quickly
and accurately by comparing the measured values. Results. The feasibility of the chosen model is proven by the simulation results under
MATLAB/Simulink environment for several types of faults such as short-circuit current, open circuit voltage in the photovoltaic modules,

partially and completely shaded cell and module. References 21, tables 6, figures 7.

Key words: sensors placement, fault detection and isolation, healthy and faulty operating, photovoltaic field.

Bemyn. Punox ghomoenexmpuunoi enepeii 3pic 3a 0CmanHe 0ecAmunimms HeuMOSIpHUMU MeMAAMy HABiMb Y CKIAOHI eKOHOMIYHI YaCu.
Bupobnuymeo ghomoenexmpuunoi enepeii cmae wiupoxo UKOPUCHOBY8aHUM Hepe3 1020 hepesaci sIK 6IOHOBTIOBAHO20 MA HUCIO20 dJicepend
enepeii. Bin exonoeiuno yucmuil, HeguuepnHuLl, RPOCMull 8 YCMAHO8YI, d YaAC 6U2OMOGIEHHSI BIOHOCHO KopomKuil. DomoenekmpuuHi Mooyl
Maioms meopemuynull. mepmin cyscou npubausno 20 pokis. YV peanvHomy dcummi 3 KilbKOX NPUYUH OesKi (Omoerekmpuyti Mooy
nouuHaloms guxooumu 3 a1ady nicasa euxopucmanns npomsazom 8-10 poxie. Tomy ona ceoecuacHoeo 3abe3neuenns 6e3neunoi ma HAOIHOT
pobomu  homoenekmpuuHUX eneKmpocmanyiti HeoOXiOHO CIMBOPUIMU CUCIEMY MOHIMOPUHEY Ol BUAGNIEHHS, NOKAM3aYii ma YCyHeHHs.
necnpasrocmeii. Hoguszna 3anpononoganoi pobomu nonseac @ po3podyi Hoeoi Mooeni poamiujenHs Oam4uKie 0 UAGNeHHsA HeChpagHocmell
v ¢homoenexmpuuniti cucmemi. Hecnpasnicmo MOXMCHA MOYHO 6UABUMU NICTA AHATIZY 3MIH UMIpO8aHux eeaudut. Mema. Awnaniz
MOJICTUBOCTE KITKOCMI Ma pO3MAuty8ants OAm4uKie y psaoKax 3anedicHo 6i0 piznux necnpaerocmell. Memoou. Lleii nosuii memoo
adanmosano 00 Koughieypayii, nos si3anoi 3 mocmom. Bin mooice wieuoko 1l mouno @uagissmu ma J0KAi3y8amu moyku 30010, NOPIGHIONYU
eumipsini  3Hauenns. Pesynomamu. 30iticnennicmb 0Opanoi MoOeni niOmeepoiCyeEmbCs pe3yibmamamu MOOCIOSAHHSL 8 Cepe0osUuLyi
MATLAB/Simulink 0Ons Kintbkox munié HeCNpasHocmell, MAkux sK CHPYM KOPOMKO20 3aMUKAHHS, HaAnpyed XOA0CMO20 X00y 6
homoenexmpunHUX MOOYISIX, HACMKOBO MA NOGHICMIO 3aMeMHeHa KOMIpKa ma modyw. bioi. 21, tabm. 6, puc. 7.

Kniouogi cnosa: po3MillleHHs1 [JAaTYMKiB, BUSIBJICHHA Ta YCYHeHHs HeCIPAaBHOCTel, cnpaBHa Ta HecnmpaBHa po0oTa,
(oToesieKTpUYHE MOJIE.

Introduction. Photovoltaic (PV) market has been
increased over the last years at a remarkable rate despite
the economic difficulties. Worldwide photovoltaic energy
production has surpassed 100 GW during the last decade
reaching 138.9 GW in 2013 [1]. PV energy production
becomes widely used because of its advantages as a
renewable and clean energy source. It is eco-friendly,
inexhaustible, easy to install, and the manufacturing time
is relatively short. PV modules have a theoretical lifespan
of approximately 20 years. In real-life and for several
reasons, some PV modules start to fail after being used
for a period of 8 to 10 years [2, 3]. Therefore, to ensure
safe and reliable operation of PV power plants in a timely
manner, a monitoring system must be established in order
to detect, isolate and resolve faults.

The goal of the paper is the use of the bridge linked
configuration to improve the performance of the photovoltaic
field. The current of each string is measured continuously,
however the voltage of each two successive modules and the
overall voltage are measured only when the current of a
string is reduced compared to the other strings. The
photovoltaic generator operates at the maximum power point
with the maximum power point tracking (MPPT) function
regardless of the environmental effects.

Subject of investigations. This paper carries out a
comprehensive study of the selection and the analysis of
different topologies of sensors placement in the
photovoltaic field. The conversion of solar radiation into

DC occurs thanks to PV cell which represents the main
component of PV array. One diode PV cell model shown
in Fig. 1 is widely used regarding to its simplicity.

[L Rs

Fig. 1. One diode model of PV cell

Several electric models have been proposed to
represent this model. PV cell is characterized by its
characteristic current-voltage (I/V) which represent all its
electrical configuration [4]. PV cell curve illustrated in Fig.
2 is defined by 3 essential variables: open circuit voltage
(Vse), short circuit current (/) and maximum power point
(MPP). Maximum power is obtained with an optimal
voltage (Vppy) and optimal current (Ippy) [5, 6]. Operating
the PV generator at its MPP is the role of MPP tracker.

The voltage generated by a PV cell is approximately
0.6 V. They should therefore be associated in series in
modules [7, 8] (Fig. 3). The experimental results obtained
from the 3 kinds of coupling series-parallel connection
(SP), total cross tied connection (TCT), bridge linked
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(BL) connection presented in [3], show that the TCT and
BL wiring schemes have lower mismatch losses
comparing to the SP structure leading to increase the
power supplied by the PV field.
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Fig. 2. Current-voltage (I/V) characteristic

In our case we are interested only in the BL
configuration shown in Fig. 3,f. This topology reduces the

number of connections between the modules by about half
compared to the TCT topology, which significantly
reduces the amount deducted and the length of the wiring
of the PV array.

Fig. 3. Main interconnection models of PV modules:

(a) serial connection, (b) parallel connection, (c) series-parallel

connection (SP), (d) total cross tied connection (TCT),
(e) honey-comb connection (HC), (f) bridge linked connection (BL)

Faults detection and isolation. The process of
voltage and current sensors placement is illustrated in
Fig. 4. One voltage sensor is placed for two successes PV
modules linked by node and one current sensor is placed
at the end of each string. For each field (M, N), N current
sensors and [(N-1)-(N+1)/2] voltage sensors are needed.
If [(N=1)-(N+1)] is odd we use the integer number for
voltage sensors which use (m, n) label as follows.

This new model allows detection and isolation of the
faults by comparing the following measured quantities:

e the current of each string (/; ... 1);
e the overall output voltage U,

e the voltage of 2 successive modules connected by a
node U,,,,.

By this way, the string fault can be detected by
current analysis of all strings and accurately locate the
fault according to U,,. In the healthy operating state, the
currents of each string in the same PV modules number
are identical and the voltages of each two successive
modules linked by node are identical.

Different topologies of connecting PV modules. Like
it is shown in Fig. 3, several PV module’s interconnection
topologies are proposed in the literature [9, 10].

Different types of faults. The main type faults and
their causes are detailed in Table 1 [2].

Table 1
Categories of faults
Types of
Increase of the series resistor R;.
Module . .
damage Decrqase 1p shunt res1stpr Ry, ‘
. Deterioration of the antireflection layer of the
(aging) cell.
This failure easily occurs in thin film cells
Short |Cell  |because the top and bottom electrodes are much
circuit closer together.
Module|Resulting faults in the manufacturing process.
Open [Cell  |Fragmentation of cells
circuit{Module|Loose wires
Hot point Partial and total shading

Method for voltage and current measurement.
The collection of measured values using current and
voltage sensors at different points of the PV field allows
to detect precisely the fault and to isolate it through
comparison of these measures with nominal data. A brief
summary of literature works in this context is presented in
Table 2. According to authors in Table 2, voltage and
current measurement methods focus on two axes:

a) methods designed for TCT coupling;

b) the proposed methods for SP coupling.

The following methods can be cited as follow.

Methods of voltage measurement. This method is

described by authors in Table 2.
Table 2

Methods of voltage measurement proposed in the literature
Methods of voltage and current measurement

Types of

coupling

Reference Analysis

This model is used for coupling. In

Total cross each string is placed one voltage

tied (TCT) |[11, 12] |sensor for measurement with parallel
connection connection. Each string is subdivided
into group which use current sensor.
This sensor placement model is used
for PV field connected series-parallel.
Series- Each bloc can present one group of
parallel (SP) [[13, 14] |PV modules with current sensor. The
connection faults position can be located by

analyzing the current and voltage
variation of each branch.

Method of an infrared imaging. The faults in PV
array can be precisely located using a thermal camera [15].

Method of operating point analyzing. This method
is based on analysis and comparison of the current with
the expected MPP [16].

Other methods. In [17],
neural networks analysis and in [18] and [19],
control theory is used for diagnosis.

authors used artificial
fuzzy
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New voltage and current measurement method.
This new method is adapted to the BL configuration.
Fault points can be detected and isolated quickly and
accurately by comparing the measured values.
Considering that a PV array consists of N strings
containing M modules per string, we can determine
[(M=1)-(N-1)/2)] connections (if (M-1)-(N-1) is an odd
integer is used [(M-1)-(N-1)/2]). The connection is
labeled (m, n) if it is located below and to the right of the
(m, n) module [18, 20, 21].

Sensor’s placement technique. In this case, a
voltage sensor is placed for two successive modules
connected by a node, and a current sensor is placed at the
end of each string as illustrated in Fig. 4. Then a field for
(M, N) needs N current sensors and [(M-1)-(N+1)/2]
voltage sensors (if (M—1)-(N+1) is an odd integer is used
[(M=1)-(N+1)/2]). Each voltage sensor takes the label (m, n)
with:

m=1.M-1.
N : pair
{n:(2k)—(l—mmod2). 0
k=1....N/2(m: pair).
where :
k=1....(N/2)+1(m:impair).
. S |m=1.M -1.
N :impair
{n =(2k)—(1—mmod?2). 2)
where:k=1...(N +1)/2.
N strings ——————
| I q2 J
v21 _‘
3 : : v
s ...........

«-- Connection
S
~, Node

1

U(M-T)N+1

Fig. 4. New sensor placement scheme in PV array

Faults diagnosis principle. This new fault diagnosis
model is used to isolate the detected fault point by
comparing the following measured quantities:

The current of each string (I, ... [), the overall
output voltage U and the voltage of two successive
modules connected by a node U,,,. The thong fault can be
detected by current analysis of all the strings and precise
location of the fault can be localized according U,,,,.

In healthy operating state, the current of each string
to identical number of PV modules is the same. Thus, the
fault in a string is confirmed if the current is dropped
compared to another healthy string.

A criterion Ig (standard current) is specified to
distinguish between real faults and small perturbations.
For example, in a (3, 3) PV array as it is shown in
Fig. 5, this criterion is given by:
Is=90% I ax, Where I = max {I, b, .., Iy}.
If the first string is supposed to be faulty, then /,;< I5 and
the standard current /s = 90%/,,,,x where /= max (5, 13).

ot

U2l

By

Fig. 5. (3, 3) PV array

e U}, and U, are the voltage values of the first faulty
string.

e U); and U,; are the voltage values of the second
faulty string.

e U4 and Uy; are the voltage values of the third faulty
string.

e Ug=2/3U is the standard voltage.

The result between Uy, U, and Us allows locating
the faults in the faulty string.

Three cases are possible:

if U12 < Us, U21 > US and ]1 < IS then module(l,l) is faulty,
if Uy <Ug, Uy <Ug and I; < I then module(2,1)is faulty;(3)
if Uj, >Ug, Uy <Ug and I} < I then module(3,1)is faulty.

According to this criterion, a fault in the string is
determined if the current is less than the standard current
Iy when the faulty state is not confirmed.

The voltage U,, of two successive modules
connected by one node is identical to the healthy
operating state and vice versa.

After determining the £ faulty string, the fault point
location in this string is located in function of its voltage.

The values of i and j are given by the following
relationship:

i=1.M-1.
Jj=k+imod2(k :impair) 4)
j=k+1—imod2(k: pair).

The criterion for a fault point location is Us = 2U/M,
where U is the output voltage of the PV field; M is the
number of modules per string. When Uj; exceeds Us, it
means that there is no fault in these 2 modules. Finally,
the fault point will be located after the comparison
between each voltage of U;; and Us.

Faults detection and isolation algorithm. The
algorithm of the faults detection and isolation (FDI) is
illustrated in Fig. 6.
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15=90%Im (Im=max{l{....I}), U= 2*U/N |
L7
|Measurement of Ik (k=1..N, Umn, U)|

L 7
|The relative quantity I (k=1 ,,..N)l

All the string is checked

i

|Measurement for faulty string Uijl

The fault point is
between the two
modules covered
by the Uy sensor

Healthy two modules covered by the U; sensor
and faulty other modules

All compared
Yes F‘

The fault point is determined

Fig. 6. FDI algorithm

Simulation results. The feasibility of the sensor
placement model proposed in this work is proven by
simulation results under MATLAB/Simulink environment
for several types of defects.

The PV module used in this simulation is «Solarex
MSX-60» with 36 cells in series. The electrical
characteristics are represented in Table 3.

The criterion of the selection of the standard current
is specified in order to distinguish between the real fault
and the perturbations.

If the current decreases less than 10 % of the
nominal current then no fault was detected because this
situation cannot be dysfunction the model.

This criterion explains how the 90 % threshold was
chosen to distinguish a defective string from the string
with a maximum current.

The simulated model contains 9 (3, 3) modules (Fig. 7).
5 voltage sensors and 3 current sensors have to be placed.

The simulation is carried out under standard
conditions (solar irradiance is 1000W/m?, atmospheric
mass is 1.5 and cell temperature is 25°C.

The BL configuration illustrated by Fig. 7 in the
paper with sensors placement is realized under
MATLAB/Simulink and after simulation of this model we
obtained the results of 3 scenario of Table 4 and 5. This
model can be realized in real time with more material tool
which is not available at our laboratory.

The simulation parameters of the module are chosen
as follows: serial resistor Ry = 0.23 Q, parallel resistor
R = 6720.65 Q, photo-current [,, = 3.81 A and ideality
factor n = 1.29. In the simulation the module faults
(disconnected, short-circuited) and shadow faults (hot
point phenomenon) are considered.

Three different scenarios can be proposed: the
module is disconnected (scenario 1); short-circuited cell,
several short-circuited cells, short-circuited module
(scenario 2) and different levels of shading (scenario 3).

Table 3

Methods of voltage measurement proposed in literature

Faulty strings String 1 String 2 String 3
Standard current /g 90% max(/y, 13) 90% max(/y, 13) 90% max(/;, 1)
Faulty string current 1<l L<Ig <[

Faulty module anljenlehlaalera]lcywdy]ed] 33
Standard voltage Uy 2/3)U 2/3)U 2/3)U

Voltage of two successive U12<US U12<US U12>US U13<US U13<US U13>US U14<US U14<US U14>US
modules with faulty string U21>US U21<US U21<US U23>US U23<US U23<US U24>US U24<US U24<US

First scenario. In this scenario, we disconnect a
string of modules. All other elements of the field are in
normal conditions. From the results of Table 4, the open-
circuit fault is confirmed due to the zero value of the first-
string current of PV array.

The faulty module number is limited between (1, 1)
and (2, 1) as U, < 2/3U, but the (2, 1) module is
confirmed flawless because U,; value is greater than
2/3U, this analysis can confirm that there is an open-
circuit fault at the module level (1, 1).

Second scenario. In this scenario, three faulty states
are treated: a shorted cell, a group of short-circuited cells
(18 cells) and a short-circuited module (36 cells at a time).

According to the results in Table 4, the output
current and voltage decreased due to the short circuit
fault. It is found that the faultier cells increase over the
current and voltage also decreases.

However, the operating state is almost the same as
the healthy state when the fault occurred at a single cell,
because of this small decrease cannot confirm whether a
default has occurred or not at installation.

The standard current g is equal to 90 % I, with
Loy = max {I,, I, I;}. According to this criterion, the fault
is confirmed in the system when a group of 18 cells
(82.7 % I, = I,) or when a module is completely shorted
(1 I = 80 %). In both cases the current string in fault /; is
less than /5. On to less than 2/3U, Uy, and Uy, voltages are
higher than 2/3U, so the fault is located at the module
level (1, 1).

Third scenario. In this scenario, different shading
rates are applied on a cell module covering the cell
partially and completely. Shading of the PV cell greatly
affects the power output of the plant.
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Fig. 7. The simulated model under Matlab/Simulink environment

Table 4
Scenarios 1 and 2
o) Scenario 1 Scenario 2
Z é _ 2 2
£ E 3 B S
=) & — ‘02 g
Z o
1, 3.54 0 3.52 3.12 3.04
L 3.54 3.57 3.56 3.77 3.80
L 3.54 3.57 3.56 3.77 3.80
U, 34.03 32.25 33.81 | 27.41 18.43
Uy, 34.03 4091 34.17 | 35.65 35.95
Ups 34.03 34.49 33.88 | 29.64 23.69
Uy 34.03 35.17 3391 | 30.30 24.51
2/3U | 34.03 34 33.88 | 29.86 23.96
Table 5
Scenario 3
Scenario 3
[} - -
Elz | B3|z
= g o s X SIS RIS
E| 25| 2z | 23 | E:
Z = | 8% | 8% | 57
o — — Q
I, 3.54
L 3.54
L 3.54
U, 34.03 34.59
Uy, 34.03 34.38 342 34.29 33.83
Ups 34.03 34.47 35.06 34.63 36.25
Ups 34.03 34.41 34.42 34.6 34.28
2/3U | 34.03 34.17 34.84 35.28 35.6

According to the results of Table 5, the power is
reduced to 29 % of the real value when PV cell is
completely shaded.

When the shaded area of the cell is less than or equal
to 50 % of the total area, the fault cannot be confirmed
because of the value of the current /; fault string exceeds
Is (11> 1, 90 %).

In the case when a cell in a PV module is completely
shaded, 83 % I, = L, then the fault is confirmed. Because
of the value of Ui, is greater than 2/3U and U, is less
than 2/3U, I is produced at the module level (3, 1).

The comparison between SP and BL configurations

can be summarized in Table 6.
Table 6

Results of SP and BL configurations

Normal state Open circuit
SP BL SP BL
I, A 6.79 3.54 0 0
L, A 6.79 3.54 6.87 3.57
L, A 6.79 3.54 6.87 3.57
Up, V 54.99 34.03 42.95 32.25
Uy, V 54.99 34.03 65.30 40.91

The voltage in the faulty string of BL configuration
is less than the voltage in SP configuration.

Conclusions.

In this paper, a new sensor placement combination
for the detection and isolation of faults in the photovoltaic
field and the simulation results for different types of faults
are presented.

The number of sensors required and the costs are
reduced significantly in this model compared to other
existing models.

The faults detection and isolation method developed
in this work is confirmed by three different scenarios by
showing how different faults affecting the photovoltaic
field such as short-circuit current, open circuit voltage,
partial and total shading can be presented.

This study opens many perspectives:

o applying this method to the real photovoltaic field;

o applying one structure for faults identification;

e for the diagnostic multi faults cumulated can be
expected.
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