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Abstract

Finding faults and partial shadow conditions are the key challenges for photovoltaic (PV)
system. Furthermore, by being aware of how many broken modules and strings there are, the
power loss can be averted. Some studies are conducted in this project to address these issues in
order to distinguish between faults and partially shaded conditions as well as the quantity of
mismatched modules and strings for a dynamic change in irradiation. Based on a
straightforward observation of the PV array's Current versus Voltage (I-V) characteristic curve
under fault conditions, the suggested approach has evolved in two key steps. Using
predetermined variables that are continuously updated from PV array voltage, current, and
irradiation, the type of fault is first identified. By comparing the data with theoretical predictions
derived from the PV array's I-V characteristic curve, it then provides the number of short-
circuited bypass diodes and open-circuited blocking diodes. MATLAB/Simulink simulations

have been used to verify the suggested approach.

Keywords: Photovoltaic (PV) Array, Faults, (I1-V) characteristic curve, Line-Line (LL) fault,

MATLAB Simulink.
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Chapter 1

Introduction

1.1 Background

Renewable energy comes from natural resources that reappear throughout time without depleting
global resources. Additional benefits of these resources are their abundance, accessibility, and
minimal or nonexistent environmental impact. The thermal energy found in the earth's crust, wind,
solar, and solar-wind energy are a few examples. Consistent electricity from renewable sources
and fuel diversity increase energy security, lower the chance of fuel leaks, and lessen the
requirement for imported fuels [1]. The use of renewable energy sources is currently very popular.
Research in this area has grown as a result of the need for and limited supply of conventional
energy sources, as well as the creation of new energy sources. Since it seems to be one of the most
promising renewable energy sources, solar energy has drawn a lot of attention as a source of power.
It is unconventional for the environment and uses no gasoline [3]. A photovoltaic (PV) system's
output power is affected by the weather due to its nonlinear 1-V characteristic. I-V characteristics
of power peaks occur at specific times [2]. The maximum power point (MPP) has been reached,
and the power change rate is now zero. The MPP of a PV system changes with temperature and
solar radiation; hence, it is impossible for a PV system to operate at its MPP without making the
appropriate system adjustments. [1]. Solar energy is the sun's radiant heat and light, and examples
of ways to harness it include solar power which may be used to generate electricity and solar
thermal energy which can be used to heat water [3].

1.2 Concept of Solar Photovoltaic

The term "photovoltaic” refers to semiconductors that exhibit the photovoltaic effect and are used

in the conversion of light into electricity. The creation of voltage across a semiconductor's PN



junction as a result of light absorption is known as the photovoltaic effect [3]. Photovoltaic devices
are the ones that are dependent on this occurrence. Semiconducting components in a solar panel
absorb light energy when it is exposed to the sun. The released electrons produce the external DC
current as a result of the energy that was absorbed. The coupling of the p and n layers to an external
circuit causes electrons to travel from the n-layer to the p-layer [4, 5]. PV cells are composed of a
minimum of two layers of a semiconducting material, frequently silicon, which has been doped
with special additives. On opposing layers, there are positive and negative charges. Light that
penetrates the cell generates energy that permeates every layer of the cell. According to the
brightness of the light, each cell produces a particular amount of electrical power, as seen in Figure

1.1 below.

-
Electric
'-' energy

Figure 1.1 Photovoltaic Device

1.2.1 Photovoltaic Module

In a PV module, several PV cells are linked in parallel and series to enhance voltage and decrease
current, respectively. The industry standard for large-scale power generation uses modules with
36 cells. A mountable device is often held together by an aluminum frame with weather-resistant
edges. The electrical connection point for the module is the junction box, also known as the wire

leads, which is found on the rear of the module.



1.2.2 Photovoltaic Array

A solar photovoltaic array is a setup made up of numerous solar panels that are interconnected.
Individual photovoltaic cells are linked together to form photovoltaic solar panels [7]. Numerous
solar panels are electrically linked together to form an array, which is a bigger photovoltaic
installation [8]. Photovoltaic panels and cells convert solar energy into direct-current (DC) power.
Similar to how PV cells are joined in a single panel, solar panels are connected in a single
photovoltaic array. An array's panels can be connected in series, parallel, or a combination of the

three; however, a series connection is frequently chosen to increase output voltage.

() Solar Cell (b) PV Module (©) PV Array

Figure 1.2 (a) Cell (b) Module (c) Array

1.3 Solar Cell Conversion Efficiency
For a traditional solar cell, conversion efficiency is defined as the ratio of the greatest power output
generated to the power input, or incident power. The following output properties, which are

defined, have a big impact on a solar cell's efficiency.



1.3.1 Short Circuit Current (Isc)

When the solar cell's electrodes are damaged, the short circuit current (Isc), which travels through
the external circuit, occurs. Both the flux density and the spectrum of the incident light have an
impact on this current. The AM1.5 wavelength is used as the reference spectrum for measurements
of typical solar cell parameters [9]. At any given light level, this is the solar cell's maximum current
delivery capacity. The highest wavelength at which a specific semiconductor may produce
electron-hole pairs is the highest wavelength at which the maximum Isc is calculated. The equation
E (eV) = 1.24 is frequently used to explain the connection between the 1.1 eV band gap. When
exposed to an AML1.5 spectrum, crystalline silicon solar cells have a maximum output of 46
mA/cm? [10].

1.3.2 Open-Circuit Voltage (Voc)

The voltage is referred to as the "open-circuit voltage" when the solar cell terminals are open or
disconnected from a load because no current is currently flowing through the external circuit at
that time. It is the highest voltage a solar cell is capable of producing under any particular
illumination situation [11]. In this equation, the photo-generated current density lpnhoton, the
saturation current Is, and the voltage Voc are all connected. The open circuit voltage, which largely
depends on the saturation current, is another sign of recombination in the solar cell. The maximum
value of the open circuit voltage for silicon solar cells is 700 mV [12].

1.4 Objectives of the Project

The objectives of the project are to compare the output power in the system when there is a fault

in the PV such as; line-line fault, open circuit fault and ground faults.



1.5 Expected Outcomes

The goal of this project is to evaluate and compare the power output under normal and fault
conditions. The results will be generated from the simulation of the specification data.

1.6 Project outline

Chapter 1 introduces the overall aspects of photovoltaic (PV) systems. The background details of
solar cells, modules, and arrays are presented.

Chapter 2 includes the literature review on faults in a PV array, Fault-Tolerant PV system,
reconfigurable PV panel and the classification of faults in PV arrays.

Chapter 3 compiles the modeling and simulations of PV modules

Chapter 4 includes results and analysis of PV module and array.

Chapter 5 contains the future scope and conclusion of this project.



Chapter 2

Faults in a PV Array

2.1 PV Cell Faults

Numerous factors including contact failure, wire corrosion, hail damage, moisture, etc., can cause
a PV system to malfunction [13]. In a two-year monitoring study of 27 PV systems, the authors
[14] found that the annual occurrence rates of PV cell failures ranged from 1.1% to 11.7%. The
failure rate of PV systems in space is significantly higher as a result of the rise in orbital debris
[15]. An open circuit at the PV cell position is the same as a PV cell fault. The remaining PV cells
in the same PV cell group experience a reverse bias when one PV cell fails. The reverse bias issue
can be solved by integrating bypass diodes with PV cells [16, 17]. Figure 3.1 shows a typical PV
system architecture. A single bad PV cell would reduce output power by 1/16, or 6.25%, for the
PV panel. Because PV cells in a PV panel cannot function at their MPPs when the balanced
structure of a PV panel is harmed by the faults, the true output power loss caused by one defective

PV cell is 16.5% [28].
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Figure 2.1 A typical PV system architecture [27]
Unfortunately, manually identifying and resolving problems with distant PV systems (e.g. PV
systems in orbital or deep space missions) are both costly and technically difficult. It is essential
to design a PV system that can withstand failures in order to enable an embedded system controller

to dynamically address PV cell problems.
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Figure 2.2 (a) PV panel construction (b) Configuration of a PV panel [27]
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2.2 Fault- Tolerant PV systems

Fault-tolerant technologies are preferred for PV systems to last longer. Several methods for
diagnosing PV cell faults have been put forth [18 - 20]. These methods can identify defects in PV
cells; however, they lack an efficient fault bypassing mechanism, cannot find problems on the
panel, or require additional equipment (such as signal generators) for fault diagnostics [21, 22].
This is not surprising given that these methods for problem identification are typically limited by
the fixed (non-programmable) structure of the PV panel.

2.3 Reconfigurable PV Panel

A fault-tolerant PV system was designed in [22, 23] using the reconfigurable PV panel topology
shown in Figure 2.2(a). By using unbalanced PV cell connection topologies within the PV panel,
this construction for a PV panel was first proposed by [24] to combat the partial shadowing effect.
In this research, we suggest using the same reconfigurable PV panel topology for defect bypassing
and failure detection [25]. The suggested reconfigurable PV panel is built with each PV cell
combined with two P-switches and one S-switch, with the exception of the final one. Figure 2.2(a)
depicts the electrical connectivity between the switches and PV cells. [24, 25]. We can configure
the PV panels for typical system functioning by adjusting the ON/OFF states of the switches. How
to obtain the 4 x 4 structure seen in Figure 2.2(a) is shown in Figure 2.2(b). The PV panel is
constructed in such a way that, for typical system operation, the output voltage of the panel at its

MPP matches the battery voltage. The charger increases the output power of the PV system while

7



utilizing the least amount of energy possible. However, aging, partial shadowing, and temperature
variations can all affect a PV cell's MPP voltage. In these circumstances, we can move the PV
panel to increase the PV system's output power [22]. We could convert a (4 x 4) setup into a (8 x
1) one, for instance. This adaptability allows PV systems to operate more effectively in a variety
of environmental circumstances.

2.4 Reconfiguration for Fault Detection and Fault Bypassing

Defect detection seeks to identify any PV cell problems in the PV panel. Bypassing faults tries to
modify the structure of the PV panel to reduce output power loss brought on by faulty PV cells.
Imagine a PV panel with a (N x M) configuration under ideal conditions [26]. We may need to
build a (r x M) PV panel configuration (r < N) using a particular combination of PV cells in order
to determine the combined output power of those cells if there is a PV cell issue in this area of the
PV panel. To increase the system output power during fault bypassing, we might need to build a
Nopt X Mopt PV panel arrangement (Nopt X Mopt <N x M) in which the failed PV cells and perhaps

some healthy PV cells are omitted [27, 28].

Cj Inactive Healthy Cell s Faulty Cell
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Figure 2.3. Example of PV panel reconfiguration during fault Detection and bypassing [28].
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It could be necessary to shut down even healthy PV cells in certain fault bypass situations. Taking
into account the case where we have 42 PV cells and one of them is broken. We are unable to
assemble a stable setup where the battery voltage and MPP voltage match with a prime number of
41 healthy PV cells. Therefore, in order to have 40 active PV cells, we would like to deactivate
one healthy PV cell [28]. Thus, by arranging the PV system ina 5 x 8 or 8 x 5 configuration, the
output power can be increased. If we meet another PV cell problem, we could employ the active
PV cell that was previously inactive. In order to correctly control the ON/OFF states of the
switches for fault detection and fault bypassing in this project [25, 26], we will use Figure 2.3 as
an example. The aim of this project is to examine the fault.

2.5 Classification of Faults in PV Array

The following section includes the explanation of fault classification for this project.

2.5.1 Faults in PV Array

The two primary types of PV array defects are cabling and PV panel faults. The most frequent
types of defects in PV panels and modules include earth faults, bridge faults, open circuit faults,
and mismatch faults.

2.5.2 Ground Fault

When the circuit accidentally creates a path to the ground, a ground fault occurs. PV systems must
contain two different forms of grounding: system grounding and equipment grounding. When the
system is grounded, Ground Fault Prevention Device (GFPD) in the PV inverter grounds the
negative conductor. Equipment grounding should be used to ground the exposed non-current-
carrying metal components of conductor enclosures, electrical equipment, and PV module frames
[20]. Lower Ground Fault and Upper Ground Fault are the two types of ground faults that might

arise [19, 20].
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Figure 2.5 Schematic diagram of upper ground fault under STC
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2.5.3 Open Circuit Fault

An open circuit failure happens when one of the current-carrying routes in series with the load is
compromised or broken. Incorrect connections between cells, plugged-in and unplugged
connectors at junction boxes, or wire breaks can cause these failures [16].

2.5.4 Line-Line Fault

A line-line fault is an unintended low-resistance connection made between two electrically charged
sites in a system or network. A line-line fault in PV systems is typically described as a short-circuit
fault between PV modules or array wires of different potentials. Line-line faults are assumed in
this study to not involve any ground points. Without any ground points, a line-line fault might be

classified as a ground fault [26].
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Chapter 3

Modeling and Simulation of PV Modules

3.1 Solar Cell Models

It is not suitable to simply model solar cells as a constant voltage source or a constant current
source due to their non-linear I-V properties. The two models that are most frequently used to
describe the electrical behaviors of solar cells are the one-diode model and the double-diode model
[26, 27]. Figures 3.1(a) and 3.1(b), which represent the analogous circuits for the one-diode and

double-diode models, respectively.

Res I Res I
AT o] ANy o
I Ish + L. L Ish +
I Dicnghit ¥V I Diode1 |Diodez V
: V4 gu l W §um
o o

{a) (b}

Figure 3.1 Equivalent circuits for (a) the one-diode model and (b) The double-diode model

The solar cell current equation is shown below and it is applicable to the one-diode model in Fig.

3.1(a).
I'=(l, — Ip — L) (3.1)
[ =1,-1I [exp (V;;(RTC'S .q) - 1] - V;Z:S (3.2)
where

| = solar cell current (A), V = solar cell voltage (V), I, = light-generated current (A), Ip = diode

current (A), Ish = shunt resistance current (A) and I = saturation current of the diode (A).

11



Also,

R c, s = solar cell series resistance (ohms), Rc, sh = solar cell shunt resistance (ohms), g = electron
charge = 1.6x10-19 C, k = Boltzmann’s constant = 1.38x10-23 J/K, A = diode ideal factor (1 <A
<2),and T = ambient temperature (K).

The equation for the solar cell current in the double-diode model is:

I'= (I, = Ipy — Ipz — Isp) (3.3)
| =1,- 15 [exp (% .q) — 1] — I, [exp (VZCRTC'S .q) — 1] — %i“ (3.4)
where

Is1 = saturation current for diodel (A), Is2 = saturation current for diode2 (A), o1 = diodel current
(A), and Ip2 = diode 2 current (A).
The one-diode model is used in this project instead of the double-diode model since it has a number
of advantages over the latter:
e The numerical method for the one-diode model converges faster than the one of the double-
diode model in the simulation environment;
e The detailed parameters of the one-diode model are available for the majority of PV
modules on the market.
e The one-diode model is accurate enough for steady-state and fault analysis for PV modules
at the system level [28].
3.2 Modeling Algorithm
It is unrealistic to model each solar cell in a PV array while modeling it. Additionally, rather than
bulk solar cells, PV manufacturers typically only offer finished, environmentally safe modules to
end customers. Additionally, solar cells manufactured in the same module typically experience

almost identical irradiance circumstances in real-world working conditions. For these reasons, we

12



may only assume that each PV module's solar cells have the same properties and operating
conditions. As a result, a PV module can be thought of as a fundamental component made up of
identical solar cells. As a result, the modeling and simulation of PV modules become crucial phases
in the normal and fault analysis of PV systems. The following is the development of the PV module
simulation model. The modeling program solves (3.1) iteratively to get the mathematical solution
for (IL-Ip), and then feeds the result to a regulated current source in Fig. 3.2(a), which represents a

one-diode PV module model shown in Fig. 3.2(b).
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(a) (b)
Figure 3.2 One-diode model for a PV module (a) equivalent circuit and
(b) Numerical model

The model for a PV module, which was created from the one-diode model, is written as [28]:

_ _ va+lp1; X Rg _ _ va+lp1; XRg
I =1=1s [exp( AKT X Ng q) 1] Rsn (35)

where
Ns = the number of solar cells in series for a PV module
lov = PV module current, Vpy = PV module voltage

Rs = PV module series resistance and Rsh = PV module shunt resistance.

13



The light produced by current I varies depending on sun irradiation and surrounding temperature

and is characterized as:
I=7[lo + Cr (T—To)] (3.6)

where

G = solar irradiance (W/m?), Go = reference solar irradiance (W/m?), Io = reference light generated
current (A), To = reference temperature (K), and Ct = temperature coefficient of the light generated
current (A/K) [27].

The saturation current Is of the diode varies with temperature and is as follows:

Is = Isox(TlOf’ exp ["Afg (Tlo— %)] (3.7)

For Si, the band gap energy (E,) is temperature dependent and can be expressed as follows:

E,=1170 - 22X T o (3.8)

where

E, = Band gap energy of the material (eV), and 1 (eV) = 1.6x10-19 J.

E,, may have a range of values depending on the semiconductor material used in PV modules.
Under normal room temperature conditions, E; is typically in the range of 1.12 eV for crystalline
silicon, 1.03 eV for copper indium selenide (CIS), 1.7 eV for amorphous silicon, and 1.5 eV for
cadmium telluride (CdTe).

3.3 Simulations of PV Modules

The suggested numerical model (shown in Fig. 3.2(b)) can be accurately simulated in

MATLAB/Simulink and in any circuit simulation software (such as PSpice). Since

MATLAB/Simulink contains the SimPowerSystems toolbox, which may provide an open and

14



flexible interface to model numerical, electrical, and control systems, it was chosen for this project
as the simulation environment.

Fig. 3.3 depicts the numerical model for PV modules as an example. There are three inputs to the
"Numerical Solution™ subsystem: irradiance, temperature, and the terminal voltage Vpv of a PV
module. The model for PV modules in MATLAB/Simulink is shown in Fig. 3.4, where a Simulink
subsystem is employed as the "Numerical Solution” block. VVoltage measuring block, regulated

current source, and series RLC branch make up the remaining parts.
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Figure 3.4 Simulation model for PV modules in MATLAB/Simulink

All of the constant parameters for PV modules are set in InitFcn of Callbacks in the Model

Properties menu of Simulink in order to initialize the simulation. By choosing Look under Mask
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from the Numerical Solution menu of the subsystem, as illustrated in Fig. 3.5, function blocks for
the numerical solution (I-Ip) can be changed. A crucial part of this subsystem's search for the
numerical solution is played by a function block called Algebraic Constraint. The block outputs
the diode voltage Vb, which impacts the input through the feedback loop and inescapably
constraints input at zero. The input signal is limited to

I—(Iy+ Ip+ Ig) =0 (3.9)
The input windows for the model, as shown in Fig. 3.6, allow the major parameters for PV
modules, including Isc, Iso, Voc, C1, and A to be specified as constants. This makes the
MATLAB/Simulink model a potent toolkit for study and design of PV systems because it means

the model may be universal and applicable to any PV modules in the solar industry.
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Figure 3.5 Numerical solution of subsystem in MATLAB/Simulink
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Figure 3.6 Primary input Parameters for PV module in  MATLAB/Simulink
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Chapter 4

Results and Analysis

4.1 1-V Characteristics of PV Cell

I-V characteristics is a fundamental tool for normal and fault condition analysis and defines the
behavior of PV arrays. The normal part and the faulted component of a series-parallel configured
PV array operates at the same voltage as indicated in Fig. 4.1. It is possible to determine the
operating points of both the normal and defective portions of the array using the PV arrays'
provided I-V characteristics and array operation voltage. Using the simulation model shown in Fig.
3.4, the PV system is created in MATLAB/Simulink. Each PV model in simulations depicts a

modular, scalable PV module.

7 T T T
Simulation results: 1000W/n?
= Simulation results: 800W/m?
8+ ——— Simulation results: 800W/nT
Temperature = 25°C © Manufactuer's datasheet: 1000W/nf
O Manufactuers datasheet: B00W/m?
5fo. . - A Manufactuer's datasheet: 600W/nt
E 4 e —e -l -
E 34 ]
o o —
2 _
1F _
0 1 1 1 1
0 10 20 40 50

30
Voitage (V)
Figure 4.1 I-V curves of simulation model

18



— (1)MNormal amay

----- 2PV module
30 .
28 - .
% 20} MPP of entire PV array 7]
= T 1" .
10 —
MPP of each PV module
N - i
.
% %o 160 180 260 280
Woltacpew)
Figure 4.2 1-V curves of PV array and PV module at STC
4.2 Lower Ground Fault
(a) Array output voiage \r'.m_I
S 200 ;
gs 100 e c st h e e e e et s emate e e e m e e ...................................................
S ;
o I 1 1 1 I 1
4] 2 4 6 8 10 12
b) Array output current | Time (seconds)
30 -ttt """""""""""""""" """"""""""""""""""""""""""
T L »
§ 20 s A T I ..................................................
= z
g O e s s ___________________________________________________
=] N
L& ] :
o -------.--..-. I i R | RN fo--co oo | RS R e 3
0 2 4 6 8 10 12
(c) Array output power P Time (seconds)
_I‘ :
E 4000 --- - - 2RSS
; 2000 . T ...................................................................................
& Fault occurs : : : : :
o i i 1 i i i
0 2 4 6 8 10 12

Time (seconds)

Figure 4.3 Simulated results of the entire PV array under a lower ground fault at STC
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A lower ground fault with zero fault impedance happens between the final two modules at PV
String #1, as depicted in Fig. 4.4. Voltage fluctuations and imbalanced currents between the

damaged string and other healthy strings are frequent effects of the instantaneous fault.

8 T T T T

T

Current (A)

0 2 4 8 8 10 12

Figure 4.4 Simulated fault current (lfauir) of a lower ground fault under STC

The ground-fault current lsaui has a maximum magnitude of 3.92A when the ground fault happens
at time t=2s (0.7261sc). The MPPT then notices the abrupt shift in output power and starts reducing
Ifaurt to 1.4A. (0.261sc). the faulty string current is raised by the MPPT from 1.5A (0.28Isc) to 3.95A
(0.73lsc). There is no back feed current flowing into the affected string in this lower ground fault

scenario. The ground-fault current is more than 0.5A, allowing the GFPD to trip it.
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Figure 4.5 |-V characteristics of PV array under lower ground fault

4.3 Upper Ground Fault

This upper ground fault will cause large back feed current and very high ground-fault current. Fig.
4.6 shows that the ground-fault current lsauie reaches its greatest magnitude of 27.22A after the
ground fault occurs at time t=2s (5.041sc). The String #1 is simultaneously receiving a significant
quantity of back feed current, 21.75A (-4.03Isc), from other typical strings. The ground-fault
current in this instance is greater than 0.5A and can trip the GFPD (not included in simulation).
The negative current-carrying conductor of the array is no longer grounded when the ground fault
is cleared by the GFPD, disconnecting the fault line. The linked switches in the GFPD also

instantly open the positive wire.
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Figure 4.6 Simulated results of entire PV array under upper ground fault

The output voltage (Vsys), current (Isys) and power (Psys) of the entire PV array are illustrated in Fig

Fig. 4.6.
35 T T T T T
: : : [—Gmund fault current: lhu'l
e Y - A L.

Current (A)

Figure 4.7 Simulated fault current (lraur) of upper ground fault under STC
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4.4 Line-Line Faults in a PV Array with Small Voltage Difference

A line-line fault is an unintended low-resistance connection made between two electrically charged
sites in a system or network. A line-line fault in PV systems is typically described as a short-circuit
fault between PV modules or array wires of different potentials. Line-line faults are assumed in
this study to not involve any ground points. Without any ground points, a line-line fault might be

classified as a ground fault.

6 ! T T T T T T

— Lina—l]lnu ﬁuh currurﬁ: ]

Figure 4.8 Simulated fault current (lsaurr) of a line-line fault with Small Voltage difference
After the line-line fault occurs, the fault current ltaur has reached its maximum magnitude (4A)
shown above in fig. 4.8 and decreases to around 1.5A (0.28lsc) with the help of the MPPT. The top
current of the malfunctioning String #1 first reaches its minimum value of 1.75A (0.321sc) before
being increased to 3.7A (0.69Isc) by the MPPT. There is no back feed current into the faulty string
in this instance, and no overcurrent exceeds the fuses rated current of 5.4A. (1.561sc). As a result,

line-line faults with low voltage differences cannot trip traditional protection mechanisms. This
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line-line problem could be permanently concealed in the PV array, reducing system efficiency and

reliability.
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Figure 4.9 Simulated results of entire PV array under a line-line fault with small voltage difference

4.5 Line-Line Faults in a PV Array with Large Voltage Difference

When a line-line fault occurs as shown in fig. 4.10, the fault current lsaui reaches its maximum
value (19.8A), at which point it uses the MPPT to reduce to about 2A. The highest current of the
malfunctioning String #1 first hits its negative minimum of 13A (-2.41sc) before being increased
to 3.3A (0.61Isc) by the MPPT. Due to the faulty String #1's enormous back feed current, the fuse
safeguards will melt in this situation (rated no less than 1.561sc). Therefore, traditional protection

devices will effectively clear the line-line fault under STC with a significant voltage difference.
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Figure 4.11 Simulated results of entire PV array under a line-line fault with large voltage difference
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4.6 Open-Circuit Faultin a PV Array

An open-circuit fault is an accidental disconnection at a normal current-carrying

conductor. For example, there is an open-circuit fault at point “F” on the String #1 of a PV array

(see Fig. 4.12). This fault might occur on cracking PV cells/modules, or between module

interconnections, typically in bus wiring or junction box.
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Figure 4.12 Schematic diagram of an open-circuit fault in PV array
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Figure 4.13 Simulated results of entire PV array under an open-circuit fault
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Figure 4.14 1-V characteristics of PV array of an Open-circuit fault

The open-circuit defect in the PV array is described in more depth by the I-V curve analysis in Fig.
4.14. Pre-fault and post-fault MPPs are also present. The PV array is operating normally at its rated
MPP "A" prior to the fault. The current of String #1 (11a) decreases to zero right away after the
open-circuit fault occurs at time t=5 s because String #1 is cut off as a result of the fault. The PV
array is left with 4 functioning strings as a result, and its operation point unexpectedly changes to
point "B" from the pre-fault MPP "A." And the MPP of the post-fault array happens to be at point
"B." The remaining PV strings will operate at their post-fault optimum at 80% of total rated power
with the aid of the inverter's MPPT. Open-circuit faults in PV arrays do not result in overcurrent
generation, in contrast to ground faults or line-line failures. The open-circuit fault, which often
involves reduced array system current (Isys) but almost the same array system voltage (Vsys) as

the typical PV array voltage, will instead cause significant power loss.
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Chapter 5

Conclusion and Future Scope

5.1 Conclusion

The findings of our investigation show that fault current in PV arrays varies significantly on the
PV array's irradiance level in addition to fault sites. It has been shown that even the same defect
in a PV array might result in different fault currents under high and low irradiance. The PV array's
irradiance and voltage gradually decrease as dusk approaches. The inverter shuts down and the
MPPT stops when the PV array voltage cannot support the inverter's minimal operational voltage.
The PV array switches to open circuit and produces no power in the meantime. Because of this,
the currents in normal PV strings can only back feed into the faulty string. As a result, when the
inverter shuts off, the Inack rises to its negative high of -0.17A (-0.291sc). Iback, however, is never
high enough to trip a fuse (usually rated at 1.561sc). lback €quals O as time passes and irradiance
approaches zero. The modeling approach is successfully implemented in MATLAB/Simulink and
converges quickly and precisely enough to be used for simulating large PV arrays. The simulation
model can accurately forecast steady-state performance given the inputs of solar irradiation level

and PV module temperature.
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5.2 Future Scope

Traditional PV array overcurrent protection relies on a circuit protection device (such as a fuse or
circuit breaker) to automatically interrupt the fault current. However, it is challenging to
adequately implement conventional protective devices due to the current-limiting nature of PV
arrays. According to our research, line-line faults in PV arrays may result in new protection
difficulties. For instance, even if a fault occurs under high irradiance, a line-line fault with a tiny
voltage differential might not result in a high enough current to blow a fuse. Furthermore, fuses
may not properly clear a line-line fault in low irradiance. Additionally, this "low irradiance"
problem could develop during the transition from "night to day" and go undetected even at dawn
and sunset. As a result, the flaws could be concealed in PV arrays and pose a risk to the efficiency
and dependability of PV systems. However, these faults cannot be resolved by fuses because of
their low fault current. An additional extension of the research would be to enhance fault finding
and identification for massive PV arrays. Large, centrally located PV arrays have the drawback
that it might be challenging to precisely locate the defect and determine the fault's type. It can
occasionally be challenging for maintenance engineers or conventional PV monitoring systems to
correctly pinpoint the fault in a large PV installation. One explanation for this is because when PV

modules are electrically coupled, their performance is affected by one another.
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