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Abstract

Photovoltaic (PV) power generation is a crucial new type of green energy in today's society.
However, the relevant technologies are still not entirely mature. It is worth noting that the safety
and power generation issues of PV arrays are attracting significant attention from not only
engineers and manufacturers but also scholars. Since PV modules are affected by external
conditions, such as tree shade, bird drops, and dust particles, its power generation efficiency is
significantly reduced. In addition, a small area of accumulation on the surface of PV panels will

induce the hot spot effect, which may cause firestorms.

In order to prevent PV fires and improve the efficiency of PV power generation, this thesis
analyzes specific safety issues and demonstrates treatment strategies to improve PV power
generation and its safety simultaneously. Firstly, considering the impact of sand and dust, the
relationship between dust accumulation and power generation is drawn using numerical simulation,
which can predict the influence of dust accurately. Secondly, for non-uniform aging PV arrays, a
new reorganization strategy is proposed to improve its power generation. Finally, aiming at the
fire issue of large-scale PV arrays, a new strategy is proposed, which improves the power
generation and the safety factor. The research and knowledge of this thesis will be of great
significance for future development of PV power generation and will expand the scope of this

topic to a new level.
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Chapter 1 Introduction

1.1 Motivation

Compared with traditional thermal power generation, photovoltaic (PV) power generation is
endowed with numerous competitive advantages, because it is renewable and environmentally
friendly. Moreover, PV power is an essential factor for achieving global sustainable development
strategies as it generates no greenhouse gas emissions such as carbon dioxide, saving costs on
emission control. For example, every doubling of installed monocrystalline silicon and
polycrystalline silicon PV systems would reduce greenhouse gas emissions of the world by 24%
and 17%, respectively [1]. Therefore, with rising concerns of global energy shortage and
environmental pollution, PV power generation technologies attract increasing attention. Statistics
show that the total installed capacity of PV power was 480.357 GW, which occupied 22.33% of
the total installed renewable energy capacity of the world in 2018 [2]. Besides, according to the
list of PV installations in each country around the globe in 2019 released by the International
Renewable Energy Agency (IRENA), the latest global solar installed capacity was 97.1 GW, of
which the newly installed capacities in Asia, Europe, America, Africa, and the Middle East were
56 GW, 19 GW, 12.8 GW, 1.2 GW, and 2 GW, respectively [3]. The major PV installation

countries and their cumulative PV installations are illustrated in Figure 1-1.

China 205.7 GW

Japan 61.8 GW
Germany 49.9 GW
The US 60.5 GW

India 34.8 GW
Ttaly 20.9 GW
The UK 13.3 GW

Mexico 4.8 GW
Canada 3.3 GW

Israel 1.1 GW
Others 2.3 GWV

| vaE 1.7 6w

Asia Europe America The Middle East

Fig. 1-1. Worldwide PV installationbs in 2018 [3].

However, in the growing PV industry, PV arrays still face challenges such as power generation

efficiency, PV system failure, and fire risks. With the development of PV-integrated building

applications, the efficiency and safety of PV power generation have attracted much attention. At
14



present, dust accumulation is the main factor affecting the efficiency of PV arrays. When soils
such as sand and dust cover PV panels in large areas, the shading blocks the sunlight and results
in power loss. The power loss caused by regional differences varies from 4.4% to 43% [4]. When
a small area of accumulated dust blocks the PV panel, the PV cells underneath will heat up sharply.
The PV panel will overheat and damage when the temperature of the cells reaches a certain point,
known as the hot spot effect. As the PV industry is witnessing vigorous development, power
efficiency and safety issues are the challenges to overcome. These issues are being investigated

and researched by not only manufacturers but also engineers and scholars.

As PV power generation is regarded as the future direction of energy generation, it is essential to
study the related technologies that can improve PV safety and power generation efficiency, further
promoting the development of PV industry. It was recently reported that a significant data center
of Apple in Arizona was on fire, where more than 300 solar PV modules were damaged. Similarly,
the PV array of Taipei Water Park caught fire, covering an area of about 400 m? [5]. In recent
years, many similar accidents occurred, causing widespread public concerns about the safety of
PV arrays. Currently, the PV array safety-related research is a hot topic in electrical engineering,
including hot spot effect, DC arcs, reconfiguration, fault detection, etc. Although various mature
technologies have been widely adopted in these areas, scholars and engineers are continually
seeking new technologies to improve the safety level and power output efficiency of PV arrays. In
this thesis, the author conducted a comprehensive study on the safety issue of large-scale PV

arrays. Innovative solutions are also proposed to be applied in the PV engineering applications.

The target of this work is to overcome three common but challenging problems in large-scale PV

arrays, which are shown as follows:

i.  Toestablish a highly accurate 3D calculation model with the predictions and characteristics
of local dust accumulation, simultaneous power generation, and temperature of PV
modules by using numerical simulation. The current PV arrays follow Computational Fluid
Dynamics (CFD) calculation and are mostly based on the traditional 2D model, which is
unable to observe the distribution of soil accumulation on PV panels. The proposed
calculation method is equipped to observe the amount of accumulated dust and precise
temperature control of PV cells. Moreover, the proposed calculation model's incident flow
can be divided into five incident angles, which can calculate the dust fall of the PV panel
surface according to the monsoon wind, thereby improving the reliability of dust

distribution of a PV array.
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ii.  Inthe view of addressing the low power generation caused by non-uniform aging in large-
scale PV arrays and profit maximization, a PV reconfiguration strategy based on genetic
algorithms is proposed. The strategy reduces the exchange time of PV modules and
achieves the maximum power simultaneously without needing a replacement. In contrast,
the traditional solution for non-uniform aging in PV arrays is to replace brand-new PV
modules manually, which is labor-intensive and material-consuming. Therefore, the
strategy will save maintenance costs and improve power generation efficiency, which will

be highly favoured by industrial applications.

iii.  Asforthe fire hazard of PV arrays, a novel array reorganization strategy is proposed, which
is a hybrid array of bifacial and monofacial PV modules. This strategy can effectively
prevent the spread of fire in the array and avoid large-scale combustion events. The
traditional preventive method for PV fires is to regularly inspect and clean PV modules,
which will consume extensive manpower and financial resources in large-scale arrays. In
contrast, the new strategy is cost-friendly and low-risk, and it improves the array output.

In addition, this method is fault-tolerant and improves the reliability of the hybrid PV array.
1.2 Dissertation Outline

This research focuses on comprehensively and innovatively solving the urgent problems of fire
and power generation in large-scale PV arrays. The dissertation consists of six chapters. An outline
of the structure is organized as follows:

Chapter 1 introduces the motivation of this study and the challenges that need to be solved in this
study. Besides, the objectives and a brief introduction of the research contents are illustrated.

Chapter 2 comprehensively reviews the threats that PV arrays face, the consequences of the hot
spot effect, and the current solutions. The purpose is to highlight that PV arrays have various
threats of power generation efficiency reduction and combustion, and it is necessary to investigate
the causes. Moreover, effective management can provide guidance for future research on

improving the safety of PV arrays.

Chapter 3 discusses the proposed calculation method that includes an accurate 3D model to
predict dust accumulation on PV panels. Firstly, the development and principles of the model are
explained. Secondly, the inlet conditions of the calculation model are studied to expand its
feasibility under different monsoon conditions. Finally, the function of the calculation model is

introduced in detail according to the working conditions of the target regions, such as wind speed,

16



latitude, and ambient temperature. Moreover, the output power under the corresponding conditions

is found to match different management strategies.

Chapter 4 introduces the PV array reconfiguration strategy based on a genetic algorithm to solve
the non-uniform aging problem in large-scale PV arrays. The swapping among rows is employed
to form a new array to achieve the purpose of increasing profit. By calculating and comparing the
PV power generation revenue of five different countries, the feasibility of the new strategy was

verified.

Chapter 5 introduces a new type of PV array installation strategy, namely, a hybrid array of
monofacial and bifacial PV modules, which solves the fire safety problem of PV arrays. Firstly,
the heat transfer of the two types of PV panels is analyzed, and the relationship between the
ignition temperature and the ambient temperature is explored. Secondly, according to the
turbulence field analysis, a safe row-to-row space is defined in the array. Finally, in the context of

safe installation, the row-to-row space with the maximum output power is further defined.

Chapter 6 draws a summary of the main contributions of this dissertation. It also provides

suggestions for future research areas.
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Chapter 2 A Review for Solar Panel Fire Accident

Prevention in Large-Scale PV Applications

2.1 Background

PV panels have been widely applied to harness solar power for their renewable and environment-
friendly features. However, the working environment of PV panels is usually not pleasant in
practice, leading to fast aging and degradation of power generation, and the PV panels even suffer
from risks of fire accidents. According to [6], there is a 2% probability that a fire may occur to PV
arrays each year, with 0.6% of the fire accidents occurring in residential areas and 3.5% of them

started from some roof-top PV modules.

When the solar panels catch fire, it results in power generation reduction and causes secondary
damage such as toxic gas emissions. As shown in Fig. 2-1, the constituent materials of a PV panel
are mostly organics. The energy released by glass fiber, ethylene-vinyl acetate, and polyethylene
terephthalate (PET) compounds in making epoxy resin printed circuit boards are 1.012, 0.54, 0.073
MJ, respectively, based on the data from Tewarson and Quintiere [7]. Hydrogen compounds such
as HF and HCL that are toxic are produced during the fire accident of solar panels. In 2009, 1826
PV modules with a generation capacity of 383 kW solar PV arrays were damaged in a fire accident
in California, USA [8]. In the same year, another 15 solar PV module-related fire accidents were
reported in the Netherlands [9]. In 2012, a solar panel-related fire occurred in a warehouse in Goch,

Germany, which caused a burning area of about 4000 m? [8].

The root cause of the solar panel-related fire accident is usually associated with a deficit in the PV
system. Previous analysis of solar panel fire events indicated that the causes of fire could be
divided into two types: arc fault and spontaneous combustion [5][10]. The main reasons for the
arc failure include low quality of PV modules, installation errors, and DC arc ignition backboard
induced by junction and combiner boxes. Some aging solar panels, especially those with
components not meeting their specified standards, can spontaneously ignite under high

temperatures and sunlight due to chemical reactions and hot spot effects [11].

Solar panels can be made from crystalline silicon or amorphous. At present, the materials used for
PV cells vary in different regions [12]. For example, according to Table 2-1, based on the
characteristics of high melting point, low density, and good highlight performance, the crystalline

silicon is suitable for the roof-top installation in residential areas. To avoid fire accidents, some
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fire-proof obstacles must be installed between two modules, which effectively prevent the spread
of fire in a large-scale PV array. Practically, more thin-film PV modules are used in urban areas.
This, along with other technologies such as highly efficient CdTe single-junction cells, can achieve
the fastest response speed in the visible range. For example, based on the mean spectral ratio,
which is the ratio of smoky and clear irradiance in Table 2-1, the value of CdTe is smaller than
other PV cells. It is illustrated that the effect of smoke on CdTe is the greatest. Meanwhile, the
smoke in the near-infrared and infrared ranges has the least effect on monocrystalline silicon cells
in the visible range. It has the highest response due to the thin-film technologies (e.g., copper
indium gallium selenide (CIGS) solar cells). These results have an impact on PV fire-prone areas
[13-14]. As for the protection from fire of ground PV array for commercial use, the installation

distance between each module can be calculated according to different materials of PV modules.

Aluminum frame

Glass
_ EVA
~__ PVeells

\ e e
a Back sheet
o - Junction box

Fig. 2-1. The structure of a PV module

TABLE 2-1 PROPERTY OF PV CELLS [14]

Monocrystalline Polycrystalline CdTe GIGS
Melting point 1420 °C 1410 °C 1092 °C 986 °C
Material density  2.32 g/cm?® 2.32 glcm? 5.85g/cm® 5.75 g/cm?
Mean spectral 0.9246 0.9211 0.9175 0.9213

ratio
(smoky/clean)

In large-scale PV arrays, the power generation mismatch accelerates the aging process of the solar
panels [15] due to non-uniform patterns of shading, irradiance, and temperature of each panel.
According to [16], approximately 51% of the PV related fire accidents are related to installation
errors or low quality of PV modules, which further causes cable faults on PV modules. On the
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contrary, the hot-spot effect is liable for a relatively lower percentage of solar panel fire accidents.
The low manufacturing quality of solar panels is a significant contributor to solar panel fire
accidents. In order to reduce the risks of solar field panel-related fire accidents, this review
summarizes the causal factors and some effective fire prevention solutions to the field solar panels.
There are two leading solutions to alleviating the hot spot effect in PV arrays, namely restructuring
PV modules and reconstruction of the distribution of PV arrays. As aged PV modules are easier to
cause DC arc shock and damage, real-time fault detection mechanisms are helpful for preventing
such damages. In addition, solar panels must be tested against strict engineering standards to

reduce the risks of fire damage post-installation.

In the following sections, a comprehensive review will be provided for solar panel fire accidents
in large-scale PV applications. Section 2.2 illustrates the reasons for the solar PV related fire
accidents, which include hot-spot effect, DC arc, and other conditions. In Section 2.3, the methods
for reducing the probability of solar PV-related fire accidents are discussed, which include
structure reconfiguration and fault diagnosis. Section 2.4 presents the summary.

2.2 Root Cause Analysis for Solar Panel Fire Accidents

According to the summaries of [5][7][10][11][16][18-37], the main causes of PV fires are shown
in Fig. 2-2. There are 36% of fire events caused by installation errors, and 15% accidents caused
by the quality of PV modules [16]. Most fire events were found to be caused by DC arc [22-31]
due to low quality of PV modules, lack of drainage of PV systems, aging of combiner box, and

aging of IGBTS in inverters. In addition, the hot spot effect should not be overlooked [18-21].

Quality of PV
modules Tlot spot
15% effect

TLack of drainage

De are of
combiner box

Installation

errors Aging of IGBT of
36% inverter

DC arc of PV
modules

Fig. 2-2. Factors leading to PV module fire accidents

2.2.1 Hot-spot effect
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In PV modules, series-connected cells are usually used. Some PV cells suffer from partial shades
from surrounding objects, such as fallen leaves, dust accumulation, and bird drops, while other PV
modules do not. Hot spots may be produced due to non-uniform power generation status amongst
the PV cells. The hot spot effect occurs if the temperature exceeds 5% above the standard
temperature in a period in the standard testing condition (STC, 1000 W/m?, 25 °C). Since the
performance of PV cells is different in several cases, some shaded PV cells have obvious defects.
The hot spot effect increases the local currents and voltages of PV modules, which results in a
local temperature rise on the PV module, causing the modules to spontaneously ignite. Fig. 2-3

shows a PV fire accident, which was caused by the hot spot effect.

Fig. 2-3. Hot spot effect [13]

Under the STC, the hot spot temperature of opaque PV modules is higher than that of
semitransparent PV modules by 2~3 °C, which drops with an increment as far as the numbers and
areas of hot spots are concerned. Moreover, the efficiencies of PV modules have been predicted
in the one and two hot-spot situations. For the one-hot-spot situation, the efficiencies of opaque
and semitransparent PV modules are 10.41% and 10.62%, respectively. In the two incidents
involving hot spots, the efficiencies of the opaque and semitransparent PV modules are 10.41%
and 10.54%, respectively [18]. Hu et al. [19] compared different degrees of shading and found that
the minor size shading would cause the temperature of the PV panel in the shaded part to rise
rapidly to cause a fire. Hu et al. [20] tried to obtain the condition of the hot spot effect by comparing
different shading conditions on PV modules. They found that different levels of impacts result
from different environments. The experimental conditions of the irradiance and surface
temperature of PV panels are (820 W/m?, 25 °C), (740 W/m?, 22 °C), and (690 W/m?, 24 °C),
respectively. The shading comparison diagram is shown in Fig. 2-4. For the first shading tests,
three PV panels were connected in series, with one of them covered with an opaque material to
simulate the partial shades. It was recorded by the thermal imager that a hot spot was observed at
the location of the shade. During the period of minor shading, the I-V curve was shifted
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dramatically. In Fig. 2-4, Vi is the voltage of an unhealthy module, and Varray is the voltage of the
PV array. Fig. 2-4 (b) shows the second shading test, where a PV module was partially covered by
tissue paper to create a partial shade on the solar panel so that certain lighting can penetrate the
paper and reach the solar panel. In the experiment, the faulty power unit was short-circuited by a
bypass diode until it cannot generate enough current to support the load, shown as the shift in the
I-V curve. It is the shaded module current, and I is the healthy module current. As for the third
shading test shown in Fig. 2-4 (c), three PV panels were covered to create a large size of the shade.
In this case, the shaded PV areas were short-circuited through the bypass diode, and all solar
energy was converted into heat, such as the shift of I in the I-V curve. However, a healthy PV
panel can still convert the partial incoming solar energy into electricity, thereby decreasing the
panel temperature. The comparative results shown in Table 2-2 illustrates that the only significant
temperature increase is presented for the case with minor shading, which is prone to generate hot

spots in PV modules.
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Fig. 2-4. The types of PV shading. (a) 1st shading test (b) 2nd shading test (c) 3rd shading

test [20]

TABLE 2-2 SURFACE TEMPERATURE OF PV PANELS

1st Test
(820 W/m2, 25 °C)

2nd Test
(740 W/m?, 22 °C)

3rd Test
(690 W/m?, 24 °C)

Unhealthy
temperature

Healthy
temperature

panel

panel

87.2°C

443 °C

33.8°C

31.7°C

36.0 °C

33.7°C
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Meanwhile, Vasko et al. [21] observed the hot spot situations on PV cells, which were forward
biased by a current power supply. After 30 mins heating, the temperature layer became non-
uniform, and the hot spots were usually generated adjacent to bus bars. When the forward current
of a PV cell exceeds a certain threshold, hot spots will occur under the forward bias conditions.
The forward current is higher than the short circuit current in a healthy module because the short
circuit current determines the upper limit of the module size before the hot spot formation becomes
prohibitive. At the beginning of the electrical and temperature measurements, the voltage on the
power supply was slightly different. Besides the formation of hot spots, the low-temperature
transient is also caused by the initial heating and capacitive processes. With the appearance of the
hot spots, the PV output voltage remained virtually the same, and the voltage and temperature of
the hot spot were linearly interrelated. Assuming that all the healthy PV modules in a PV array
have identical parameters concerning effective solar illumination intensity S (kw/m?), ambient
temperature Ta (°C), and total heat exchange coefficient Up, (W/m?-K). Fault diagnosis could be
achieved based on Eqg. (2.3), which is derived from (2.1) and (2.2). When the module faces a fault,
the calculated Upy will be different from that of a healthy module [19].

S=V-1+U, A, (T, -T,) 2.1)

e P I SRS N 1y
T = . _lu(Tm _TTref) 7. _lu(Tm _T'ref) " (22)
LoVl V;

mpp ¥ mpp ™

S-E

___SE (2.3)
P Am (Tm _Ta)

where T is the PV module temperature (°C); Th is the healthy PV module temperature (°C); Tw
is the faulty PV module temperature (°C); An is the PV module area (m?); E presents the electrical
output power of the PV module (W); It is the current of the healthy module in fault string (A); Vs
is the voltage of the healthy module in fault string (V); Tret is the reference temperature 25 °C; Vinpp
and Impp are the voltage (V) and current (A) reached at the maximum power point, respectively; 7e
is the efficiency of the PV module at certain Tr. For a silicon PV module, the efficient temperature
coefficient is u=0.05%/°C.

In general, aging is accelerated if the PV panel is overheated over a long time. In addition, studies
in [20] and [22] showed that when the solar irradiance is greater than 800 W/m?, the temperature
difference between the maximum temperature of the hot spot and the average temperature of the

module is about 10 °C. If fewer than 5% of modules have a temperature difference of more than
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10 °C, the PV array's power output remains stable. Therefore, even if there are partial shades and
PV cell performance defects, the overheating part of the PV cell is not the load necessarily, and
the hot spot effect may not occur. Even if a hot spot effect occurs, its severity is also related to
multiple factors. Since the hot spot effect is caused by a short-circuited PV cell, the current of the
PV string produces a reverse bias. To avoid excessive reverse bias, current crystalline silicon

components generally have two or three diodes in parallel to prevent hot spots in PV cells.
2.2.2 Cable aging effect

An arc is the phenomenon of glow discharge produced by the inter-electrode electromotive force
breakdown medium. Circuit and device damages are both likely to cause an arc failure. Once a DC
arc occurs, PV panels will have a high probability of burning. As is shown in Fig. 2-5, the arc
failures of the PV system are divided into three types: series arc fault, parallel arc fault, and ground
arc fault [22]. The series arc occurs mainly due to loose device interfaces, resulting in a small
spacing and current breakdown spacing. The parallel arcs usually occur between phase and neutral
lines, as well as between phase lines because of the broken line insulation. The ground arc refers
to the arc current flowing from a live conductor into the earth, which is usually caused by the

failure of insulation in the high-voltage phase line.

Parallel Ground

arcs ) arcs

I .

_—

Series arcs

(EHEE i

Fig. 2-5. Three types of PV arc failures

Some researchers have observed the significant damages of PV panel fire accidents through
experiments and proposed the corresponding protection methods to prevent such accidents. Liao
et al. [7] compared the four burning conditions of single-sided PV panels with the irradiance of
15, 20, 30, and 40 kW/m?, respectively. The experiment setup is shown in Fig. 2-6. A high-power

bulb is used as a predicted source to illuminate the front of PV panel A, and at this time, the natural
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combustion scenario of the PV panel is simulated. Then, PV panel B is ignited, and the heat transfer
phenomenon of the adjacent PV panel is simulated. Finally, make the back of the C PV panel face
up, simulating the scenario that the PV panel is ignited by the flame underneath it when an arc
fault fire accident occurs. According to the experimental results, at 15 kW/m? irradiance, the solar
panel was on fire in 200s, but at 40 kW/m? irradiance, the solar panel was on fire in 25s. The PV
panel is prone to fire accidents when the irradiance exceeds 26 kW/m?2. This is a critical
environmental condition as it takes shorter than 50s to cause a fire accident [23]. In [24-25], when
setting 10~80 kW/m? of applied radiation intensity to simulate firing the flame radiant heat flow,
the heat flux on the surface of the sample can be up to 70 kW/m? [26]. In the pre-experiment, it
was found that the radiant heat flow of 30~40 kW/m? can ignite the sample and be safe and
controllable. Theoretically, the waste produced after the complete combustion of PV panels is
carbon dioxide and water. However, because PET decays during combustion, its chemical bonds
are randomly reorganized. The carbon group of the PET molecular chain on the oxygen atom first
attracts the hydrogen atom, and then the ester bond is broken down into acids, and vinyl esters
transitioned through the six-member rings state, and these cracked products are formed after some
secondary processes [7]. Therefore, the decomposition products of PET combustion include CO,
COy, acetaldehyde, aromatic acids, and vinyl esters. Besides, outdoor oxidation is the most
significant problem of ethylene-vinyl acetate film, which is caused by ultraviolet rays and humid
hot O,. Therefore, HF, HCL, SO, HCN, and other flammable and toxic gases are generated after
the final reaction. Among them, the hydrogen produced by HF or HCL causes secondary damages

to PV panels.

The relationship between the time of the fire propagation and the radiation heat flow was obtained,

which is 195 « g as shown in (2.4) [27]. Besides, the fire caused by the arc fault from TPT is the

membrane of the backboard of a PV module. The fire starts rapidly and becomes more intense

from the membrane.

n

1 1 2q
o r Jkpe(T - T,)

where t is the ignition time (s), g¢" is the heat flux (W/m?), k is thermal diffusivity (W/m-K), p is

(2.4)

the air density (kg/m?), c is specific heat capacity (J/kg-K), T is the thermal degree (°C) and To is

the reference thermal degree (°C).
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Fig. 2-6. Experimental setup for simulating a fire accident of solar panels

Moreover, the increase of resistance, heating or arcing causes the components to burn out, resulting
in a fire. If any of the joints is loose, it may cause a DC arc and consequently a fire [28-29]. If the
connector is not wrapped and protected properly to prevent infiltration of sand and dust, the contact
resistance of the connector will increase. When the ground wire is not connected, the equipment
such as the combiner box lacks effective ground protection. Once there is a virtual connection or
a lightning strike, it will cause a short circuit to the ground, which not only degrades the power
generation efficiency but also causes serious consequences such as burning of the combiner box.
As shown in Fig. 2-7, explosion accidents during the combustion period in PV arrays have a large
impact on the safety of operation and maintenance personnel. The explosion mainly comes from
the IGBTSs and capacitors inside the inverter [30]. The power of a capacitor explosion can penetrate
a 2 mm thick steel plate. The possible reasons for the destruction of the combiner box and DC
cabinet include unreliable grounding, low cable insulation resistance, bad connector contact, and

wiring disorders, etc. [31].

Fig. 2-7. Damaged combiner box by fire [32]

2.2.3 Other conditions
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PV modules may also suffer from physical damages. For instance, the cracks of PV modules are
caused by pressure. If the welding area of the module is too small, it will easily cause the panel to
rupture over a long time. Cracking is the main cause of PV module faults. These cracks are usually
not visible to naked eyes and can only be detected through specific testing methods. All PV
modules must have certain degrees of pressure resistance to prevent them from being crushed. The
quality of material (the choice of glass) and the manufacturing process are the main determinants
of the PV module quality. The main factors for the solar panel breakage are environmental

conditions, construction, and installation method.

The low vacuuming temperature and foreign matter that enters the crack will generate bubbles,
which will affect delamination and seriously cause the module to be completely scrapped, as
shown in Fig. 2-8. Component delamination is a serious problem because it allows moisture to
penetrate, which will lead to catastrophic failure. At this point, the broken components on the panel
need to be replaced. When moisture penetrates the protective layer of the solar module and contacts
within the internal circuit, it seriously accelerates the degradation process of a PV module, which
eventually leads to catastrophic consequences for the module and the entire PV system [33].
Gluing is caused by the products and materials with poor quality. Over time, the backplane
sometimes turns yellow or brown. This is a chemical reaction between the inferior materials and
sunlight. Once it begins to change color, ethylene-vinyl acetate will continue to change from its

original state, inevitably causing damage to the material [34].

Without good drainage measures on the roof-top, it is easy to cause water accumulation throughout
the year. It not only leads to a decrease in PV efficiency but also causes the aging and corrosion
of cables, which may lead to fire accidents. For a ground PV array, the impacts of rainwater may
cause soil erosion, landslides, etc., causing serious damages to the PV panels [35].

Fig. 2-8. PV module crack [36]

The quality of solar panels must be guaranteed by proper regulations. PV modules have to pass
the test of UL 61730-2 “PV Module Safety Assessment Part 2: Test Requirements” [37], with a
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fire rating of C (basic fire-proof rating). The components installed on buildings should at least
reach the rating of C, and the price of PV modules with different fire-proof ratings varies
significantly. Components installed on existing roofs should be subjected to barrier tests and flame
spread tests. Components used for roofing materials should be subjected to other subsequent test
materials specified in UL 790 “Standard for Standard Test Methods for Fire Tests of Roof
Coverings” [38]. There is no international standard for the combustion performance testing
methods and judgment rules of modules on different buildings. The industry standard JG/T 492-
2016 “General Technical Requirements for Building Photovoltaic Modules” [39] stipulates that
PV modules should meet the flammability rating requirements of building materials or building
modules in alternative locations and meet the requirements of GB8624 “Combustion Performance”
[40]. Relevant regulations on building materials, products, and their product classification, the fire
resistance test methods, and measurement rules need to comply with the provisions of GB15763.1
“Building Safety Glass Part 1: Fireproof Glass”, GB/T 12513 “Fire-resistant test method for glass-
encrusted components” and GB/T 9978.1 “Fire resistance test method of building components”
[41-43].

To sum up, based on the above-mentioned PV production and installation standards, it can be
found that the fire safety of PV-building integration is related to the design of PV modules and
certification of the PV facade elements. The combination of good quality PV modules with a

design-safe PV system can solve many safety issues observed so far.
2.3 Solutions to PV Fire Accidents

Depending on different fire-causing factors in the PV array, this section summarizes existing
different solutions for different factors. Existing approaches to avoiding solar PV fire accidents
are mainly preventive actions, which are shown in Fig. 2-9. The preventive actions include array
recombination and detection algorithm research. The studies [44-54] illustrate the reconfiguration
of PV modules or PV arrays, and the studies [55-82] introduce some algorithms to detect the faulty

PV modules.
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Fig. 2-9. Detection methods for PV fires accidents

2.3.1 Preventive maintenance actions in PV arrays

In PV arrays, shades and dust accumulations are unavoidable, which are also the biggest threats to
the safety of PV arrays. Therefore, some preventive maintenance actions such as conducting a
periodical cleaning can be very effective in slowing the aging process of PV components and

mitigating the hot spot effect.
2.3.1.1 Construction analysis

There are currently two styles of solar panel installation: ground-mounted and roof-top mounted.
The surrounding environmental conditions, equipment conditions, and temperature changes of the
project location need to be concerned for the ground-mounted PV arrays [40]. Due to the influence
of turbulent kinetic energy (TKE) among the modules, the soiling on the surface of the module
must be uneven, resulting in the hot-spot effect and PV module fire accidents. It is necessary to
establish a flexible inspection and cleaning mechanism or use a data collection system to decide
whether unplanned maintenance is necessary to reduce the risk of fire in different environments.
However, if the distance between any two PV panels in the array is too far or too close, the
generation capacity of a PV array will be reduced. As shown in Fig. 2-10, the spacing D between
two PV panels should be large enough to avoid the shading effect, which is selected according to
latitude, time angle, etc. The latitude angle (¢) of the winter solstice is -23.45 °, and the time angle
(w) corresponding to 9:00 am is 45 ° [45-46]. In this case, not only the optimal photoelectric
conversion efficiency can be guaranteed, but also the TKE value can be obtained to avoid dust
deposition. Therefore, calculating the distance between two panels according to (2.5) can obtain

the most suitable distance between PV panels.
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Fig. 2-10. Dust deposition on a PV array

~ cos Ax H
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(2.5)

where D is the distance between obstacles (m), A is the azimuth of the sun (°), ¢ represents the
latitude (°), 0 means the declination (°), w is the time angle (°) and H is the PV array height

difference (m).

Considering that the roof-top buildings are in close contact with people, the following factors need
to be noted: 1) whether personnel injuries caused by the high voltage of the DC line in the event
of a fire can be avoided by string arrangement design or equipment technology improvement; 2)
plan the location of the roof upper and lower channels and electrical equipment according to the
meteorological data of the project location to reduce the time of power-off; Enough firefighting
passages are provided to ensure rapid passage during a rescue. At the same time, the roof array
distribution map is marked at the entrance of the bottom of the passage, and the opening and
closing points of the power lines are marked. The marking should be easy to identify and well-
marked to prevent fires. It can be cut off quickly; 3) the module arrangement includes both
horizontal and vertical arrangements, and the corresponding purlin arrangement also has two
directions. When the module is arranged horizontally, the purlins are arranged vertically, as shown
in Fig. 2-11. In this case, due to the chimney effect, the fire spreads faster than arrays with

vertically arranged components [47-49].

Overall, strictly controlling the entry threshold of construction units, paying attention to

environmental risks during the initial site selection, standardizing the cable connection

construction, and establishing a reasonable operation and maintenance system and cycle according

to the actual conditions of different projects can effectively reduce potential dangers. By improving
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the technology and considering the design and training of the roof owner and local fire department,
the impact of the fire can be reduced. That is to say, through comprehensive management before,

during, and after the accident, the loss can be minimized or avoided [50].
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Fig. 2-11. Solution to PV fires on roof-top PV array

The impact of dust reduction on PV panels is enormous, both for the ground and roof-top mounted
PV arrays. Formula (2.6) is used to estimate dust flux around the PV array, and CFD simulation
can accurately calculate the annual dust drop and dust distribution of a PV array, and thus a suitable
cleaning cycle and cleaning method for the local PV array can be obtained. Proper cleaning can
effectively reduce the fire probability of PV arrays.
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where E is the erosion factor, « is the sand blasting efficiency, c is the empirical proportionality
constant, g is the gravitational acceleration (m/s?) , p, is the air density (kg/m?), u” is the friction
velocity (m/s). « is a constant obtained empirically (about 0.35 for turbulent flow), and zo is the
roughness length (m).

2.3.1.2 Structure analysis

Hot spots occur when the PV module is partially blocked, and part of the solar cell string becomes
a reverse bias and dissipates energy in the form of heat. If the solar cell consumes more power

than the maximum power of the PV cell, which maintains the maximum power under hot spot
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conditions, the PV cell will be completely damaged and open-circuited. To protect the series PV

cell, the bypass diodes are added to the PV cell string [51].

K. Kim proposed the first hot-spot mitigation technique that uses bypass diodes to reconfigure PV
modules [52]. The model structure is shown in Fig. 2-12 (a). In the research, K. Kim shaded 1 of
a 24-cell string and found that a bypass diode imposes 0.5 V across the substring. However, there
are still currents passing through the shaded PV cell. Actually, the bypass diode can be treated as
a load, which does not generate power. By using Kirchhoff’s Voltage Law, the reverse voltage in
the circuit can be described in Eq. (2.7). Once a hot spot is detected, there are two approaches to
mitigating the potential risks. For short PV string (2~3 cells), the traditional bypass diodes are
more effective in reducing the probability of hot spots effect. For long PV string, a low reverse-
breakdown PV cell limits the power dissipation in the hot-spotting time. It is an effective

prevention method if the power dissipation can be managed without damaging the cell.
Vp =(N -1V, +V, (2.7)

where VR is reverse voltage (V), VF is voltage drop (V), and Vp is the diode voltage (V). (N-1)

means the voltage drop from node 1 to node N.

The advantage of this technique is reducing the temperature of solar cells in hot spots. Meanwhile,

the probability of causing hot spots is also reduced for longer PV strings.

Based on the traditional bypass diode, S. Daliento proposed a modified bypass diode
reconfiguration, namely, an ON-OFF MOSFET for PV modules in a hot-spot scenario [53], which
is shown in Fig. 2-12 (b). This method is applicable to any PV module, which composes of series-
connected cells. When the PV panel is partially shaded, this solution can significantly reduce the
hot spot temperature by transferring the reverse voltage of a normal PV cell to the series-connected
MOSFET in each sub-panel. To conclude, when the panel cell is not shaded, the gate-source
voltage (Vgs) approximately equals the Vsuspanel. Conversely, the reverse voltage forces the Vgs and
Vps to degrade, hence blocking, or partially blocking Ips, resulting in the increase of Vps. Finally,
Vps can be subtracted from the total reverse voltage due to the existence of the MOSFET. However,
this topology has some drawbacks, such as the possible mismatch between the Vsuppanel and the
uncontrolled Vgs, and the breakdown risk of the MOSFET. The formula is shown below:

V= (N =1V, +V, V. 2.8)

where Vps is the MOSFET drain—source voltage drop (V).
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This method was verified by testing the reduction of hot spots temperature of polycrystalline
silicon and monocrystalline silicon PV modules, which cooled down to about 20 °C and 24 °C,

respectively.

Based on the single ON-OFF MOSFET switch circuit, M. Dhimish proposed a double MOSFET
switch circuit, which is more effective in mitigating the hot spots effect [54]. The model is shown
in Fig. 2-12 (c). Switch 1 is connected in series with the PV cells, and the general state is “on.”
When a hot spot situation occurs, switch 1 will open to further alleviate the hot spot effect. Switch
2 is in parallel connection with the PV cells, and the general state is “off.” When the PV string is
open, it will open to circulate current. To ensure the health of the PV module, switch 2 is controlled
by the 16F877A microcontroller and activated twice every three hours. Because M. Dhimish found
that three hours is the maximum allowable duration before the hot spot reappears in the PV cells,
and the number of activations is determined by thermal image analysis. As for the 16F877A, it is
a microcontroller-based system that prevents hot-spot operation using open-circuit PV modules.
This method not only reduces the heat spot temperature by 17 °C but also increases the output

power by 3.8%.

Simultaneously, P. Guerriero proposed a new bypass diode circuit, which is an evolution circuit
from S. Daliento [49]. The diagram is shown in Fig. 2-12 (d) [55]. In the circuit, the drain-source
voltage drop of MOSFET M1 supplies power to the TLC555 digital oscillator, and its output
voltage drives MOSFET M2. Therefore, as long as M1 works normally, the oscillator is turned off,
and its output is low, and M2 is also turned off. When a part of the PV cells is blocked, the drain—
source voltage drop of M1 increases and the oscillator turns on and begins to provide an output
signal that alternates between high and low. The output signal remains high for approximately
97% of the time. During this time interval, M2 is on, so M1 remains off. Conversely, if there is no
longer partial occlusion, M1 is turned on, its drain—source voltage drop is decreased, and the

oscillator is turned off, returning to normal operating conditions.

This method can reduce the hot spot temperature to 50 °C and increase the output power by 8% in
a shadow-shaded scenario. Different from others, this solution addresses the rising temperature of
shaded cells completely. Meanwhile, the oscillator will not generate more power on bypass events

since the oscillator sleeps in the rest time.
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Fig. 2-12. Reconfiguration of PV string. (a) bypass diode circuit (b) ON-OFF MOSFET

circuit (c) 16F977A microcontroller circuit (d) TCL555 microcontroller circuit

By changing the structure of the PV string, as well as by some controllers, the probability of hot-
spot effect can be effectively reduced. This method not only reduces the risk of a PV array but also

increases the power of PV output [56].
2.3.2 Fault diagnosis

In 2011, the US Insurer Laboratory (UL) launched the UL Standard 1699B draft [57], which is the
DC arc detection standard of circuit safety outline of DC arc fault protection for the PV systems
[58]. At present, numerous methods can detect the arc fault of PV systems: physical analysis
(clustering method) [59-62], Fast Fourier Transform (frequency domain analysis) [63-67], time-
domain analysis [68-71], wavelet detection (multi-resolution analysis) [72-81], and Artificial
Intelligence method (neural networks, support vector machines, fuzzy logic systems, etc.) [82-
90].

2.3.2.1 Physical analysis

In the event of an arc failure, the heat, arc, noise, or electromagnetic signals will be emitted. The
physical analysis is based on the physical properties of sound, light, and radiation are detected by

the cluster method. As for the famous and widely used physics-based model, the Myer arc model
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is suitable for low current arcs [59], which assumes that thermal causes power loss and the formula
is shown below:
ldg 1

i2
— (2 _1
g dt r(P ) (2.9)

where g is arc conductance (S), iarc is arc current (A), P is the static cooling power (W), and 7 is

the arc time constant determined empirically (s).

In addition, Peng et al. used fuzzy logic to indicate clustering to detect arc failure [60]. The
maximum mold value of the electromagnetic radiation signal of the fault arc after noise reduction
is selected as the fault criterion. In [61], the Hilbert antenna is used to measure the electromagnetic
radiation signal of the DC arc, the frequency of the electromagnetic radiation signal, the pulse
interval, and the pulse cluster duration as the basis for the failure. Physical-based detection
methods install devices in local locations in the system, making it easier to locate fault locations
[62]. However, because these models involve many parameters, the operation is complex and is

not easy to be implemented.
2.3.2.2 Fast Fourier transform

Fourier Transform is a classical frequency domain-based method, and it is recommended to carry
out fault detection in the frequency band of 1 to 100 kHz [63-64]. The time of the Fast Fourier
Transform (FFT) detection method is shorter than 16 ms. It effectively disconnects the arc from
the inverter in the DC microgrid. While this algorithm may not affect the converter startup. In this
case, the time domain changes dramatically, and the size of the high-frequency content in the

frequency domain increases like an arc failure, leading to unnecessary tripping [65-66].

The FFT transformation of single current mutation and electromagnetic radiation waveform is
carried out, and its spectral characteristics are analyzed. The spectral characteristics of current and
electromagnetic radiation signals are similar, with the highest frequency of 13 MHz. The
electromagnetic radiation field is proportional to the current rise rate. At the beginning of the
current steep rise edge, the inductor of the arc is close to zero. The estimated maximum amplitude

of arc electromagnetic radiation spectrum is derived based on (2.10) [67]:

1

f,=—
’ 2mpe

(2.10)
where ¢ is the dielectric constant of the air (F/m), and p is the arc resistivity (kg/m®).
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According to (2.8), the frequency with the largest amplitude in the electromagnetic radiation
spectrum is only related to the arc resistance and the dielectric constant in the air. The resistivity
of arcs generated by different inter-polar distances and electrode diameters may vary, and the
frequency of electromagnetic radiation in DC arcs may be different. Therefore, the pulse interval,
characteristic frequency, and duration of the arc electromagnetic radiation signal can detect DC

arc failure as feature parameters.
2.3.2.3 Time domain analysis

The advantage of time-domain analysis is intuitive and accurate. The time-domain representation
of the system output can be obtained from differential equations or transfer functions. In [68-69],
the accuracy rate of fault detection in a PV module detected by the Minimum Covariance
Determinant (MCD) estimator under STC is 98%, and the false alarm rate is 0.01%. This method
is to operate the voltage and current of different PV modules into the MCD estimator at the same
time instant. Then, the distribution of the I-V curve to the centerline of each PV module can be

used to detect arc faults. The MCD estimator can be determined as (2.11).

o — med, ((X; — 44 )T Cé (% — 445))
m

(2.11)

where ;. and és are estimates of sample mean and covariance matrix computed using the MCD

estimator, and x; is a data subset.

In [70], Schimpf et al. used the Finite Impulse Response (FIR) estimator to detect the arc fault.
The idea of this method is that when the arc detector is integrated into the PV module, the detector
can only measure and monitor the PV current and the PV voltage. Due to the need of shunt
resistors, Hall sensors, or current transformers, the only signal used as the arc detector input is the
PV voltage. The arc voltages measured on the PV module varies significantly according to their
positions in the system. The operation of FIR estimator fault detection is that first passing the input
signal through a bandpass filter whose cut-off frequencies are 1 kHz and 7.5 kHz. The estimator
then compares the current signal value to the previous value, and when the difference is 0, the

system is fault-free.

In [71], Yao et al. found that the selection of time window length will impact the current waveform
pattern. The research shows that time-domain analysis, although simple, is very effective in

identifying arc failures because it has long enough time to ensure the randomness of the test.
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2.3.2.4 Wavelet analysis

At present, wavelet analysis is the mainstream detection method, which is a gradually multi-scale
refinement of signal functions through telescopic translation operation, and finally reach the high-
frequency time segmentation and low-frequency subdivision, so as to focus on any detail of the
signal [72-75]. According to the fault signal, it sets the motion threshold of the fault alarm device
in a normal state and in a different value range, thus solving the difficult problem of Fourier
transformation. Wu et al. [76] selected the db4 wavelet for wavelet decomposition, and they
selected the energy value of the high-frequency wavelet component as the fault standard, and the
reliable value between the normal state and the fault state is used as the fault alarm threshold.
Meanwhile, Lu et al. [77] selected the standard deviation as the characters in the time domain, and
they took the energy of each band after the db5 wavelet decomposition as the frequency domain
feature. Then they constructed the feature plane, and divided the critical fault line within the feature
plane to detect the arc. The maximum signal and wave detail are determined by experiments. The
variance and model values of the numbers are the three time-frequency domain standards, and time
domain-based measurements are proposed. Mix the condition with the arc fault of the frequency
domain, and the judgment of this method has a single method with high precision and reliability,
which further reduces the error rate and suppression rate of the detection method [78]. The
accuracy of wavelet decomposition fault detection is 100% [71][79].

According to the basic principle of the time-domain emission method [80], the relative position of

the fault point and the measuring point can be calculated as:

VT
dis = —
5 (2.12)

where v is the wave speed in the cable (m/s); 7 is the signal of time-delay value in the fault.

For a row wave, if the distance of propagation is L along the cable within a cycle time T, the
propagation speed of the wave is v, then, it can be obtained that:

L
T (2.13)

When the transmission line loss is very small or the test signal is high-frequency, the wave speed
can be derived as:
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where c is the speed of light, which is 3 x 108 m/s; . is the relative magnetic guide coefficient of

the medium around the cable at high frequencies; & is the relative dielectric constant of the medium

around the cable at high frequencies.

According to (2.14), the transmission speed of the pulse wave in the cable is not related to the
structure, length, and conductor material. It only depends on the relative magnetic conductivity
and relative dielectric constant of the cable insulated medium. For the cables made of different
conductor materials, the insulation medium is the same, and the signal travels at the same speed

inside it.

This method fills the blank of arc fault detection and positioning on the DC bus in the PV system
and effectively prevents accidents caused by arc failure. Because the detection signal of this
method has sharp self-correlation, it can have a good anti-jamming ability and high accuracy in
the on-line detection and positioning of DC bus arc fault [81].

2.3.2.5 Artificial intelligence method

In recent years, artificial neural networks (ANN), support vector machines (SVM), fuzzy logic,
and other intelligence algorithms have replaced thresholds to decide whether there is an arc fault.

The ANN aims to obtain the model through learning and use the model to predict the desired target
value. In the field of arc detection, the position of DC arc can be detected by using the data of the
neural network. He et al. in [82] used an RBF neural network to determine if there is an arc fault,
but it is easy to result in local optimization and slow training. The study [83] used a genetic
algorithm optimized BP neural network to judge arc fault. The ANN method is fast and accurate

for arc detection [84].

The arc detection neural network model is shown in Fig. 2-13, using a three-tier structure [85],
where P is the input matrix; i, j, and k represent the number of nodes at each layer respectively; wi
is the weight between the implied layer j node and the output layer i node, and wjk is the weight
between the node k of the output layer and the node j of the implied layer. The implied layer
activation function selects the S-type activation function, and the output layer activation function

selects the linear activation function.
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@ Input layer: Input layer nodes are related to the number of input data. The input to the

model is the 12th to 31st harmonics after the FFT, so the junction of the input layer is 20.

(b) Implied layer: Implied layer nodes are not fixed and can be adjusted as needed. Currently,
there is no universal way to determine the number of implied layer nodes. If the number of nodes
is too small, the network performance is poor or cannot be trained. If there are too many selections,
although the error can be reduced, it will increase the network training time, making it easy to fall
into the local minimum point and not able to reach the optimal solution. The determination of the

number of implied layer nodes is obtained by formula (2.15) [86].

(© Output layer: The output layer only needs one node, where the output 0 and 1 respectively

represent the arc-free and arc-less.

nN=yn+n, +IB (2.15)

where n is the implied layer junction, n1 is the input layer junction, no is the output node, and £ is

the constant between 1 and 10.

According to (2.16) and combined with the results of a large number of experiments, it is found
that the training effect is the best when the number of implied layer node points is 14.

Weight correction

Input layer Implied layer Output layer
2071764 14*1764 1*1764

Fig. 2-13. Arc detection neural network model [85]

In addition, the studies [87] and [88] use an SVM algorithm to extract the mean current and high-
frequency components from the time-frequency domain. Fault criteria are used to train the model,
and the obtained model can be used to indicate whether an arc fault occurs.

SVM is a better-supervised learning algorithm. This algorithm is used to solve the separation
hyperplane problem that can divide the training data set normally and has a very large geometric
40



interval. As shown in Fig. 2-14, all of the “circle” means training data. Among them, the red circle
is the support-vector. "Wx+b=0" means the separation hyperplane. Actually, there are countless
hyperplanes corresponding to linearly separable data sets. Among them, the separation hyperplane
with the largest geometric interval is unique. Compared with ANN, SVM searches the global
minimum data during training, while ANN will only search the local minimum data. And the

performance of SVM is highly related to the quality of training data.

Fig. 2-14. A diagram of SVM trained samples [88]

In [89] and [90], the authors used a fuzzy logic system to detect the arc fault in the PV array. The
accuracy of this method is up to 98.8%. The operation of the arc detection system based on fuzzy
logic is: First, input the initial signal to the fuzzification process. Then, use the predefined rules to
classify arc faults and normal operation. It should be mentioned that the rules in fuzzy systems are

designed based on fault modes and mechanisms.
2.3.3. Discussion

The method of fire prevention and detection of PV Arrays can be summarized as the optimal
distance method (ground-mounted PV array), obstacle-adding method (roof-top mounted PV
array), and reconfiguration of PV components, physical analysis, frequency domain analysis, time-
domain analysis, wavelet detection, and the artificial intelligence algorithm. The advantages and
disadvantages of these methods are shown in Table 2-3. Due to the increasing fault cases, there
are many databases that can be used in the future. Therefore, artificial intelligence methods will
be concerned popular in the future.

Based on these methods, isolation devices can be added to PV arrays with fire-proof materials,
and the alarm system can be set up according to the intelligent algorithm to identify the DC arc
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failure, thus minimizing the probability of a PV fire. In addition, the safety training of firefighters

is essential due to the large number of toxic gases produced by PV combustion [91].

TABLE 2-3 FIRE PROOF SOLUTION OF PV MODULES

Method Adopted Advantage Disadvantage  Accuracy Reference
technique
Distance  of Design the Awvoid the hot- Error in the Notmention  [40][45-
each PV panel optimal spot effect amount of dust 46]
(ground spacing while ensuring accumulation
mounted PV between each maximum on the surface
modules) panel power of PV panels
capacity of the
PV array
Obstacle  of The baffle is Blocking the Increased roof Notmention [47-50]
each PV panel used to block airflow load, and the
(roof-top the air flow between PV rescue of
mounted PV between each panels reduces firefighters
modules) panel the flame burn made it more
trend difficult
Structure Add  bypass Reducing hot- Increased cost Not mention  [51-55]
analysis diode or spot effect and of PV modules
MOSFET in improve the
the circuit power
efficiency
Physical Detect arc High accuracy These models High [59-62]
analysis faults through on small involve many

physical

collections of
data with less
than 200 data

objects

parameters, the
operation IS
complex and is
not easy to
implement in

simulation

42



Frequency Detect arc Fast and high This algorithm Below 90% [84]

domain faults by using universal may not work

analysis FFT in the properly at the
frequency inverter or
domain converter

startup. It is

easily to trip.
Time domain Detect arc Intuitive, high Constrained by 98% [68-69]
analysis faults through accuracy, and time window
estimators in easy to operate
the time
domain
Wavelet Detect the arc Effective and Limited by 100% [71][79]
detection faults through directly vibration
the wavelet at diagnostic and
time- analytical
frequency instruments,
domain resolution, and
analysis
software
functions.
Artificial Detect the Highaccuracy, Need a huge About99% [87-88]
intelligence position of DC easy, and data-base
detection arc by using convenient
ANN, SVM,
and fuzzy
logic system.

2.4 Summary

The safety of PV power generation and PV arrays is receiving increasing attention. Especially, the
possibility of fire needs to be reduced and timely maintenance is required. The hot spot effect and
aging of PV panels were found responsible in previous fire accidents, which can be caused by the
dust density around the PV array, the ambient temperature, and the material structure of the PV

array. Preventive solutions to the fire accident can be categorized as solar panel reconfiguration
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and fire fault detection algorithms. The advantages of reconfiguration of PV modules include
reducing hot spots and improving power efficiency. Meanwhile, the advantage of the fire fault

detection algorithm is detecting the fault positions accurately.

In order to reduce the probability of PV fire accidents, there are technical specifications to comply
with. Firstly, the PV module needs to pass the UL 790 “Safety Standard for Roofing Material Fire
Test” combustion and flame spread test. Secondly, the inverter should be designed without fuses
to avoid the fire caused by DC side faults. The internal inverter transformer, PCB board, and other
internal components prone to high temperature should be made of non-combustible or non-
combustible materials. Thirdly, the internal components of the junction box, control equipment,
and power distribution equipment should be made of non-combustible materials. Fourthly, all
cables require flame retardant coating and they should be made of low smoke and low toxicity
materials. Fifthly, fire-proof sealing measures should be applied to holes, such as cable inlets and
outlets of power distribution equipment in houses, equipment inlet holes, cable inlets and outlets
of junction boxes, cable penetration holes, cable trenches, and cable trench interfaces.

In addition to research on the mechanism and prevention of PV fires, it is also necessary to consider
fire safety issues of PV-building integration. In order to improve the safety of fire prevention and
extinguishing of PV systems, it is basal to conduct fire risk investigation and hazard assessment,
and test and evaluate the combustion properties and fire resistance of PV modules. Secondly,
considering the impact on building safety, it is advised to conduct a comprehensive risk assessment
for potential failure units of PV building integration. Particularly, design fire separation facilities
and use fire-proof materials to reduce losses caused by fire accidents. Thirdly, realize the
management intelligentization of electrical fire monitoring and early warning, and strengthen the
investigation of hidden fire hazards of the equipment. Specifically, the fire prevention and control
system should be able to automatically identify and eliminate fire risks. For example, set up an
appropriate automatic fire alarm system, intelligent protection against DC arc, and intelligent
blocking components. Finally, it is also critical to strengthen the daily fire supervision and

management, and regularly hold the fire safety training on PV power generation.
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Chapter 3 Time-effective Dust Deposition Analysis of
PV Modules Based on Finite Element Simulation for

Candidate Site Determination

3.1 Introduction

Adopting solar energy is now the mainstream of the renewable energy industry. However, the dust
particles affect the PV power generation efficiency seriously. At present, the output power
efficiency of PV panels in standard test conditions (STC, 1000 W/m?, 25 °C) is decreased by
18%~20.2% due to the dust shading [92-93]. In addition, the dust accumulation also increases the
surface temperature that decreases the power generation [94-96]. Meanwhile, the relation between
the dust deposition and output power efficiency is analyzed to estimate the soiling management of
PV modules. The PV power decreased linearly by 1.7% per g/m? [97]. Therefore, in order to
maintain the PV power generation for a PV array, the frequency of cleaning is three times a month
[98-99]. The soiling management of solar panels not only improves the power generation
efficiency but also protects the PV panel from the hot-spot effect. It damages the PV panel, so a
reasonable cleaning cycle is necessary, which places great demand on the researches on the dust
distribution and deposition on the PV panel surface under different field conditions.

There are currently two methods to detect the impact of dust deposition on PV panels: finite
element (FE) simulation and experiment. In [100], Wasim. J et. al. carried out an experiment in
Doha, Qatar (STC, PV tilts 22 °) to compare the dust accumulation in each panel, including a two-
week observation, a one-month observation, a two-month observation, and a six-month
observation, respectively. From [100], the complete data of dust deposition is from 2 months’
investigation, which is the most suitable exposure period so far, and the dust accumulates 100
mg/m?/day. In [97], Rohit. P et. al. summarized some experiments to collect the data on dust
accumulation and transmittance. Because the period of experiments generally lasts for between
several weeks and one year, which is time-consuming, many other scholars employ FE simulation
to discuss the dust deposition and power generation issues. It is hard to quickly analyze the dust
flow in a new region where PV farms are going to be constructed. Luke. S et. al. in [101]
implemented the prediction of particle accumulation by using computational fluid dynamics
discrete phase module (CFD-DPM), where the dust particles can be expressed as a spherical model
in the simulation. Based on [101], the authors in [102] created a model in CFD software to calculate
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and analyze the impact of dust deposition on PV panels. Meanwhile, in order to analyze the
shielding effect of the front panel on the rear panel, Hao. L et. al. also introduced the impacts of
dust on PV array in [103] by using the two-dimensional (2D) based FE analysis, and the accuracy

of FE simulation was verified in [104].

Nevertheless, although these previous methods provide some good ideas, some shortcomings also
exist. Firstly, the research in [101] only focuses on the effects of particles in the airstream but does
not systematically introduce the applications that are attached or surrounded by particles,
especially for temperature-sensitive objects, such as PV panels. Then, [102] only focused on
investigating the influence of dust particle deposit on the PV panels along with a fixed wind
direction. Because of the turbulence kinetic energy (TKE), the dust deposition on the surface of
the PV panel is non-uniform. Finally, in [103], the same problem occurs when detecting the density
of dust accumulation in different parts of each panel in a PV array. However, these studies have
only analyzed the situations with the horizontal wind direction and the dust particles distributing
around the PV panel and ignored the relationship between dust motion and PV panels, which is
also the limitation of a 2D model. However, the influence of wind direction on sand and dust
distribution cannot be neglected. Different horizontal wind directions will cause sand and dust to
accumulate on different parts of a PV panel, which stimulates a more actual situation. If dust
particles are taken into account, the values in the analytical results can be closer to the actual ones
[105-107]. Significantly, because of the viscosity and collision of dust particles, the power can
reach two peak values. When the wind speed is low enough, the viscous force of dust to PV panels
is higher than the collision force, and the dust deposition reaches the critical value, which means
the cumulative value of dust under this condition does not change. When the wind speed increases
significantly, the viscosity of dust to PV panels is less than the collision force, and the dust
deposition reaches the critical value, in which case the cumulative mass no longer changes. This
change depends on the TKE value. The dust accumulation not only reduces the photoelectric
conversion efficiency but also causes the PV panel to generate heat, which accelerates the aging
of PV cells and causes the hot-spot effect. Although the above literature paves the way for studying
the dust distribution issue on PV panels, few studies focus on the relationship between PV dust

deposition and power generation by using numerical simulation.

This study proposes to predict the dust deposition concerning different wind directions and wind
speeds, thus obtaining a specific relationship between the PV output power and dust deposition by
using the 3D model in CFD aiming at a typical district (Liverpool, England). CFD is a powerful

software that can be used to calculate and express the physical characteristics of fluid motion,
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including flow and dust distribution, and temperature. Firstly, this study establishes a physical
model in CFD. In terms of the setups, they keep in accordance with the real situations. In detail,
according to the data from the local meteorological station, the wind speed in Liverpool is from
4.43 m/s to 6.48 m/s yearly. The particle size is from 10-100 um in the airstream, and the wind
direction always shifts. Therefore, following the wind velocity in Liverpool, this study simulates
the effects of wind-dust at 0°, 30°, 45°, 60°, and 90° wind direction on PV panels. Then, in virtue
of the CFD simulation results, the influence of dust on PV panels is further discussed, such as
temperature and power generation. Finally, in order to verify the data obtained by using CFD, an
experiment is conducted on PV panels. The power efficiencies in different situations of dust
accumulation are measured. By analyzing the dust accumulation characteristics under different
wind directions and wind speeds, the power efficiency can be derived in these environmental
conditions. The significance of the research mainly includes: Firstly, the analysis cycle has been
greatly shortened in comparison with the experimental method. Moreover, during the simulation
process, the turbulent energy between the panels is obtained so that the quantity of dust
accumulation of large-scale PV arrays can be predicted. Thirdly, the dust distribution can be

observed by changing the wind direction to PV panels, complying with the real conditions.

The structure of this chapter is as follows. Section 3.2 illustrates the methodology to express the
relationship between the dust deposition and output power of PV panels. In the CFD simulation,
the wind flow can be set as the boundary condition. Meanwhile, the discrete phase is set as the
injecting particles. By changing the wind speeds and directions, the shading and temperature on
the surface of a PV panel are analyzed. In Section 3.3, the data between dust deposition,
temperature, and output voltage are analyzed. Simulation and experiment results are compared,

and the uncertainty of simulation is analyzed. Section 3.4 presents the summary.
3.2 Design of Dust Accumulation on PV Modules

As for PV modules, shadings and temperature rise decrease the open-circuit voltage of a PV panel.
Therefore, it is necessary to get the local climate information before choosing a location to build
a PV station. By using numerical simulation, the data of dust deposition on a PV panel were

obtained with respect to different wind speeds and different wind directions in a short time.

Moreover, the accuracy of dust accumulation on the surface of the PV panel was validated by
experiments. Finally, the relation between the power generation of PV panels and dust
accumulation is analyzed with different volumes of dust particles, which was obtained both by the

simulation and experiment. On the one hand, a reasonable cleaning cycle improves power
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generation efficiency. Using CFD simulation can help to plan the solar panel cleaning cycle. On

the other hand, the simulation is convenient for helping choose the right place to build a PV station.
3.2.1 Boundray conditions of simulation

Initially, a 3D model is established in the CFD simulation environment, where a boundary is set,
as shown in Fig. 3-1. The distance between the ground and the bottom of the PV panel is H. In
order to avoid the boundary effect, the distance between the inlet and a PV panel is set as 5H, and
the distance between a PV panel and the outlet is 9H. The height of the computation domain is 6H,
and the width of the domain is 10H [108]. The PV panel used in the simulation has a volume of
300x210x20 mm, which is established as a PV panel (RS PRO). According to [109-111], the
optimal tilt angle is set as 56° for the solar panel installation with the maximum power generation.

It is important to analyze the impact of wind direction on PV panels because the wind direction is
uncertain in a year. The physical model is built, which is shown in Fig. 3-1. The previous study
only introduces a single wind direction facing the PV panel, which is shown in Fig. 3-1 (a), but it
cannot represent the universal cases. On the other hand, the proposed method considers the change
of wind directions, which is shown in Fig. 3-1 (b).

According to the records from the UK meteorological station, solar irradiance, wind speeds, and
wind directions can be obtained in a year. The wind speeds in England dropped from 6.48 m/s to
5.45 m/s from January to March 2019, which is shown in Fig. 3-2 (1 mph= 0.447 m/s). The main
wind direction is South-West in this period. Then, from April to September, the wind speeds
decreases from 5.45 m/s to 4.43 m/s. In this period, the wind direction is changed to West from
South-West. Finally, the wind speed rises from 5.45 m/s to 6.48 m/s from October to December
with the wind direction of South-West. Therefore, the chosen wind speeds for simulation are: 4.43
m/s, 4.71 m/s, 5 m/s, 5.22 m/s, 5.45 m/s, 5.73 m/s, 6 m/s, 6.24 m/s, and 6.48 m/s. Over a year in
Liverpool, the most frequently encountered wind direction is from North-West to West. Hence, in
the simulation, the incoming wind directions are set as 0°, 30°, 45°, 60°, and 90° for the PV panel

with respect to the horizontal direction.

In order to avoid the shading effects among PV panels, the space D between PV panels should be
set as a certain value, which is based on the latitude, time angle, etc. The latitude angle () of the
winter solstice is -23.45°, and the corresponding time angle (w) at 9:00 am is 45°. In this situation,
the efficiency of photoelectric conversion is the maximum value in a day. Therefore, according to

(3.1) [102], the distance between two panels is 0.43 m, which is the most suitable distance to make
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the PV panel absorb the irradiance.

The distance between a PV panel and the ground has a great influence on the eddy current of the
wind, so it is necessary to establish a realistic model to investigate this effect. Based on the
Reynolds number (Re) [108], the Realizable k-3 model is selected. The Realizable k-3 model
satisfies the constraint condition of Re. Therefore, the Realizable k-3 model corresponds to the real

situation, which can simulate the injecting diffusion speed accuracy.
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Fig. 3-1. Module of computation domain for the case of monsoons. (a) traditional method
[109] (b) proposed method

™
(=]
|

Maximal average wind speed
B .
6.48 m/s

4
]
d

?./
e
\

o
E
- - /
@
©55 \\. -
)
2 AN /
(=
g 504 [] [
u
4594 X._Z _k. 7777777777777777777 Minimal average wind speed
443 mfs
40 T T T T T T T T T T 1
Jan. Feb. Mar. Apr. May. Jun. Jul. Aug. Sep. Oct. Nov. Dec.
Month

Fig. 3-2. Average wind speed in England (www.xcweather.ac.uk).

_ cos AxH
tan[sin? (sin ¢sin & + C0S ¢ C0S 5 COS )]

(3.1)

where D is the obstruction spacing (m), A is the solar azimuth (°), ¢ is the latitude (°), o is the
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declination (°), H is the PV array height difference (m) and w is the time angle (°) [103].
3.2.1.1 Discrete phase

DPM Model of Lagrange uses the liquid phase as a continuous medium in the calculation and
solves the fluid control equations in Euler's coordinate system. The solid sand phase is regarded
as a discrete medium in the Lagrangian coordinate system. To solve the sand particle motion, the
equations use the iterative calculation to perform the solid-liquid coupling [112-114]. Aeolian sand
belongs to multiphase flow, in which the particle phase is a discrete phase and the gas phase is

continuous.

In the DPM model, since the shapes of dust particles are irregular, it is difficult to analyze the
external force in the numerical simulation calculation, such as the collision force and viscous force,
etc. In this study, a general assumption is made that the particles are spherical, and there are no
collisions between the particles. Hence no internal energy is generated. Under this assumption, the
particle tracking can be expressed by the discrete phase equation. During the period of particle
motion in the turbulent field (airflow), the particles are one-way coupled with the airflow. It will
generate collision force and adhesion force between each particle. However, the volume fraction
of the particles are smaller than 10, so the collision force and adhesion force produced by the
particles during the particle tracking process is negligible. Due to the particle motion in the non-
near-wall turbulent flow, the particles are affected by Magnus force, which means the particles in
the airflow move and rotates randomly. However, the Magnus force is much smaller than the

viscous force. As a result, the Magnus effect is neglected in the simulation.

In this model, the continuous phase flow field is first solved, and the discrete phase (dust particles)
is added after the calculation results converge, and the discrete phase is set to perform an iterative

calculation once every 10 steps of the continuous phase calculation.

The DPM equation can be expressed as follows:

du C u.—u — N
, _3Coplu, \(Ul_up)+g(pp P, 2 02
ad 4 pd, P,
C, =ﬁ(1+ 0.15Re®®)  (C, <1000)
Re (3.3)
C, =0.44 (C, >1000)
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Re=PUL 3.4
. (34

where Cp is the drag coefficient, p is the fluid density (kg/mq), pp is the particle density (kg/m®), u

is the wind velocity (m/s), up is the velocity of the particles (m/s), and E Is an additional
acceleration (force/unit particle mass) term. Re is Reynolds constant, L is the length of fluid field

(m), and u is the viscous force (Pa-s).

Eq. (3.3) can illustrate the drag force, gravity force, and lift force (Saffman force) of the dust
particles in the CFD simulation [101], [104].

3.2.1.2 Turbulence model

In the study of two-phase flow, there are two hypothetical methods: the first method is to use the
fluid as a continuous medium and the particle group as a discrete system. The second method is to
treat the fluid as a continuous medium. The particle group is also regarded as a quasi-continuous
medium or quasi-fluid. FLUENT corresponds to a discrete phase model, continuous phase flow
model (VOF model, mixed model, Euler model). This study chooses the discrete phase model as
the simulation model. FLUENT solves the continuous phase (gas) transport equation while
simulating the second phase (solid particles) of the discrete phase in the flow field in Lagrange
coordinates. The discrete phase model in FLUENT assumes that the volume fraction of the second
phase is generally smaller than 10%, which means the effect of particle-particle interaction and

particle volume fraction on the continuous phase is not considered.

Therefore, in the CFD simulation, the airflow, namely the wind-velocity inlet, can be described as
a continuous phase. It can be expressed by the Navier-Stokes equation [103], which describes the

conservation of viscous incompressible fluid momentum as:

du
PE=—VD+PF + pAU (3.5)

where p is the fluid density (kg/m®), u is the wind velocity (m/s), p is the pressure (Pa), F is the
external force (N), and u is the dynamic viscosity coefficient.

The physical structure of the turbulence model consists of large vortices and small eddies, where
large-scale vortices are affected by inertia, while small-scale vortices are determined by viscous
forces. In the wind-sand two-phase flow, the discrete phase is coupled with it, and the Lagrangian

algorithm is used to track the particles in the turbulent flow field.
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When the airflow is turbulent, the turbulence model requires an extremely large computer memory
and a high computational speed. The realizable k-3 model is able to release the burden of

computational memory and achieve high precision.

In the calculation process, the turbulent energy equation from [115-116] is used to express the

motion dynamics of the wind-sand field, and the turbulence intensity decides the wind flow degree.

The turbulent energy equation is:

3(ul)?
K= T (3.6)
where the turbulence intensity | can be described as:
| =0.16 Re™® 3.7)

where u is the wind velocity (m/s), Re is Reynolds constant.

In the assumptions of the model, the two-phase flow model selected is a flow model of gas and
solid particles. In this model, the prediction of dust deposition, collision, friction, and stickiness
with solid walls is relatively accurate. This is in line with the situation simulated in this study. The
air carries particles with a lower concentration (1.17 kg/m®) and smaller particle sizes (10 um to
100 pm). The collision between particles during the movement can be ignored. It is believed that
particles and gases have good followability. While achieving better numerical simulation, it

guarantees accuracy and saves time.
3.2.2 Experiment setup

An experiment is designed to verify the deposition of dust particles on the solar panels in the
simulation and the effect of dust deposition on the power generation efficiency of PV panels. The
equipment includes a fan (SHT-30 portable propeller ventilator), a pipe, a solar panel (RS PRO),
a thermometer (IP 54), a voltmeter, an electronic scale (APTP 452), and sands. The dust particles

under 100 um were sieved by using 150 mesh sieves.

The system configuration of the experiment is shown in Fig. 3-3. PV panels are placed in the
courtyard with four walls, and the walls can serve as the boundaries of the entire area. In this way,
PV panels can avoid the interference of the outside wind to the greatest extent. Meanwhile, the

natural sunlight and the ambient temperature make the settlement and power generation effect
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more realistic. The fan as a jet source provides turbulent energy for dust particles. The pipe can be
used as a boundary layer to prevent the wind flow from diffusing. Meanwhile, dust particles are
injected into the entrance port, so the sand and dust move randomly with the turbulent flow
direction to distribute on the PV panel. A thermometer and a voltmeter are used to measure the

data when the voltage changes with the temperature.

In [111], the data measured under STC can be used as a reference, such as the surface temperature,
dust density, and output power of the PV panel. After measuring the quantity of the dust particles,
which are deposited on the PV panel. The relationship between solar power generation and dust

density can be obtained.

O
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flow

io

Fig. 3-3. Measurement of RS PV panel

In this study, the RS PV panels are used, whose physical size is 300x210x20 mm. Technical
specifications of the PV panel are shown in Table 3-1, which are measured under the STC. The
optimal tilt angle of the PV panel is set to 56°. There are 36 PV cells in the PV module. The PV
power generation efficiency of PV panels was studied by observing the occlusion rate of PV cells

by dust particles.

TABLE 3-1 SURFACE TEMPERATURE OF PV PANELS PARAMETER OF PV PANELS

Symbol Parameter Value
W, Peak Power 5W
Vinp Max. power Voltage 175V
Imp Max. power Current 0.29 A
Voc Open Circuit Voltage 220V
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lsc Short Circuit Current 0.32 A

According to the flow equation (3.8), when the distance between the PV panel and the tuyere
increases, the wind speed decreases. The wind velocity at a certain position in the wind field can

be described as:

v=0QA (3.8)
Q=aS (3.9)
bW _9% 3.10
v, QA (3.10)

where Ag (m?) and Qo (m®/s)are the airflow at the cross section and the flow rate at the outlet of
the air duct, respectively. Meanwhile, A (m?) and Q (m?®/s) are the airflow at the cross section and
the flow rate at a certain distance from the outlet, respectively. o is the turbulence coefficient and

S is the distance between the specification place and the tuyere (m).

The dust fluxes can be described as [117]:

u, u?
. t )(1—u—2t) (3.11)

F, =aEcP=ud(1+
g

u,
U =— In(z/z,) (3.12)

where E is the erosion factor, o is the sandblasting efficiency, c is the empirical proportionality
constant, g is the gravitational acceleration (m/s?) , p. is the air density (kg/m?), u~ is the friction
velocity (m/s) and u= is the threshold friction velocity (m/s). « is the empirical constant, which is

roughly 0.35 for turbulent flow, and zo is the roughness length (m).

Considering the effect of wind speed on the dust particle motion, and according to (3.11) and
(3.12), the density of incident particles is set to 0.1 g/s. The turbulence coefficient is shown in
Table 3-2. The turbulence coefficient o and jet diffusion angle 2o are affected by the turbulent
intensity. When the turbulent intensity increases, the surrounding medium is driven to increase. In
this situation, the turbulence coefficient o is 0.12. The wind speed of the fan used in this experiment

is 10 m/s. According to (3.10), the position of the PV panel can be calculated to identify the

54



incident wind speed.

TABLE 3-2 TURBULENCE COEFFICIENT

Nozzle Type o 20

Shrinking Nozzle 0.066 25°20°
0.071 27°10°

Cylindrical Tube 0.076
29°00°

0.08
Axial fan with air 0.12 44°30°

deflector

0.20 68°30

Finally, the surface temperature of the PV panel is measured with a thermometer. Meanwhile, the
voltage value of the PV panel is detected by a voltmeter. To get an accurate temperature-voltage
relationship, the detection of the data is continuously monitored within 30 minutes. Then, repeat
the experiment after the PV panel is cooled for 10 minutes.

3.3 Results

In this part, firstly, the dust particles accumulated on the surface of PV panels in different
environments were simulated, and the accuracy of dust accumulation was verified by experiments.
Then, the change of temperature of the PV panel surface and the occlusion is measured under
different dust accumulation conditions. Finally, the power variation of the PV panel is measured.

3.3.1 Simulation results

3.3.1.1 Simulation results of dust deposition

The results display the dust accumulation when the wind flows from different angles in terms of
0°, 30°, 45°, 60° and 90° to the PV panel, as shown in Fig. 3-4. The dust accumulation on the
surface of the PV panel is different when the wind speed varies. The table in Fig. 3-4 shows that
the samples of dust density are minimal, middle, and maximal wind speeds with different inject
angles. In the numerical simulation, FLUENT was used to count the particle weight with zero

velocity on the surface of the PV panel. In the test, a simulated wind tunnel is used to perform a
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blowing experiment to simulate the wind speed and blowing angle under actual conditions. After
multiple times (at least 3 times), weight measurement is performed when the weight is no longer

increased. The weight includes the dust and PV panel.

Referring to the trend in Fig. 3-4, it is known that there are two peak values for the quantity of dust
deposition. The curve in Fig. 3-4 shows the values of dust accumulation with different wind inlet
angles. The number of dust particles accumulates at the first peak value, while the wind speed
changes between 4.43 m/s and 5 m/s. During this period, the wind velocity is not high enough, and
the viscosity is higher than the collision force between the dust and PV panel. As the wind speed
increases, the turbulent energy is greater than the viscous force, and the dust on the surface of the
PV panel begins to decrease. Then, the dust particles accumulate at the position with the second
peak value, while the wind speed changes between 5 m/s and 6 m/s. During this period, the wind
velocity is high enough, and the collision force is higher than the viscous force between the dust
and PV panels. After that, the quantity of dust on the PV panel surfaces tends to be stable.
Moreover, the critical value of dust deposition is not only decided by the wind speed but also the
wind direction. For example, in the first steady time period, the maximum dust deposition at 90°

is achieved with the wind speed of 5 m/s. It is obvious at the time of the second peak.

—m

0.05 g/m*>  0.05 g/m® 002g/m
30° 0.06 g/'m>  0.05g/m*> 0.04 g/m>
45°  005g/m? 005gm?  0.03 gm?
60° 0.07 g'm*>  0.07 g/m* 0.04 g/m*
90° 0.05g/m* 004 gm> 0.04 g'/m?

Dust accumulation (g/'m? )

Wind direction (°)

Wind speed (m/s)

Fig. 3-4. Simulation results of dust deposition in various air conditions

According to Fig. 3-4, a set of theoretical principles can be derived to directly observe the dust
accumulation of PV panels in England. Influenced by the wind directions, the dust distribution and
dust density of PV panels are different. The formula group (3.13) shows the relationship between

the wind speed and dust accumulation at certain wind directions.
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Yo =—0.1315x° +3.6069x* —39.3442x> + 213.3849x* —575.3697x + 617.0866

Yoo = —0.0112x° +0.3276x"* —3.7934x° + 21.8242x” — 62.3825x% + 70.9352

Ve = —0.0059x° +0.1803x" — 2.1471x> +12.5746x° —36.2668x + 41.3162 (3.13)
Yoo =—0.0262x° +0.7603x"* —8.7744x° +50.3571x* —143.6585x +163.9765

Yoo = 0.0056%° —0.1875x" + 2.4407x° —15.4579x> + 47.8541x — 58.0582

where x is the wind speed (m/s) and y is the density of dust accumulation (g/m?).

Although in some situations, the quantities of dust deposition are the same, the distribution varies
when the wind changes. For example, in Fig. 3-5, the cases with 5 different wind directions and 8
different wind speeds are compared. There are two situations for dust distribution: focus deposition
and average deposition. Combined with Fig. 3-4, Fig. 3-5 shows a more visual representation of
the cumulative distribution of sand and dust at different wind speeds and wind directions. In Fig.
3-5 (a), the dust accumulation on the PV panel with a 0° wind inlet is a focus deposit on a part of
the panel. Therefore, the irradiance on this part is very week, which is only 600 W/m?, which is
the same as that shown in Fig. 3-5 (d). In addition, Fig. 3-5 (b), Fig. 3-5 (c), and Fig. 3-5 (e) show
the same situation, which is affected by the average dust accumulation. In this circumstance, the
irradiance is 800 W/m?. The average dust distribution generally only affects the PV power
generation, and the concentrated distribution of dust can damage the PV panels. The reason for
this is that the dust covering the surface of the PV panel affects the irradiance and blocks heat
dissipation. It impacts the power generation efficiency of a PV panel, which will be explained in

<

the next section.
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Fig. 3-5. Diagram of dust deposition on the PV panel. (a) 0° wind direction (b) 30° wind
direction (c) 45° wind direction (d) 60° wind direction (e) 90° wind direction

3.3.1.2 Simulation results of the TKE

After analyzing the PV panels, the PV array needs to be briefly analyzed. After all, in the PV array,
the front, and rear PV panels have a turbulent effect, which is important for power generation. In
order to figure out the dust particle motion around the PV array, the TKE should be analyzed in
the CFD simulation. By analyzing the PV array, the following information is derived: The
turbulence impacts the dust distribution around the PV panels. The TKE is shown in Fig. 3-6.

According to (3.4), (3.5), and (3.6), the TKE is affected by the velocity and turbulence intensity,
and the higher the turbulence intensity is, the greater the TKE is. Meanwhile, the turbulence
intensity is determined by the Reynolds constant. The larger the Reynolds constant is, the greater

the fluid density is, and at this time, the inertia effect is greater than the viscous force. Therefore,
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the impact of the particle on the PV array is related to the wind velocity.

In Fig. 3-6 (a), the TKE distribution of the PV array is uneven, and the turbulent energy between
the first panel and the second panel is large, and the upper portion is particularly dense, indicating
that the particle concentration here is high. Due to the blockage of the first and second PV panels,
the wind speed is decreased when reaching the third panel, so the TKE between the second PV
panel and the third PV panel is reduced. Finally, due to the influence of turbulence, a large number
of dust accumulate in the back-bottom part of the third panel, and when the wind speed increases,

the accumulation amount increases too.

(a) (b)

Fig. 3-6. The TKE of PV array in CFD. (a) the left view of dust particle deposition of 100
pm dust diameter with 5 m/s wind velocity (b) the top view of dust particle deposition of

100 pm dust diameter on 10 m/s wind velocity

It can be observed from Fig. 3-6 (b) that the front panels decrease the TKE to the rear panels, and
it can be seen from the top view that the TKE between the PV panels is not uniform, and as a
result, fewer particles accumulate on the rear panels. Thus, the amount of dust accumulated on the
surface of the PV panel is different, which is affected by the front panel. However, the non-uniform
TKE drives the particles to adhere to a small part of the PV panel and causes a high temperature

in that part. Therefore, the panel in the middle should be concerned to prevent the hot spot effect.

To sum up, at different wind speeds, the TKE in the PV array is different. Combining with Fig. 3-

2 and Fig. 3-5, in the northern area of England, represented by Liverpool, the amount of PV dust

deposition is generally small, which is suitable for the construction of PV power stations. The

minimal dust deposition cycle is from December to March, and the maximal value is from August

to October. Therefore, from August to October, PV panels need to be maintained to avoid hot-spot
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effects and DC arc shock caused by dust.
3.3.2 Experiment results

3.3.2.1 Accuracy of simulation

The particle densities from the simulation and experiment results are shown in Fig. 3-7. Comparing
the simulation results with the experimental results, it is found that the two groups of data witness
a very similar trend. Analyzing the diagram in Fig. 3-7, when the wind speed varies in a year, the
errors of dust accumulation between experiment and simulation are not totally the same in each
wind direction. From 0 ° to 90 ° wind inlet, the average error is 0.5%, 0.4%, 0.2%, 0.2% and 0.3%
respectively. As a result, the actual dust deposition value can be predicted by using (3.14) in the
England. Therefore, since the finite element simulation results are highly accurate, the simulation
data can be used to predict the real situation of local PV power generation.

Yo = (~0.1315x° + 3.6069x" —39.3442x + 213.3849° — 575.3697x + 617.0866)(L+ 0.5%)

Yoo = (-0.0112%° +0.3276x"* —3.7934x° + 21.8242x* — 62.3825x + 70.9352) (1 + 0.4%)

Vs = (~0.0050%° +0.1803x" — 2.1471x° +12.5746x* — 36.2668x + 41.3162)(1£ 0.2%) (3.14)
Yoo = (-0.0262%° +0.7603x" —8.7744x* +50.3571x* —143.6585x +163.9765)(1+ 0.2%)

Yoo = (0.0056° —0.1875x" + 2.4407 ~15.4579x% + 47.8541x — 58.0582) (L 0.3%)

where x is the wind speed (m/s) and y is the density of dust accumulation (g/m?).

According to Fig. 3-7, the first two batches of experiments were carried out at a low airflow angle,
where the dust particles carried by the airflow were less constrained on the surface of the solar
panel, and the sedimentary motion of the particles was more cluttered, resulting in relatively large

data changes in the experiment and a large deviation in the simulated results.
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Fig. 3-7. Comparison of experiment value and simulation value of dust deposition. (a) 0°
wind direction (b) 30° wind direction (c) 45° wind direction (d) 60° wind direction (e) 90°

To conclude, after verification, the dust is related to the wind speed, and a lower wind speed results

in a lower dust density. In addition, due to the high accuracy of simulation results, the situation of
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dust deposition in a region can be detected by using CFD simulation.

3.3.2.2 Impacts of dust depostion on temperature and output of PV panels

Since the dust accumulation of PV panels in a region can be obtained through simulation, this

section will analyze the impact of sand and dust accumulation on temperature and PV power

generation efficiency. It can determine whether a place is suitable for building a PV station.

The comparison between a clean PV panel and a dusty PV panel was implemented with 100 um

dust particles at the wind speed of 5 m/s when the wind flows vertically (90°) to the surfaces of
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the PV panels. The maximum surface temperature of the clean PV panel is 28.1 °C in Liverpool
over one day, and the maximum surface temperature of the dusty PV panel is 32.6 °C in the same
condition. Since the material of the PV panel is polysilicon, it is very sensitive to temperature
changes. Since the dust covering the surface of the PV panel prevents the heat of the panel from

being released, and cannot be transmitted outward, the temperature becomes high.

From Fig. 3-8 (a), it can be seen that the panel surface temperature has a great influence on the
output voltage of the PV panel. When the surface temperature of the PV panel reaches 33.2 °C, it
does not increase further. The dust covering the surface of the PV panel not only blocks the
irradiation but also blocks the heat dissipation that affects the power generation efficiency.
Therefore, when the dust accumulates on the PV panel, the output voltage of the PV panel
decreases. In addition, when the temperature rises, the forbidden bandwidth of the solar cell
becomes narrower, so the open-circuit voltage decreases. Because the bandgap is narrow, more
electrons can transit from the valence band to the conduction band, and the short circuit current
increases, and the temperature affects the open-circuit voltage. The impact on the short-circuit
current is small, so the overall temperature rises, and the battery power drops. Then, the output

power at a certain temperature is obtained when the dust accumulates in different situations.

From Fig. 3-8 (b), there are two situations for dust accumulation: almost average accumulation
and focusing on a part of a PV panel. Considering the factors of shading area and temperature rise,
the PV power generation decreases by 46%~70% in different environmental conditions. When the
dust deposition focuses on a part of a PV module, the irradiance of the shading part is roughly 600

W/m?. Because of the quantity of the dust particles on the PV panel, there are three situations:

@ There is 0.02 g/m? dust shading on 1 PV cell, and 1 cell occupies 5% of a module.

(b) There is 0.04 g/m? dust shading on 4 PV cells, and 4 cells occupy 10% of a module.

(© There is 0.05 g/m? to 0.08 g/m? dust shading on 14 PV cells, and 14 cells occupy
30%~40% of a module.

When the dust deposits averagely on a PV module, the irradiance of the shading part is 800 W/m?

approximately. There are also three situations of dust accumulation:

@ There is 0.02 g/m? dust shading on 4 PV cells, and 4 cells occupy 10% of a module.
(b) There is 0.04 g/m? dust shading on 9 PV cells, and 9 cells occupy 20%~30% of a
module.
(c)  Thereis 0.05 g/m? to 0.08 g/m? dust shading on 18 PV cells, and 18 cells occupy 50%
of a module.
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Fig. 3-8. Measured data (a) temperature-voltage curve (b) P-V curve

To sum up, dust deposition affects PV power generation efficiency. The thicker the dust is, the
lower the output voltage is because the temperature of the PV panel rises sharply within 5 minutes.
In addition, due to the impacts of dust deposition on PV power generation, the selection of PV
stations should be concerned while the region has a large quantity of dust accumulation. If a station

is chosen in a large dusty place, it will invest many resources in cleanings, such as cost and labor.
3.4 Summary

The deposition of dust particles on PV panels was studied by CFD simulation and further verified
by an experiment in this study, which is based on the weather of Liverpool, England. The wind
field was predicted by the Realizable k-3 turbulence model, and the DPM model of turbulent
particle diffusion was used to simulate the dust deposition behavior. As long as the boundary
conditions of the local situation are set, the corresponding environmental conditions can be
obtained. Meanwhile, calculations are made in advance to predict the local suitability for building
PV power plants.

Due to the influence of the monsoon, the most dust accumulation is presented from March to
August. According to the experiment, the essence of dust effect on the efficiency of PV power
generation affects the temperature of the surface of the PV panel. Dust particles impact the PV
panels, and they also increase the temperatures of PV panels. After the measurement process, it
was found that the output power of the PV panel is decreased from 46%~70% due to dust
accumulation and the surface temperature change of the PV panel. Therefore, according to the dust
shading and the surface temperature change of PV panel, the relationship between dust deposition

and PV power generation can be obtained. As a result, the output power in a certain area can be
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predicted. Meanwhile, in the PV array, there is an influence among the panels, resulting in uneven

coverage of dust.

In summary, the numerical simulation method can accurately predict the dust accumulation on the
PV panel and the distribution of the approximate dust pattern, which provides guidelines for the
solar panel dust removal in the wind-sand environment. Meanwhile, based on the significant
influence of the solar panel temperature on the output efficiency, how to effectively reduce the

temperature in the local micro-environment of the solar panel will be the focus of the next step.
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Chapter 4 Cost Effective Offline Reconfiguration for
Large-Scale Non-Uniformly Aging Photovoltaic Arrays

Efficiency Enhancement

4.1 Introduction

Thanks to the decrease in cost, solar energy generation is becoming popular all around the world
over the years [19][118-122]. Currently, large-scale PV power plants are gaining popularity in the
global renewable energy market, primarily owing to the mass production of PV modules with
reduced cost and high energy conversion efficiency [123-124].

There are three factors that determine the PV generation system efficiency. They are the PV cell
efficiency, PV array efficiency, and energy conversion efficiency. PV cell and energy conversion
have been widely studied to improve the efficiency. With the improvement of technology,
monocrystalline silicon and polycrystalline silicon production cost is decreased obviously.
Currently, the typical polycrystalline silicon PV cell efficiency is 17.7% (Yinli Solar); the
monocrystalline silicon PV cell efficiency is 19.8% (Yinli Solar) [125]. In energy conversion, a
new generation of switching devices such as super junction MOSFET, silicon carbon (SiC)
MOSFET, and new power electronics topologies such as multi-level DC-AC converter and
resonant DC-DC converter have obviously improved the energy conversion efficiency [126-128].
Due to the soft-switching topology and high-quality switching devices, the energy conversion rate
can be over 95% [128]. Therefore, there is limited room for improving efficiencies of PV cells and

energy conversion. However, there is a large room for improving the PV array efficiency.

The non-uniform aging of PV array is a common phenomenon in the long service time, which is
caused by dust, shadow, and water corrosion [129-131]. Fig. 4-1 is an example of aging
improvement and global maximum power point (GMPPT). For the aging improvement, we need
to change the position of PV modules according to the aging information. After rearrangement,
the PV array output characteristic may still be with multi-maximum power points. GMPPT is a
necessary algorithm that finds the global maximum power point. We can see from Fig. 4-1 that
before rearrangement, the array GMPPT is 564 W. After rearrangement, the array global maximum
power point is 690 W. The efficiency of the whole array can be improved by 22.3% when the
working point of the array is at the GMPPT. Therefore, the proposed aging array rearrangement is

complementary with GMPPT.
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Fig. 4-1. Without and with rearrangement. (a) without rearrangement (b) Output

character (Without) (c) with rearrangement (d) Output character (With)

To increase the effective service time, there are two important steps. The first step is PV array fault
diagnosis; the second step is PV array reconfiguration. For PV array fault diagnosis, thermal
camera [20][132-136], earth capacitance measurement (ECM) [137], time-domain reflectometry
(TDR) [138], and applying voltage/current sensors are four popular methods for PV fault
diagnosis. Due to the non-uniform temperature distribution of faulty PV arrays, thermal cameras
can be adopted to locate the faulty PV modules in the online application background [20][132-
136]. ECM can locate the disconnection of PV modules, and TDR can estimate the degradation of
PV arrays, while both ECM and TDR can only be employed in offline fault diagnosis [137-138].
For scale PV array fault diagnosis, power loss analysis is proposed in [139-140]. For PV array
reconfiguration, [141-144] only the small-scale reconfiguration example is given. Paper [145]
proposed a classical optimization algorithm (COA) to reconfigure a total cross-tied (RTCT) arrays.
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The branch-and-bound algorithm is employed to minimize the cost, while the COA still needs
strong computational efforts. The look-up table method is developed in paper [143] for small-scale
PV arrays, which is almost impossible to be used for large PV arrays. Paper [146] developed an
exhaustive search algorithm. In order to speed up the selection of a configuration, paper [147]
developed a sorting algorithm based on the best-worst paradigm. The fuzzy logical algorithm was
also proposed to search for the best reconfiguration [148]. Paper [149-151] gives the summary of

the state-of-art online reconfiguration of PV array.

However, there is no report on large-scale PV array reconfiguration. Currently, PV array
reconfiguration is mainly implemented by relay networks, which needs a large number of relays
and high system cost. For large-scale PV arrays, the only feasible solution for PV reconfiguration
is swapping PV modules by human labor offline, as shown in Fig. 4-2. In order to decrease the
labor cost, the key technology is to develop an optimized reconfiguration strategy to decrease the
swap times and achieve the maximum power at the same time. In this paper, the optimized
reconfiguration strategy with the minimum swap times and maximum output power is proposed

to decrease the labor cost.

PV array
reconfiguration

Large scale SmaII scale
PV array PV array

Ll

L_abor Off-line || On-line | | Rel&Y
maintance network

(a)
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Fig. 4-2. PV array reconfiguration strategy. (a) PV array reconfiguration (b) PV array
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For this chapter, in section 4.2, four levels model including cell-unit, PV module, PV string and
PV array are introduced. In section 4.3, two physical methods are illustrated. In section 4.4, the
lost cost PV array rearrangement strategy is developed. Meanwhile, simulation and experiment are
presented to verify the proposed method. The summary is given in the final part.

4.2 Mathematical Modeling

Non-uniform aging is a common problem in PVs which can be caused by lasting dust, shading, or

water corrosion over a long time [129-130].

The electrical characteristics of PVs are influenced by both temperature and illumination. The

electrical model of the PV cell is expressed by [119].

I=1 -1, [exp(‘gT'—V) 1] (4.1)
__q
TN, KA 4.2)
G
IL = G— [ILref +ki (Tm - 7—;'ef )] (43)
ref
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T qE, ,1 1
I=I . (=)%ex BG - (4.4)
0 oref(T ) p[Ns-A-K(T T )]

ref ref m

where | is the PV module output current, 1. is the photon current, g is the quantity of electric
charge, A is the diode characteristic factor, K is the Boltzmann constant, I, is the saturated current,
Tm is the PV module temperature, G is the irradiance, V is the output voltage, Grer is the reference
irradiance level (1000 W/m?), Iiret, loret are the reference values for I and lo. ki is the current-
temperature coefficient provided by the PV manufacturer. Tref is the reference temperature, Ns is
the number of series-connected cells, Tm is the PV module temperature. ¢ is a constant depending
on g, Ns, K, A, and is calculated by the following equation:

—1 _ sc_ref [eX (‘9 V mpp _ref )—l]
sc_ref mpp_ref T c .V p T (45)

ref

where Impp_ref, lIsc_ref, Vmpp_ref@nd Voc_refare the maximum power point (MPP) current, short-circuit
current, MPP voltage and open-circuit voltage at a reference condition defined by the relevant

standard.

A PV string consists of s PV modules, with the terminal voltage Vstring and current ising. Let the
terminal voltage, current and maximum current from the k th PV module be Vimodulek, imodulek and
imodute > respectively. The following relationship can be established.

[ =...=I

string - module,1 - module,2 — °* module, s (4.6)
Vstring :Vmodule,l +Vmodu|e,2 +... +Vmodule,s 4.7)

Similarly, the bucket effect indicates that the maximum current in the PV string is limited by the
minimum  i,0%,5¢ x Of those non-bypassed modules. That is is¢ring < imoguier, 1 <k < s, and

the k th module is not bypassed.

In order to calculate the number of reconfigured PV panels Tst, the following notations are needed.
Assume that the original PV array has m rows of PV panels connected in parallel, and each row
has n panels connected in series. Define the reconfiguration function f(k) for k= 1,2,...m*n, so that
the value of f(k) equals an integer from {1,2...m*n} , and it represents the correspondence between

the original PV array and the reconfigured PV array. For instance, for any PV module located in
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the i-th row and j-th column, then this module corresponds to a number k =i*n+ j, this module will

be moved to the location of i’-th row and j’-th column, where are determined from the relation

f(k)=i*n+] thatis, j—f(kjmod(n), i - )71,

n
In the calculation process of Ty, it is crucial to note that the movement of a panel within one row
IS not counted as a movement, since all modules in the same row are connected in series. It is also
helpful to note that swapping two rows is not indeed a movement, as such a swap does not change
the topological structure---this case usually scarcely happens. Keep this in mind, and Ts can be

calculated as follows.

T, =min{T;:1=123,....m!} (4.8)

where T! is the number of reconfigured PV panels under the I-th permutation of these rows of the

reconfigured solution. In the simplified approaches, such a permutation can also be ignored and
one calculates the number of reconfigured PV panels for the reconfigured solution. For simplicity,
let us assume that the first one I=1 corresponds to the reconfigured solution without row

permutation, therefore all the other 1! can be calculated similarly.

Ta=2|ANA] (4.9)

where || means the number of elements of a set (i.e. the potential of a set), set Ai is defined as the
set of panels in the i-th row, i.e. the set{n*(i-1)+1, n*(i-1)+2,...,n*(i-1)+n}; A is the set of
reconstructed panels consisting of the images of elements in A; mapped by the reconstruction
solution, i.e. Ai={f(n*(i-1)+1), f(n*(i-1)+2),....f(n*(i-1)+n) }; A\Ai means to find the set of
elements in A’ but not in Ai.

4.3 Modeling the Cost of Reconfiguration

After the aging map of a PV array is detected, a remedial measure can be employed to rearrange
the faulty PV modules prior to the replacement of the faulty modules, which increases the capital
cost. For large-scale PV arrays, there are many reconfiguration routes. Different routes have
different line reconnection times and wiring distances that determine the efficiency and cost of the
reconfiguration progress. In order to propose an optimized reconfiguration solution, it is necessary
to model the reconfiguration cost, which is approximated by the number of reconfigured panels
for simplicity.
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4.3.1 Calculation of permutation number based on branch and bound method

Branch-and-Bound (B&B) algorithm is one of the fundamental schemes for combinatorial search
problems. It has been widely applied to NP-hard optimization problems such as intelligent system
design, integer programming, SAT problems, and theorem proving. Many kinds of research
concerning the theory and application of B&B have been reported in the literature. B&B has four
basic components: the rules of branching, selection rules, elimination rules, and termination
conditions. Branch rules and termination conditions depend on the specific search problem, and
the selection rules referring to the slipknot point to identify the table has a better one or more nodes
in order to further expand, elimination rules for as much as possible will not be able to derive the
optimal solution of a node-set to promulgate the point. The PV array module calculated by GA

should be switched on and off again, and the minimum number of replacements is required.

It is shown in Fig. 4-3 that the PV array switch replacement belongs to a wiring problem. Its
solution space is a graph, so it is used as the first extended node from the starting position a. The
feasible nodes adjacent to and accessible to the extended node are added to the queue of the node,
and these squares are marked as 1, that is, the distance from the starting position a to these modules
is 1. Then, the first node is taken from the node queue as the next extension node, and the unmarked
position adjacent to the current extension node is marked as 2 and stored in the node queue. This
process continues until the algorithm searches until the target location b or the queue at the node

is empty. Then, a and b are interchanged with each other.

Before After
. a
_[oo] [07] [os] [os] [08] 09| [09] [09] [08] [04
pu.| |pu.| |pu.| |pu| |pu | p.u. p.a. jp.u. r pu. | [pu. | |
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pa. pu. | | pu p.u. p.u. pau. p.u. p.u. p.u. p.u.
o3| [08] [06] [04] [05] 05| [os] [0s] [o5] [03
| pa.| |pu| [pu.| |pu | |pu] —1pe.| |pe.| |pu| [pu| |pu | |
_[09] [o6] [o4] [05] [03] | 03| [07] [05] [o4] [027] |
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Fig. 4-3. Schematic diagram of PV module replacement

The specific algorithm is described as follows:

Stepl: If the goal of the problem is to minimize, the value Z= infinity of the optimal solution is
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set.

Step2: According to the branching rule, a node from a Fathomed node (local solution) is selected

and divided into several new nodes at the next level.

Step3: Calculate the lower bound for each newly branched node.

Step4: The insight condition is tested for each node. If the node satisfies any of the following

conditions, the node can be known and will not be considered: (1) The lower bound of the node is
greater than or equal to the Z value. (2) A feasible solution with minimum lower bound value has
been found in this node. (3) If this condition is true, it is necessary to compare the feasible solution
with the z-value. (4) If the former one is smaller, it is necessary to update the z-value, which is the

value of the feasible solution. This node cannot contain a viable solution.

Step5: To determine whether there are still unrecognized nodes. If unrecognized nodes exist, then

go back to step 2. If there are no unrecognized nodes, the calculation stops and the optimal solution
is obtained.

Given any PV array with maximum power generation Py before reconfiguration, denote P, the
maximum power generation after the above B&B reconfiguration, then there exits a functional

relationship F to represent this B&B process.
Pa =F(Pb) (4.10)

The corresponding flowchart is presented in Fig. 4-4.
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4.3.2 Cost analysis of PV array reconstruction

According to the survey, it is assumed that the PV array needs to be reconstructed once a year on
average, and the PV array can generate power for 8 hours per day. A skilled grid worker needs an
average of 45 mins to swap the PV modules from one place to another. Through the reconstruction
of the PV array, the economic benefit of power generation can be increased by eliminating the
labor cost caused by handling. The following equations are employed to calculate the labor cost
and the electricity profit. In (4.11), M, is the pure profit of the reconfiguration. In (4.12), My is the
labor cost, Tst is the number of reconfigured PV panels, and Ms is the average salary of the

manpower. In (4.13), Mz is the additional electric revenue profit, Pa is the PV array output power
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after reconstruction, Py is the PV array output power before reconstruction, and Me is the electricity

price. The target is to peruse the maximum value for Mp.

max M,=M,-M, (4.12)
subject to: M, = (T, /5) *M, (4.12)
M, =M,*(P,—R,) *8*365/1000 (4.13)

and equations (4.8)-(4.10).
4.4. Simulation and Case Studies

Take 2019 as a benchmark. Taking China, the United States, the United Kingdom, and Turkey as
examples, it is verified whether the topology reconstruction method of PV array can truly obtain
better economic benefits. The detailed information is shown as presented in Table 4-1.

TABLE 4-1 ELECTRICITY PRICE AND LABOR REMUNERATION IN 2019

Country Electricity prices The average handling cost per
(8/ KWI) salary swapping
($/ hour) ($/time)
China 0.084 7.4 5.55
America 0.125 16 12
Britain 0.256 17.2 12.9
Turkey 0.17 3.01 2.26

To demonstrate the validity of the proposed algorithm, a number of PV arrays with different sizes
will be evaluated on 5 x 5 and 7 x 20 PV arrays. A commercial 300 W PV module is considered
in the simulation. The maximum power outputs from these PV configurations, both before and
after arrangements, are determined by employing a PV array model constructed in Python, which
was employed to carry out the calculations, and the corresponding computing times for a 7 x 20
PV array was arranged. Our experimental environment is as follows: Intel(R) Core (7M) i7-8565u
CPU @1.80GHZ/ Windows 10 /8 GB /512gb SSD / UHD 620.
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The maximum output power in a healthy module is set as 1 p.u. (STC), where standard test
conditions represent 1000 W/m? irradiance at 25 °C module temperature. A typical large-scale
non-uniform aging PV array is employed as a testing branch, which is presented in the upside in
Table 4-2 ~Table 4-6, in which each number stands for the maximum output power due to aging.
In each string, PV modules are in series connection, and all the strings are parallel connected,
which is the typical connection method for commercial PV arrays. The downside of Table 4-2 is
the result of reconfiguration with the proposed algorithm considering the manpower cost and
electricity price in China. The downside of Table 4-3 is the result of reconfiguration with the
proposed algorithm considering the manpower cost and electricity price in the USA. The downside
of Table 4-4 is the result of reconfiguration with the proposed algorithm considering the manpower
cost and electricity price in the UK. The downside of Table 4-5 is the result of reconfiguration
with the proposed algorithm considering the manpower cost and electricity price in Turkey. The
downside of Table 4-6 is the result of reconfiguration that only considers additional electric

revenue profit.

TABLE 4-2 PV ARRAY BEFORE ARRANGEMENT FOR SECOND CASE IN CHINA

Before

07 08 07 05 04 08 05 07 04 04 07 08 07 05 04 08 05 07 04 03
pu pu pu pU pU pU pU pU pU pU pU pU PpU pU pPU pU pU pU pu puU

06 07 06 07 07 07 04 07 06 06 06 07 06 07 07 07 04 07 06 06
pu pu puU pU pU pU pU pU pU pU pU pU pPU pU pPU pU pU puU pu puU

07 07 07 08 06 06 08 05 07 06 07 07 07 08 06 06 08 05 07 06
pu p.U pU pU pU pPU pPU pU pPU PU pU PU PU pPU PU pPU pU pU pU pu

08 06 07 07 06 07 07 08 05 05 08 06 07 07 07 07 07 08 05 0.7
pu p.U pU p.U pU pPU pPU pU pU pPU pU PU PU pPU PU pPU pU pU puU pu

08 08 08 06 05 05 07 05 06 05 08 08 07 06 05 05 07 05 06 05
pu pu puU pU pU pU pU pU pU pU pU pU pPU PU PU pU pU pU pu puU

07 09 08 07 06 05 06 09 07 05 07 09 08 07 06 05 06 09 07 05
pu pu puU pU pU pU pU pU pU pU pU pU pPU PU PU pU pU pU pu puU

09 09 08 07 06 06 06 09 07 09 07 08 08 07 09 06 06 09 08 07
pu pu pu pU pU pU pU PpU PU pPU pPU PU pPU pPU pU pU pU pU pU puU
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0.7
p.u

0.9
p.u

0.9
p.u

0.9
p.u

0.8
p.u

0.8
p.u

0.7
p.u

0.7
p.u

0.6
p.u

0.6
p.u

0.5
p.u

0.6
p.u

0.6
p.u

0.6
p.u

0.9
p.u

0.9
p.u

0.7
p.u

0.7
p.u

0.5
p.u

0.9
p.u

0.7
p.u

0.7
p.u

0.9
p.u

0.8
p.u

0.8
p.u

0.8
p.u

0.7
p.u

0.7
p.u

0.6
p.u

0.9
p.u

0.5
p.u

0.6
p.u

0.6
p.u

0.6
p.u

0.9
p.u

0.9
p.u

0.7
p.u

0.8
p.u

0.5
p.u

0.7
p.u

After

0.6
p.u

0.6
p.u

0.7
p.u

0.8
p.u

0.7
p.u

0.7
p.u

0.9
p.u

0.5
p.u

0.7
p.u

0.7
p.u

0.8
p.u

0.7
p.u

0.6
p.u

0.9
p.u

0.8
p.u

0.6
p.u

0.7
p.u

0.8
p.u

0.7
p.u

0.8
p.u

0.8
p.u

04
p.u

0.9
p.u

0.7
p.u

0.7
p.u

0.7
p.u

0.6
p.u

0.8
p.u

0.4
p.u

0.7
p.u

0.7
p.u

0.7
p.u

0.7
p.u

0.6
p.u

0.6
p.u

0.5
p.u

0.7
p.u

0.7
p.u

0.7
p.u

0.7
p.u

0.6
p.u

0.9
p.u

0.5
p.u

0.7
p.u

0.7
p.u

0.7
p.u

0.7
p.u

0.6
p.u

0.9
p.u

0.5
p.u

0.4
p.u

0.7
p.u

0.7
p.u

0.6
p.u

0.6
p.u

0.9
p.u

0.5
p.u

0.8
p.u

0.7
p.u

0.7
p.u

0.7
p.u

0.6
p.u

0.9
p.u

0.5
p.u

0.8
p.u

0.7
p.u

0.7
p.u

0.6
p.u

0.6
p.u

0.9
p.u

0.5
p.u

0.8
p.u

0.7
p.u

0.7
p.u

0.6
p.u

0.6
p.u

0.8
p.u

0.5
p.u

0.8
p.u

0.7
p.u

0.7
p.u

0.6
p.u

0.6
p.u

0.8
p.u

0.5
p.u

0.8
p.u

0.7
p.u

0.7
p.u

0.6
p.u

0.6
p.u

0.8
p.u

0.5
p.u

0.8
p.u

0.7
p.u

0.7
p.u

0.7
p.u

0.6
p.u

0.8
p.u

0.5
p.u

0.8
p.u

0.7
p.u

0.7
p.u

0.6
p.u

0.6
p.u

0.9
p.u

0.5
p.u

0.8
p.u

0.7
p.u

0.7
p.u

0.6
p.u

0.6
p.u

0.8
p.u

0.5
p.u

0.7
p.u

0.7
p.u

0.7
p.u

0.6
p.u

0.6
p.u

0.8
p.u

0.5
p.u

0.7
p.u

0.7
p.u

0.7
p.u

0.6
p.u

0.6
p.u

0.9
p.u

0.4
p.u

0.8
p.u

0.5
p.u

0.5
p.u

0.5
p.u

0.4
p.u

0.8
p.u

0.3
p.u

0.5
p.u

0.4
p.u

0.5
p.u

04
p.u

0.5
p.u

05
p.u

TABLE 4-4 PV ARRAY BEFORE ARRANGEMENT FOR SECOND CASE IN UK

Before

0.7
p.u

0.6
p.u

0.7
p.u

0.8
p.u

0.7
p.u

0.7
p.u

0.7
p.u

0.6
p.u

0.7
p.u

0.5
p.u

0.7
p.u

0.8
p.u

0.4
p.u

0.7
p.u

0.6
p.u

0.8
p.u

0.7
p.u

0.6
p.u

0.5
p.u

04
p.u

0.8
p.u

0.7
p.u

0.7
p.u

0.5
p.u

0.4
p.u

0.6
p.u

0.7
p.u

04
p.u

0.6
p.u

0.6
p.u

0.7
p.u

0.6
p.u

0.7
p.u
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0.8
p.u

0.7
p.u

0.7
p.u

0.7
p.u

0.6
p.u

0.7
p.u

0.5
p.u

0.7
p.u

0.8
p.u

0.4
p.u

0.7
p.u

0.6
p.u

0.8
p.u

0.7
p.u

0.6
p.u

0.5
p.u

0.4
p.u

0.8
p.u

0.7
p.u

0.7
p.u

0.5
p.u

04
p.u

0.6
p.u

0.7
p.u

0.3
p.u

0.6
p.u

0.6
p.u



0.8
p.u

0.8
p.u

0.7
p.u

0.9
p.u

06 07 07 06 07 07 08 05 05 08 06 07 07 07 07 07 08 05
puU p.Uu pU pU pU pPU PU PU PU pPU PU PU PU pPU PU pU pU pu

08 08 06 05 05 07 05 06 05 08 08 07 06 05 05 07 05 06
pu pu puU pU pU pU pU pPU pPU pU pU pU pU pU puU puU pu pu

09 08 07 06 05 06 09 07 05 07 09 08 07 06 05 06 09 0.7
pu pu puU pU pU pU pU pPU pPU pU pU pU pU pU puU puU pu pu

09 08 07 06 06 06 09 07 09 07 08 08 07 09 06 06 09 08
pu p.U puU pU pU PU PU PU pPU pPU PU pPU pPU pU pPU pU pU pu

0.7
p.u

0.5
p.u

0.5
p.u

0.7
p.u

After

0.6
p.u

0.9
p.u

0.7
p.u

0.7
p.u

0.7
p.u

0.6
p.u

0.8
p.u

06 08 05 05 05 05 05 05 05 05 05 05 05 05 05 05 05 04
puU p.U pU pU pU pPU pPU pPU PU pPU PU PU PU PU pPU pU pU pu

06 06 07 08 08 08 07 08 08 07 08 08 08 08 07 07 07 05
pu pu puU pU pU pU pU pPU pPU pU pU pU pU pU puU puU puU pu

07 07 08 07 07 07 08 07 07 08 07 07 07 07 07 07 07 05
pu pu puU pU pU pU pU pPU pPU pU pU pU pU pU puU puU puU pu

07 07 07 07 07 07 07 07 07 07 07 07 07 07 07 07 07 05
puU p.U pU pU pU pPU PU PU PU PU PU PU PU PU PU pU pU pu

07 07 07 07 07 07 06 07 06 06 06 06 06 06 06 06 06 04
puU p.Uu pU pU pU pPU PU PU PU PU PU PU PU pPU PU pU pU pu

06 06 06 06 06 06 07 06 08 06 06 06 06 06 06 06 06 04
pu puU pU pU pU pU pU pPU pPU pU pU pU pU pU puU puU pu pu

09 09 09 09 09 09 09 09 09 08 08 08 08 08 08 08 08 05
puU puU pU pU pU pU pU pPU pPU pU pU pU pU pU pU puU puU pu

0.3
p.u

0.5
p.u

0.5
p.u

0.4
p.u

0.4
p.u

0.4
p.u

04
p.u

TABLE 4-5 PV ARRAY BEFORE ARRANGEMENT FOR SECOND CASE IN TURKEY

Before

0.7
p.u

08 07 05 04 08 05 07 04 04 07 08 07 05 04 08 05 07 04
pu pu puU pU pU pU pPU pU pPU pPU pPU pU pU pU pU puU pu pu

78

0.3
p.u



0.6
p.u

0.7
p.u

0.8
p.u

0.8
p.u

0.7
p.u

0.9
p.u

0.7
p.u

0.7
p.u

0.6
p.u

0.8
p.u

0.9
p.u

0.9
p.u

0.6
p.u

0.7
p.u

0.7
p.u

0.8
p.u

0.8
p.u

0.8
p.u

0.7
p.u

0.8
p.u

0.7
p.u

0.6
p.u

0.7
p.u

0.7
p.u

0.7
p.u

0.6
p.u

0.6
p.u

0.5
p.u

0.6
p.u

0.6
p.u

0.7
p.u

0.6
p.u

0.7
p.u

0.5
p.u

0.5
p.u

0.6
p.u

0.4
p.u

0.8
p.u

0.7
p.u

0.7
p.u

0.6
p.u

0.6
p.u

0.7
p.u

0.5
p.u

0.8
p.u

0.5
p.u

0.9
p.u

0.9
p.u

0.6
p.u

0.7
p.u

0.5
p.u

0.6
p.u

0.7
p.u

0.7
p.u

0.6
p.u

0.6
p.u

0.5
p.u

0.5
p.u

0.5
p.u

0.9
p.u

0.6
p.u

0.7
p.u

0.8
p.u

0.8
p.u

0.7
p.u

0.7
p.u

0.7
p.u

0.7
p.u

0.6
p.u

0.8
p.u

0.9
p.u

0.8
p.u

0.6
p.u

0.7
p.u

0.7
p.u

0.7
p.u

0.8
p.u

0.8
p.u

0.7
p.u

0.8
p.u

0.7
p.u

0.6
p.u

0.7
p.u

0.7
p.u

0.7
p.u

0.6
p.u

0.7
p.u

0.5
p.u

0.6
p.u

0.9
p.u

0.7
p.u

0.6
p.u

0.7
p.u

0.5
p.u

0.5
p.u

0.6
p.u

04
p.u

0.8
p.u

0.7
p.u

0.7
p.u

0.6
p.u

0.6
p.u

0.7
p.u

0.5
p.u

0.8
p.u

0.5
p.u

0.9
p.u

0.9
p.u

0.6
p.u

0.7
p.u

0.5
p.u

0.6
p.u

0.7
p.u

0.8
p.u

0.6
p.u

0.6
p.u

0.7
p.u

0.5
p.u

0.5
p.u

0.7
p.u

After

0.6
p.u

0.7
p.u

0.8
p.u

0.7
p.u

0.7
p.u

0.6
p.u

0.9
p.u

0.6
p.u

0.7
p.u

0.8
p.u

0.7
p.u

0.7
p.u

0.6
p.u

0.9
p.u

0.6
p.u

0.7
p.u

0.8
p.u

0.7
p.u

0.7
p.u

0.6
p.u

0.8
p.u

0.5
p.u

0.7
p.u

0.8
p.u

0.7
p.u

0.7
p.u

0.6
p.u

0.9
p.u

0.5
p.u

0.7
p.u

0.8
p.u

0.7
p.u

0.7
p.u

0.6
p.u

0.9
p.u

0.5
p.u

0.7
p.u

0.8
p.u

0.7
p.u

0.7
p.u

0.6
p.u

0.9
p.u

0.5
p.u

0.7
p.u

0.8
p.u

0.7
p.u

0.7
p.u

0.6
p.u

0.9
p.u

0.5
p.u

0.7
p.u

0.8
p.u

0.7
p.u

0.7
p.u

0.6
p.u

0.9
p.u

0.5
p.u

0.7
p.u

0.8
p.u

0.7
p.u

0.7
p.u

0.6
p.u

0.9
p.u

0.5
p.u

0.7
p.u

0.8
p.u

0.7
p.u

0.6
p.u

0.6
p.u

0.9
p.u

0.5
p.u

0.7
p.u

0.8
p.u

0.7
p.u

0.6
p.u

0.6
p.u

0.8
p.u

0.5
p.u

0.7
p.u

0.8
p.u

0.7
p.u

0.6
p.u

0.6
p.u

0.8
p.u

0.5
p.u

0.7
p.u

0.7
p.u

0.7
p.u

0.6
p.u

0.6
p.u

0.8
p.u

0.5
p.u

0.7
p.u

0.8
p.u

0.7
p.u

0.6
p.u

0.6
p.u

0.8
p.u

0.5
p.u

0.7
p.u

0.8
p.u

0.7
p.u

0.6
p.u

0.6
p.u

0.8
p.u

0.5
p.u

0.7
p.u

0.7
p.u

0.7
p.u

0.6
p.u

0.6
p.u

0.8
p.u

0.5
p.u

0.7
p.u

0.8
p.u

0.7
p.u

0.6
p.u

0.6
p.u

0.8
p.u

0.5
p.u

0.7
p.u

0.5
p.u

0.7
p.u

0.6
p.u

0.6
p.u

0.9
p.u

0.4
p.u

0.5
p.u

0.7
p.u

0.4
p.u

0.4
p.u

0.4
p.u

0.5
p.u

0.3
p.u

0.5
p.u

0.5
p.u

0.4
p.u

0.4
p.u

0.4
p.u

0.5
p.u

T -
ABLE 4-6 PV ARRAY BEFORE ARRANGEMENT FOR SECOND CASE IN SAUDI
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Before

0.7
p.u

0.6
p.u

0.7
p.u

0.8
p.u

0.8
p.u

0.7
p.u

0.9
p.u

0.8
p.u

0.7
p.u

0.7
p.u

0.6
p.u

0.8
p.u

0.9
p.u

0.9
p.u

0.7
p.u

0.6
p.u

0.7
p.u

0.7
p.u

0.8
p.u

0.8
p.u

0.8
p.u

0.5
p.u

0.7
p.u

0.8
p.u

0.7
p.u

0.6
p.u

0.7
p.u

0.7
p.u

0.4
p.u

0.7
p.u

0.6
p.u

0.6
p.u

0.5
p.u

0.6
p.u

0.6
p.u

0.8
p.u

0.7
p.u

0.6
p.u

0.7
p.u

0.5
p.u

0.5
p.u

0.6
p.u

0.5
p.u

0.4
p.u

0.8
p.u

0.7
p.u

0.7
p.u

0.6
p.u

0.6
p.u

0.7
p.u

0.7
p.u

0.5
p.u

0.8
p.u

0.5
p.u

0.9
p.u

0.9
p.u

0.4
p.u

0.6
p.u

0.7
p.u

0.5
p.u

0.6
p.u

0.7
p.u

0.7
p.u

0.4
p.u

0.6
p.u

0.6
p.u

0.5
p.u

0.5
p.u

0.5
p.u

0.9
p.u

0.7
p.u

0.6
p.u

0.7
p.u

0.8
p.u

0.8
p.u

0.7
p.u

0.7
p.u

0.8
p.u

0.7
p.u

0.7
p.u

0.6
p.u

0.8
p.u

0.9
p.u

0.8
p.u

0.7
p.u

0.6
p.u

0.7
p.u

0.7
p.u

0.7
p.u

0.8
p.u

0.8
p.u

0.5
p.u

0.7
p.u

0.8
p.u

0.7
p.u

0.6
p.u

0.7
p.u

0.7
p.u

0.4
p.u

0.7
p.u

0.6
p.u

0.7
p.u

0.5
p.u

0.6
p.u

0.9
p.u

0.8
p.u

0.7
p.u

0.6
p.u

0.7
p.u

0.5
p.u

0.5
p.u

0.6
p.u

0.5
p.u

0.4
p.u

0.8
p.u

0.7
p.u

0.7
p.u

0.6
p.u

0.6
p.u

0.7
p.u

0.7
p.u

0.5
p.u

0.8
p.u

0.5
p.u

0.9
p.u

0.9
p.u

0.4
p.u

0.6
p.u

0.7
p.u

0.5
p.u

0.6
p.u

0.7
p.u

0.8
p.u

0.3
p.u

0.6
p.u

0.6
p.u

0.7
p.u

0.5
p.u

0.5
p.u

0.7
p.u

After

0.9
p.u

0.8
p.u

0.7
p.u

0.7
p.u

0.7
p.u

0.9
p.u

0.8
p.u

0.7
p.u

0.7
p.u

0.7
p.u

0.9
p.u

0.8
p.u

0.7
p.u

0.7
p.u

0.7
p.u

0.9
p.u

0.8
p.u

0.7
p.u

0.7
p.u

0.7
p.u

0.9
p.u

0.8
p.u

0.7
p.u

0.7
p.u

0.7
p.u

0.9
p.u

0.8
p.u

0.7
p.u

0.7
p.u

0.7
p.u

0.9
p.u

0.8
p.u

0.7
p.u

0.7
p.u

0.7
p.u

0.9
p.u

0.8
p.u

0.7
p.u

0.7
p.u

0.7
p.u

0.9
p.u

0.8
p.u

0.7
p.u

0.7
p.u

0.7
p.u

0.9
p.u

0.8
p.u

0.7
p.u

0.7
p.u

0.6
p.u

0.8
p.u

0.8
p.u

0.7
p.u

0.7
p.u

0.6
p.u
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0.8
p.u

0.8
p.u

0.7
p.u

0.7
p.u

0.6
p.u

0.8
p.u

0.8
p.u

0.7
p.u

0.7
p.u

0.6
p.u

0.8
p.u

0.8
p.u

0.7
p.u

0.7
p.u

0.6
p.u

0.8
p.u

0.8
p.u

0.7
p.u

0.7
p.u

0.6
p.u

0.8
p.u

0.7
p.u

0.7
p.u

0.7
p.u

0.6
p.u

0.8
p.u

0.7
p.u

0.7
p.u

0.7
p.u

0.6
p.u

0.9
p.u

0.7
p.u

0.7
p.u

0.7
p.u

0.6
p.u

0.5
p.u

0.5
p.u

0.5
p.u

0.4
p.u

0.4
p.u

0.5
p.u

05
p.u

05
p.u

04
p.u

04
p.u



06 06 06 06 06 06 06 06 06 06 06 06 06 06 06 06 06 06 04 04
pu pU pU pPU pPU PU PU pU PU pPU PU pU PU pU pPU pU pPU puU pU pu

06 06 06 05 05 05 05 05 05 05 05 05 05 05 05 05 05 05 04 03
pu pu pu puU puU pU pU pU pU pU pU pU pU pPU pU pU puU puU pu pu

Table 4-2 shows the simulation results that consider the electricity price and manpower cost in
China, in which eighty manual swapping times are required. Without considering the maximum
economic benefit, the additional electric revenue profit (M2) is $1192.06, and the corresponding
labor cost (M) is $693.75. When considering the maximum economic benefit, the additional
electric revenue profit (M2) is $1059.61, and the corresponding labor cost (M1) is $330. Comparing
those two reconfigurations, although the additional electric revenue profit is decreased by 11.1%
in the proposed method, the labor cost (M1) is decreased by 52.4%, and the pure profit of the offline

maintenance increases by 46.4% due to the lower labor cost.

Table 4-3 displays the simulation results that consider the electricity price and manpower cost in
the USA, in which eighty manual swapping times are required. Without considering the maximum
economic benefit, the additional electric revenue profit (M2) is $1773.90, and the corresponding
labor cost (My) is $1500.00. It is clear that the additional electric revenue profit and labor cost are
higher than that in China due to the high electricity price and labor cost. When considering the
maximum economic benefit, the additional electric revenue profit (M2) is $1379.70, the
corresponding labor cost (M1) is $600. Comparing those two reconfigurations, although the
additional electric revenue profit is decreased by 22.2% in the proposed method, the labor cost
(M) is decreased by 60%, and the pure profit of the offline maintenance is increased by 191.9%

due to the lower labor cost.

The UK case is similar to the USA one in electrifying price and labor cost. Table 4-4 shows the
simulation results that consider the electricity price and manpower cost in the UK, in which eighty
manual swapping times are required. Without considering the maximum economic benefit, the
additional electric revenue profit (M) is $3632.95, and the corresponding labor cost (Ms) is
$1612.50. It is clear that the additional electric revenue profit and labor cost are higher than in
China due to the high electricity price and labor cost. Considering the maximum economic benefit,
the additional electric revenue profit (M) is $3229.29, the corresponding labor cost (M1) is
$709.50. Comparing those two reconfigurations, although the additional electric revenue profit is
decreased by 11% in the proposed method, the labor cost (M1) is decreased by 56%, and the pure
profit of the offline maintained is increased by 24.7% due to the lower labor cost.
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Table 4-5 shows the simulation results that consider the electricity price and manpower cost in
Turkey, in which eighty manual swapping times are required. Without considering the maximum
economic benefit, the additional electric revenue profit (M2) is $2412.50, and the corresponding
labor cost (My) is $282.50. Considering the maximum economic benefit, the additional electric
revenue profit (M) is $2375.50, and the corresponding labor cost (M) is $213.75. Comparing
those two reconfigurations, although the additional electric revenue profit is decreased by 1.5% in
the proposed method, the labor cost (My) is decreased by 24%, and the pure profit of the offline
maintenance is increased by 1.4% due to the lower labor cost. Due to the low cost of the manpower
and high electricity price in Turkey, the proposed method can only improve the economic benefit

by 1.4% by the proposed method.

According to the calculation results from Table 4-7 and Table 4-8, in the countries with high
manpower cost and low electricity price, the proposed algorithm can decrease the cost of the
offline reconfiguration by decreasing the swapping times, and the total profit can increase
dramatically. In the countries with low manpower cost and high electricity price, although the
proposed algorithm can decrease the cost of the manpower, the corresponding additional electric

revenue profit is decreased as well. Therefore, there is no obvious profit increment.

TABLE 4-7 ECONOMIC BENEFIT ANALYSIS CONSIDERING THE MINIMUM HANDLING TIMES

Country M2($) M1($) Mo ($)
China 1059.61 330.00 729.61

USA 1379.70 600.00 779.70
UK 3229.29 709.50 2520.10
Turkey 2375.50 213.75 2161.75

TABLE 4-8 ECONOMIC BENEFIT ANALYSIS WITHOUT CONSIDERING THE MINIMUM HANDLING

TIMES
Country M2 (%) M1 ($) M, ($)
China 1192.06 693.75 498.31
USA 1773.90 1500.00 273.90

82



UK 3632.95 1612.50 2020.45

Turkey 2412.50 282.50 2130.00

4.5 Summary

Non-uniform aging of PV modules is a long-lasting challenge for large large-scale PV arrays,
which not only decreases the output power of the PV array but also damages the PV modules if
left untreated. Without rearranging non-uniformly aged PV arrays, typical online global-MPPT
schemes can only track a compromised maximum rather than its maximum potential power of the
non-uniform aging of PV array. This paper has proposed a new PV array reconfiguration strategy
considering the lowest cost of manpower and electricity price. The manpower cost and electricity
price in the USA, China, UK, and Turkey are considered in the paper to investigate different
reconfigurations. A 7x20 array is employed to verify the proposed reconfirmation algorithm. Due
to the difference of the manpower and electrify price in different countries, for a 7x20 PV array
with the same non-uniform aging, there is about 46.4% increment in the profit for the application
scenario in China; there is about 191.9% increment in profit in USA application scenario; there is
about 24.7% profit in UK application scenario; there is about 1.4% increment in profit in Turkey
application scenario. The proposed method also can be used in other countries to maintain the aged
PV arrays. For the countries with high electricity price and low labor cost, such as South Africa,
Turkey, etc., the proposed algorithm may not have a clear profit increment. The proposed
algorithm will give more finical increment in the low electricity price and high labor cost countries,
such as the USA, UK, Saudi Arabia.
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Chapter 5 A New Strategy of PV Fire Prevention in
Large-Scale PV Arrays: A Hybrid PV Array of

Monofacial and Bifacial PV Modules

5.1 Introduction

As one of the most popular renewable power generation technologies, solar photovoltaics (PVs)
have a promising perspective. The capacity of PV installation reached 505 GW in 2018 [152]. A
steady increase was predicted, reaching 15% energy generation by 2024 in the world market [153].
The improvement of power generation efficiency can be addressed by new PV technologies as
well as the optimization of row-to-row spacing. With regards to the new technology, the concept
of bifacial photovoltaic (bPV) modules has been proposed by Luque [155]. Due to the
simultaneous absorption of direct photon and albedo photon, bifacial PV modules can lead to a 50
% increase in power generation [156]. In addition, an optimal row spacing can potentially increase
the annual power generation of PV arrays by 4% [157]. However, with the increasing capacity of
PVs, the fire risks should also be carefully addressed. In 2009, the PV arrays of 1826 PV modules
with a total generation capacity of 383 kW were damaged in a fire accident in California, USA
[8]. In Germany, there were 430 fire cases reported by 2013 [158]. These fire accidents not only
affected the local solar power generation but also damaged the associated residential or

commercial properties.

At present, all PV heat transfer models are based on monofacial photovoltaic (mPV) modules
analysis [159, 160]. The mPVs are encapsulated by ethylene-vinyl acetate (EVA), polyethylene
terephthalate (PET), and other organic matters. The melting points of EVA and PET are 75 °C and
270 °C, respectively. When the mPV cells are working in poor conditions such as shading, aging,
etc., the cell power is converted into heat. The temperature of the back sheet of PV panels can
reach 347 °C in such situations and are prone to ignite [161]. Tewarson [162] experimentally
identified a number of flammability parameters, which are the main materials of PV modules. The
causes for the PV panel fire accidents can be broadly divided into (1) DC arc due to poor
assembling quality of PV panels, (2) hot spot effect, and (3) the aging of PV system cables caused
by poor drainage systems. Based on [163], Liao et al. [7] experimentally found that PV panels
released 4.79 kW, 13.07 kW, 16.63 kW, 18.17 kW energy under the radiation conditions of 15
kW/m?, 20 kw/m?, 30 kW/m?, 40 kW/m?, respectively.
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PV panel fires can be initiated by either self-ignition or accidental ignition [164]. In order to avoid
self-ignition of PV panels, their ambient radiation and temperature need to be carefully monitored.
Dust deposition not only reduces the efficiency of the power generation but also causes fires in
severe cases. Compared with mPV modules, the bPV modules are less sensitive to sand and dust
deposition. The calculations by Luque et al. [165,166] indicated that the soiling rate of mPV is 7.6
times more than that of bPV, suggesting that mPV is easier to accumulate dust. Meanwhile, when
PV panels are affected by dust, the output power is reduced to 17.25% and 12.5% for the mPV
modules and bPV modules, respectively. The spacing between PV panels is expected to have a
significant influence on the fire spread between them. In order to ensure its power generation
efficiency, the row-to-row space of a PV array should be adjusted according to the latitude and the
optimal inclination [45]. Among them, considering the albedo of bPVs, Appelbaum [167]
measured 20 ° and 90 ° inclination in the 20 rows bPV array. It was found that when the distance
is increased by 1 m, the incident irradiance is increased by 0.98% and 7.9% in the 20 ° and 90 °
bPV arrays, respectively. These results indicated that the output of bPV is dominated by the
inclination angle and row spacing. When the inclination angle is fixed, the larger the row spacing,
the higher the output from the PV array. Further research along this direction has also been
conducted by Katsaounis et al. [168], who revealed the relation between solar irradiance and cell
temperature of bPV modules, as well as Zhang et al. [169], who compared the temperature
difference between bPV and mPV under different shading conditions. Since the back of a bPV
panel needs to absorb the reflected sunlight, the optimal tilt angle of the bPV can be up to 20 °
greater than that of the mPV array [170]. According to the above research results, it is possible to

determine the row spacing installation of bPV array under different conditions.

In the present study, a hybrid layout of large-scale PV arrays with bPV modules and mPV modules
placed alternatively is proposed to reduce the PV fire risks. As the mPV modules need to be
inclined by more degrees to catch fire than the bPV ones, a natural choice would be biased to the
use of the bPV nodules from the standpoint of fire prevention. Because compared with bPV
modules, mPV is easier to accumulate dust, which is more prone to generating the hot spot effect
and aging. However, it is not cost-effective if only bPV modules are adopted as they are expensive.
Since the array areas of a mPV module and a bPV module are different, from the perspective of
array spacing, the row spacing of a mPV is smaller than that of a bPV. Therefore, the area of a
bPV array is higher than that of a mPV array. As a compromise solution, a hybrid structure can be
built by intersecting the bPV modules into the mPV ones. Firstly, a thermal model is proposed to
relate the ignition temperature, i.e., the temperatures of the EVA and silicon cell, with the ambient
temperature of the PV modules. The thermal model, together with thermogravimetric analysis
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(TGA), will be used to illustrate the comparison between the flammability of the mPV and bPV
materials over the high-temperature range. The results will be used to devise mitigation measures
to reduce the fire risks of the arrays. Secondly, a turbulence flow model and a view factor model
can determine the minimal distance between the mPV and the bPV modules, which can ensure

high profits under safe conditions.

In the following study, Section 5.2 introduces the modeling of the bPV modules, and Section 5.3
compares and analyzes the thermal model of mPV and bPV modules, which include heat transfer
and heat conduction. The conditions of ignition temperature of PV modules can be obtained. In
Section 5.4, the heat transfer and the cost-benefit among the hybrid PV array are used to define
the distance of each type of PV module. In Section 5.5, a set of experiments was designed to verify

the accuracy of the thermal models in Section 5.3 and 5.4. Section 5.6 presents the conclusion.
5.2 Modeling of BPV Modules

Different from the traditional mPV with an opaque back sheet, bPV has a transparent back sheet
that can absorb sunlight to generate electricity. There are three types of solar crystalline silicon
cells of bPV modules: n-type passivated emitter rear totally-diffused (n-PERT), n-type
heterojuntion with intrinsic thin layer (n-HIT), and p-type passivated emitter and rear cell (p-
PERC) modules. The advantages of n-PERT modules are the superior life expectancy of minority
carriers, zero light-induced attenuation effect, adequate low-light response, lower temperature
coefficient, 85%~90% double-side gain, and 10%~30% back sheet power gain. The disadvantages
are that it requires specialized n-type silicon wafers, and the battery production process is
complicated. The advantages of n-HIT modules are high conversion efficiency, high double-side
gain, high open-circuit voltage, and satisfactory temperature characteristics. The disadvantages are
the high investment in production equipment, strict process requirements, and it requires low-
temperature packaging technology. The advantages of p-PERC modules are the simplified
production process and high conversion efficiency. However, the disadvantages of p-PERC
modules are low conversion efficiency, light-induced attenuation, and low double-side gain.
Compared with mPV modules, both the front and back sides of bPVV modules can use tempered
glass as a protective material, which provides adequate lighting, weather resistance, and high
reliability. The power gain on the back can significantly increase the power generation efficiency
per unit area. The installation methods are also diversified, which can be vertical and tiltable.
Therefore, it can be used in many occasions, such as greenhouses, highway fences, sunrooms,

lakes, grasslands, etc. [171]. Although the manufacturing cost of bPV is slightly higher than mPV,
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the power generation efficiency is greatly improved, which has attracted extensive attention from

scientific researchers.

Currently, the irradiance modeling of bPV is still mainly based on the mPV irradiance model,
which takes the sum of the irradiance of the front and back panels into consideration. Either the
equatorial coordinate system or the horizon coordinate system can be adopted by the celestial
coordinate system of the irradiance model. Generally, the horizontal solar irradiance outside the
atmosphere is calculated according to the zenith angle. Then, the hourly solar irradiance is
calculated by the hourly clearness coefficient. Finally, the omnidirectional irradiance of the
inclined surface of the PV module can be calculated by using the solar incident angle [172-181].
The irradiance model of the bPV back sheet mainly includes scattered irradiance and ground
reflection irradiance. According to whether the scattered irradiance is equal in all directions,
irradiance can be divided into sky isotropy and sky anisotropy. Due to the impact of the bPV
bracket, the backscattered irradiance belongs to the sky anisotropy, and the integral equation of
the correction factor for the scattering incident angle can be obtained by using numerical methods
[173]. Also, a configuration coefficient is introduced to quantify the complex effect of back
shadow. Firstly, the rear surface is divided into 180 equal-area blocks. Then, assuming the shadow
area in each block is also equal, the irradiance of each part is corrected by the incident angle
multiplied by the corresponding configuration coefficient. Finally, the backscattered irradiance
can be obtained by superimposing the corrected irradiance from each block [174]. The high-speed
feature of the modeling method makes it suitable for large-scale power generation components.
As for small-scale components, the method of distinguishing positions along the length of the part
can be used [175-176]. However, this method is of high modeling complexity and computationally

expensive.

This section mainly introduces the modeling and characteristics of bPV modules and its power
generation under shading, and a bPV irradiance model and a bPV model are established by using
MATLAB/SIMULINK. The bPV model proposed in this study is not only prone to operate but
also accurate. Initially, by using the declination angle, zenith angle, and incident angle to determine
the direct frontal irradiance, scattered irradiance, and ground reflected irradiance, respectively, it
will effectively establish a calculation module for total irradiance. Then, build a PV array and
compare its horizontal and vertical shadings. The power generation efficiency is needed to be
observed under different shading conditions. Finally, an experiment is implemented to verify its
accuracy. It is worth noting that the PV modules in the experiment are based on the optimal row

spacing. It is necessary to determine the frontal irradiance model initially. The model is a gradual
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process. It firstly introduces the solar radiation from outside the atmosphere to the horizontal plane
before directing into the inclined plane of the module. According to [177], the calculation formula
of the model, parameters such as the declination angle (o), zenith angle (¢.), incident angle (solar
elevation angle a, azimuth ys) are needed, which are shown in (5.1)~(5.4).

0 =23.45 sin[277(n+284)/365] (5.1)
C0SH, = COSECOSICOS® + SiNgSINd (5.2)
sina =sin@sinod + COS ¢ COS & COS @ (5.3)

siny, = cosdsinw / cosa (5.4)

where n is one day of a year, ¢ is the latitude (°), e is the solar hour angle (°).

Then, the total irradiance (1) model requires the irradiance model outside the atmosphere (lo) to be
established and combined with the solar irradiance coefficient (kt), and the model can be expressed
by (5.5) ~ (5.8).

| =el,cosb,k; (5.5)
& =1+0.033cos (27n / 365) (5.6)
kr =111, (5.7)
1-0.09K; . k<022
l4/1=40.9511-0.1604k; +4.388k; > —16.638k;> , 0.22<k; <0.8; (5.8)
0.165 . ke >08.

where I is the solar constant (W/m?), which is 1367W/m?, ¢ is the earth orbit eccentricity

correction factor, lq is the hourly scattered irradiance (W/m?).

Finally, by considering the tilt angle of the module, the direct frontal irradiance, scattered
irradiance, and ground reflected irradiance of the double-sided module are established,
respectively. The three parallel sky anisotropic irradiance models are added together to obtain the

total frontal irradiance model [178]. The formulas are shown as:
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singsingcos B — Sindcos@sinScosy + COSAHCOSECOS FCOS@ + COSHSINESINACOSy COSw + COSASINASiNy Sinw
cosd,

=l +1g 1o /1) Ir /1o +1g @= 1y /1, )L+ (14 cos A)2][1+(1,/1)*° sin® (5/2) ]+ 1 p(L-cos B) 12 (5.11)

where Iy is horizontal plane irradiance (W/m?), I ris the hourly direct irradiance of inclined surface

(W/m?), p is ground reflectivity, and £ is the tilt angle of PV modules (°).

The backside is equivalent to the inversion of the front side. Namely, the tilt angle is increased by
180° and is input to the backside irradiance (BSI) model. By combining the front side irradiance
(FSI) module, the total irradiance will be obtained, as shown in Fig. 5-1. However, the simulation
shows that the backside irradiance module is based solely on the sky anisotropic model, which has
negative values in the direct irradiance part. The reason is that the coordinate system used for
modeling is a transparent body, whereas the Earth is a physical entity with a limited direct angle.
Solar irradiance cannot penetrate the Earth to achieve a direct angle to the PV panels continuously.
Therefore, it is necessary to consider whether the direct solar irradiance can be collected from the
backside of bPV. By observation, besides the time of sunrise and sunset, the sun cannot directly

shine on the backside.
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Fig. 5-1. Modeling of total irradiance of components during sunrise and sunset

The simulation is focused on the period between sunrise and sunset. Therefore, the azimuth of
sunrise and sunset need to determine, which is shown in (5.12)~(5.14). Among them, Eq. (5.14) is

the solar time angle and solar time converted in radians. By combing the value of sunrise and
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sunset, the model of bPV generation is established, which is shown in Fig. 5-2. As a result, the

direct irradiance on the backside is limited to the direct angle, and its value is zero at sunrise and

sunset.
Cosw, , =tang tano (5.12)
Ws ¢ = —Ws g (5.13)
w =180
t=—+12 14
T =15 .14)

where wsr IS the azimuth of sunrise (°), wss is the azimuth of sunset (°), and t is the solar time (h).

Based on the model of the total irradiance of bPV in Fig. 5-1, and referring to the PV mathematical
model in [179], the power generation model of bPV modules can be composed, which is shown in
Fig. 5-2. As the components are connected in series, the equivalent current source is connected in
parallel with a reverse diode. Unlike the diode in the equivalent circuit, this diode is a freewheeling

diode that prevents short-circuiting of the current source under irregular shadows.
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Fig. 5-2. Generation modeling of bPV components

5.3 Thermal Models of MPV and BPV

For PV arrays, bPV panels offer the best flame retardant properties due to a combination of good
heat dissipation and high safety standards for several reasons: 1) low-temperature coefficient; 2)
corrosion resistance. Unlike mPV modules, both sides of bPV modules use toughened glass with
a melting point of 800 °C as the protective material. It is not prone to burn like TPT, which is the

membrane of the backboard of a PV module. Furthermore, as it is encapsulated by glass and EVA,
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the double-sided glass panel will not burn easily when encountering a fire. In addition, although
the price of bPV is higher than mPV, its power generation efficiency is 12%~71% higher than
mPV at latitudes of 40 ° to 65 ° [182]. Due to the difference in structure and materials of mPV and
bPV, the thermal inertia is different, which determines how easy it is to burn. The thermal inertia
of an object is the product of its heat transfer coefficient, density, and the specific heat capacity
[183]. The greater the thermal inertia, the less likely the object can be ignited [184]. According to
the parameters of module materials in Table 5-1, it can be calculated that the thermal inertia of the
bPV is higher than that of the mPV modules, which proves the safety of the bPV is better than the
mPV modules. In addition, when a cell of bPV is blocked, since the cell on the other side is still
working normally, its power is not entirely converted to heat. Thus, EVA is not heated sufficiently

to self-ignite. Hence, the probability of bPV module self-ignition is extremely low.

TABLE 5-1 THE PARAMETERS OF PV MATERIALS

d (mm) p (kg/m?) Cp (J/kg-k) K (w/m-K) AHc (kJ/g)
Glass 1.8 3000 500 1.8 0
EVA 0.2 940 2090 0.3 30.9
TPT 0.6 1395 1210 0.13 21.9
Solar cell 0.2 2320 700 150 0

The multi-layer structure of PV modules is illustrated in Fig. 5-3, while the thickness and
thermophysical properties of the different layers are listed in Table 5-1. It is practically difficult to
measure the temperature of PV cells directly. Therefore, a thermal model is hence proposed to
capture the heat transfer process and calculate the temperature in each layer. The model is based

on the following assumptions:

° Due to the small internal thickness of each layer, the internal longitudinal temperature
gradient is neglected.

o The heat flux received by the back sheet and glass layer of the PV panel is equally
distributed.

o Due to the close contacts, the gap between the EVA and silicon cell is neglected.
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Fig. 5-3. Multi-layer structure of the (a) mPV and (b) bPV panels

5.3.1 Thermal model of mPV

The heat transfer model of an mPV panel is proposed as an equivalent thermal circuit, as shown
in Fig. 5-4. Such an approach can facilitate the use of thermal resistance in different layers to
calculate the energy transmission and heat loss [185].
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Fig. 5-4. The equivalent thermal circuit of mPV

@ For the glass layer, the equation can be expressed as:
a, I, = k(Tg ~-T,)+ ug—EVAl(Tg —Teym) (5.14)

where aq is the absorptance of glass, It is the irradiance intensity (W/m?), k is the convective heat
transfer coefficient (W/(m?-°C)), ug-eva1 is the convective heat transfer coefficient from glass to
upper EVA film (W/(m?.°C)), Ty is the temperature of glass (°C), Ta is the ambient temperature
(°C), and Tevaz is the temperature of upper EVA film (°C).

In Eq. (5.14), the temperature of the ambient and glass plate can be measured by a thermal detector,
from which the temperature of the upper EVA film can be derived. However, considering the
impact of thermal resistance of internal material, the upper EVA temperature obtained in Eq. (5.14)
is the critical temperature of the glass layer next to the EVA layer. The actual upper EVA
temperature can be derived according to the equation set of thermal resistance, which is expressed
in Eq. (5.15).

R — TIéVAl ~Tevm — 59 + Seva

A T A 24 A 220,A (.15)

where Rgevar is the thermal resistance () between the glass and upper EVA, agva1 is the
absorptance of upper EVA, 74 is transmittance of glass, A is the area of the PV panel (m?), 14 is the
glass thermal conductivity (W/(m-K)), Zeva is the EVA thermal conductive (W/(m-K)), dq is the
thickness of the glass (m), Jdeva is the thickness of the EVA film (m), and T eva is the actual
temperature of upper EVA (°C).
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(b) For the upper EVA layer, the equation of heat transfer can be expressed as:

C2VINE I + Ug_evar (Tg — Tevar) = Uevar o (Tevar — T¢) (5.16)

where Uevai- is the heat transfer coefficient from upper EVA film to solar cell (W/(m?2.°C)), and
Tc is the critical temperature of a solar cell (°C).

Considering the PV internal thermal resistance, the actual temperature of solar cell can be derived
by critical temperature of solar cell, which is expressed as:
Tc _Tc 5EVA 2

Revac = = +—= 17
e Ty Tom A 2ApA | 24A 6.17)

where Revai- is the thermal resistance between upper EVA and solar cell (Q2), zevaz is transmittance
of upper EVA, o is the absorptance of the solar cell, Ac is the thermal conductive of solar cell
(W/(m-K)), éc is the thickness of the solar cell (m), and the T ¢ is the actual temperature of a solar
cell (°C).

(© For the silicon cell layer:
A Teynly I+ +Ueypg e (Teva — T) = & TeyaiTy I+ +U_gvaz (Te = Teyaz) (5.18)

where 7. is the PV efficiency of a solar cell, uc-evaz is the heat transfer coefficient from a solar cell
to lower EVA (W/(m?-°C)), and Tevaz is the critical temperature of lower EVA in the mPV module
(°C).

Similarly, the actual temperature of the lower EVA can be calculated as:

TIéVAZ _TEVAZ 5c + 5EVA (5 19)

Rc—EVAZ = =
(ﬂcaEVAZTCTEVAng A )aEVAZTEVAlz-g I)A 24A 27,A

where Rc.-eva2 is the thermal resistance between a solar cell and lower EVA (Q), S is the packing
factor of the solar cell, aevaz is the absorptance of the lower EVA, and Tevaz is the actual

temperature of the lower EVA film (°C).

(d) For the lower EVA layer:

,BcaEVAZTcTEVAng I +@- ﬂc)aEVAZTEVAng I+ + B _eva (Tcl - TEIVAZ) = Ugyarp (TEIVAZ -T,) (5.20)
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where Ugvaz- is the heat transfer coefficient from lower EVA to the back sheet (W/(m?2-°C)), and

Tois the critical temperature of the back sheet of the mPV module (°C).

Accordingly, the critical temperature of the back sheet can be obtained by:

Tbl —Ty — Oeva + S,
(ﬂcachTEVAZTEVAng I +(- 5 )abTEVAlrEVAZTg DA 24,,A 224,A

Revaz-ter = (5.21)
where Revao-ter is the thermal resistance between lower EVA and back sheet of a mPV panel (Q),
ap is the absorptance, Ay is the thermal conductive (W/(m-K)), ds is the thickness (m), and T b is the

actual temperature (°C) of the back sheet respectively.

(e) For the back-sheet layer, the equation can be expressed as Eq. (5.22).

ﬂcachTEVAzz'Evag I +(1- ﬁc)abTEVAlTEVAZTg I+ + Ueyao o (Tevaz = Tp) = Uy e (Ty — T (5.22)

where Up-pa IS the convective heat transfer coefficient from back sheet to backside ambient
temperature (W/(m?-°C)), and Tpa is the backside ambient temperature of the mPV module (°C),

respectively.

Due to the turbulence flow of the air, the ambient temperature is different between the frontside
and backside of the mPV panel. Comparing with the uniform surface temperature of the mPV
panel on the front, the surrounding conditions on the back of the mPV panel are more complicated,
such as the temperature of the back sheet, the shadow of the backside, and the air turbulence from
the front side. Therefore, the backside temperature gradient is large, and it is difficult to measure
a fixed value with a thermometer. However, it is possible to judge whether it will ignite the mPV

panel based on the critical value of the temperature at a certain point.

For two adjacent layers of a PV module, the conductive heat transfer coefficient can be expressed
as:

1
TG A+ (5, )2)

(5.23)

where ;i and J; are the thermal conductivity (W/(m-K)), i and ¢; are the thickness of the layer(m).
5.3.2 Thermal model of bPV

Similarly, an equivalent thermal circuit can be applied to the bPV module, as shown in Fig. 5-5,

under the same assumptions. The only difference between the two types of modules is the use of
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the glass layer instead of the TPT back sheet in the bPV. As a result, the bPV is bidirectional for
the irradiance and heat absorption, it can be regarded as a convective heat transfer model, and the
silicon cell layer is the boundary. As the heat energy from the front side of bPV is converted to the
silicon cell layer, the thermal energy is converted into electrical energy. The forward heat energy
is significantly smaller than the reverse heat conduction energy from the rear glass layer when the
forward heat energy exceeds the cell layer. Therefore, the forward heat energy will be neglected
on the lower layer. As mentioned above, for upper layers like front glass, upper EVA, the thermal
models of mMPV and bPV are the same.

Ra-g
Pl
Rg-EVAL
. -
Glass REVAl-¢c o
EVAI Conversion
Silicon cell “ Silicon cell 4 loss
Evaz Re-EVA2
Glass -
REVA2-rg
-
Rrg-a

Fig. 5-5. The equivalent thermal circuit for the bPV module

@ For the rear glass layer:
arg IT = k(Trg - Ta) + urg—EVA2 (Trg - TEVAZ) (524)

where arg is the absorptance of the rear glass, 17 is the rear irradiance intensity (W/m?), Urg-evaz is
the heat transfer coefficient from rear glass to lower EVA film (W/(m?-°C)), Trqis the temperature
of rear glass (°C). It should be noticed that the rear irradiance intensity absorption is n% of the
front irradiance intensity, where n% is the light absorption proportion, which is dependent on the

tilt angle of bPV panel.

Then, the actual temperature of lower EVA film can be derived by using the equation set of thermal
resistance, like the model of mPV.

(b) For the lower EVA layer of the bPV:
FeypoTiyg I"I' + Uy evaz (Trg - TE'VAZ) = Ugyazc (TE'VAz -T.) (5.25)
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where zrg is the transmittance of rear glass of bPV, uevaz- is the heat transfer coefficient from the
lower EVA film to the solar cell (W/(m?-.°C)).

(©) For the silicon cell layer, the energy can be regarded as the sum of forwarding energy

transfer and reverse energy transfer:

a. (TEVAITg I+ Teva2Trg 1)+ Ueymrc (Tevas = Te) +Ueyno e (Teva = T) =

| . . (5.26)
n.a. (TEVAITg l + Teva2lrg 1)+ U; o (Te = Tevaz) + Ue v (T — Teyar)

In summary, the relationship between the temperature of the EVA (and PV cell) and the outside
temperature in bPV and mPV can be obtained, respectively, using these equivalent circuit models.
In this way, the external temperature that can render the PV panel to be ignited can be deduced

backward.
5.4 Thermal Model of MPV and BPV Configuration of the PV Array

As discussed earlier, the bPV module is known to be more resilient against fire but more costly. It
is, therefore, proposed to use a hybrid PV array in which the bPV modules are inserted between
the mPV modules as shown in Fig. 5-6 in order to achieve a balance between safety and cost-

effectiveness.

In this section, the optimal configuration of a hybrid PV array is discussed in two aspects: fire
propagation and cost-effectiveness, which are the key factors that determine the installation
spacing between the PV panels. Consideration will also be given to keep the land use as low as

possible while achieving the desired power output.

Solar
\i:ra(liance

s

Reflect

irradiance

Fig. 5-6. The installation strategy of the hybrid PV array

5.4.1 Fire propagation
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The distance S between mPV and bPV installation in the hybrid PV array equals D+Dg, in which
D is affected by the tilt angle (0) of the PV panel. As for the factor of fire propagation between
mPV and bPV, it is essential to define the security space of the PV array D1, which is affected by

the wind velocity, radiation source, and airflow.

Since the temperature of the combustion source changes with the airflow, the momentum is
considered in the array. As for the contact between air and surface of a PV panel, it is a turbulence
flow situation. Nusselt number (Nu) can be obtained by combining Newton's law of cooling and
Fourier's law of heat conduction with the general definition of Nu [186]. Meanwhile, combined
with the Nu calculation by the Dittus-Boelter equation, the distance between the inlet (fire source)
and the surface of the panel D1 can be calculated by Eq. (5.27).

_aT D,

NU=—-——
onT,—T,

=0.023Re"® Pr®* (5.27)

where 0T/0n is the PV panel surface normal temperature gradient, Re is the Reynolds number and
Pr is Prandtl number, To is the initial temperature of the PV array (°C), Tig is the combustion
temperature of PV panel (°C), which is equal to Tg or Tyg.

Re = pvd / u (5.28)
Pr = Cp,u/ A (5.29)

where p is the air density (kg/m®), v is the wind velocity (m/s), « is dynamic viscosity (Pa-s), cp is
the specific heat capacity of airflow (J/(kg-°C)), and d is the length of heat conduction (m).

The distance S between mPV and bPV is derived as:

S=Lcosé+D, (5.30)
where L is the length of PV panels (m), and & is the tilt angle of PV panels (°).
5.4.2 Cost-effectiveness

In order for bPV to fully absorb the reflected irradiance from the ground and occupy a small area
of land as much as possible, the distance D> between bPV and mPV needs to be defined. Due to
the study based on P-type bPV panel and mPV panel, according to the data provided by PV panel
manufacturers, the price of bPV is 2.5 times more than that of mPV, and the power generation
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efficiency of the front side of bPV empyv is the same as that of mPV, which is 21%. Meanwhile, the
double-side gain of a bPV module gdouble-sice iS approximately 70%, which means that the efficiency
of bPV is 3.33 times that of mPV. The albedo of bPV eanedo Can be calculated by (5.31) [187],
which is 15%.

gdouble—side = (M] X 100% (531)

emPV
In addition, based on the mathematical model of bPV, the view factor from rear side can be

calculated by (5.32) [188]. However, the rear side view factor can be obtained by bifacial gain,
and the distance D> between bPV and mPV panel is obtained by (5.32).

JRZ+D, + A~H - L~ H? - 2HLcos(0+ 90') - D,* + 28D, cos(arctan( - -°"?))
e, = Lcos®
albedo 2D2 (532)

B = /L2 + H?+ 2HL cos(0+90")
where H is the height of the PV array (m).

Theoretically, the cost performance of bPV is much higher than that of mPV, and all bPV modules
should be used in the array. However, if a bPV array is required to fully absorb the reflected
radiation from the ground, the row spacing of the bPV array will be higher than that of the hybrid
array and the mPV array, which can be regarded as D,. Counting the area occupied by the land,
the benefits of bPV are far less cost-effective than hybrid arrays. To sum up, the space of
installation of the hybrid PV array follows Egs. (5.30) and (5.32).

5.5 Experiment Results

In order to verify the feasibility and accuracy of the hybrid array strategy, the experiment is
conducted in two parts, which contains thermogravimetric and fire propagation experiments. The
facilities and its parameters are shown in Fig. 5-7 and Table 5-2, respectively, including bPV,
mPV, Fresnel lens, thermocouple, multimeter, and thermal imaging camera. The above facilities
are installed as shown in Fig. 5-7. Install the PV array according to Fig. 5-4, and its inclination is
based on the latitude of Xuzhou, China (34°16'N). Simultaneously, the above facilities are used

for simulation and testing.
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Fig. 5-7. The facilities of experiment

TABLE 5-2 THE PARAMETERS OF EXPERIMENT FACILITIES

Fresnel lens bPV mPV
Size (mm) 1000*1000*10 1100*630*6 1500*650*10
Open circuit voltage (V) 11.48 7.44
Short circuit current (A) 1.63 3.07

Before the combustion experiment of PV panels, the thermal test of the two kinds of PV panels is
needed to carry out, which is used to analyze the difference of thermal sense between the bPV and
mPV. The environmental temperature of the test is from 20 °C to 25 °C, and the time is between
10:00 a.m. to 15:00 p.m.. The result is shown in Fig. 5-8, and the unit of the data values in the
figure is °F. During the change process of solar radiation intensity, the changing trends and
amplitudes of the temperatures on the surfaces of bPV and mPV are basically the same. However,
considering that bPV absorbs heat on both sides, and the reflection of light can increase the
intensity of radiation, and the temperature of the microenvironment will increase when it works.
Therefore, the temperature trend of the two kinds of PV panels seems to be the same. It is worth
noting that although the overall performance of the PV cell decreases as the radiation intensity
increases (increased ambient temperature), the benefits brought by the backside of bPV panel
outweigh the performance degradation. Therefore, the impact of temperature on mPV is much

greater than that of bPV.
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In addition, a mPV is more sensitive to temperature, which indicates that a mPV is more prone to
failure, especially when the DC arc effect of its wires occurs because of the high temperature. Due
to the different structures of the two kinds of PV panels, the bPV fire rating has been upgraded
from C-level to A-level for ordinary crystalline silicon modules. Therefore, in the next combustion
experiment, the combustion failure of mPV will be used as the starting point to verify the flame
retardancy of bPV. Firstly, an array of 3 panels (the structure is mPV-bPV-mPV) needs to be built
in the combustion experiment, and the first mPV is set as the fire source. Secondly, different
distances from the fire source are arranged to measure the changes in the surface temperature and
appearance of the PV panels. The burning situation is recorded during the burning process. Finally,
the impact of self-ignition on PV panels and whether PV panels will intensify the combustion

process are evaluated.
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06"17706+6F103%
1066105 9'1'04‘{) k

063 106.5701?!;

bPV 00691058 rozj

106°0"106.2"104%3

178 1176 1160

10572"10576"103'8

" oz Sl
[ #19.6 119.0 120

8206 1191 120.2

204 119.420.1)

- 105,9,, 904 3
mPV ’ e

1032 %997 215 1194 1192

216 1203 124 3

Fig. 5-8. The comparison of thermal test between bPV and mPV from 10:00 a.m. to 15:00

p.m.

The combustion experiment is to verify the fire resistance of the PV array, and the steps are based
on the flow chart in Fig. 5-9. Firstly, the sunlight focused by the Fresnel lens is used to simulate
the hot spot effect, which makes the illuminated PV panel ignite spontaneously. The combustion
exotherm of mPV panel is measured, and its temperature To is set as the incident heat flow of the
PV array. Secondly, use To to compare the ignition temperature of the bPV Tig, and if Tig is greater
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than To in the heat flow transfer, it means that the heat release of mPV will not burn bPV, that is,
the PV array is safe. On the contrary, the PV array will burn by incident heat flow. Then, the
ambient temperature around the bPV T is obtained from it. Finally, once the Ta is determined, it
will proceed to the last step to obtain a safe row spacing by comparing the distance between the
two PV panels.

Start

l

Set a incident heat flow ¢",

l

Determine whether the Ti; >To —

i Yes
T« is calculated

i

The safe distance S is No
obtained

l

End

A

Fig. 5-9. The procedure of combustion experiment

Through the combustion experiment of bPV solar panels, there are three stages of combustion in
the observation. Firstly, the temperature in the range of 200~380 °C, a small part of the bPV panel
is heated and cracked, and a small number of bubbles seep out from the cracks. Then, keep heating
panel to 400-461 °C, the middle interlayer part remains unchanged for 480 s, and only the double-
layer glass sealant at the edge melts and scorches. Finally, as the temperature continues to rise to
547 °C, the glass begins to fall off. The intermediate colloids burns first, and the bPV panels begins
to soften and fall. Its combustion flame temperature is 560-580 °C, and the combustion time is 170

s. The procedure is shown in Fig. 5-10.
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The overall ignition temperature of the bPV panel is about 547 °C. Compared with the mPV panel,
the ignition point of bPV is higher than that of mPV (about 400 °C). In addition, in the case of a
breeze in the environment, namely heat flow transfer, it has little impact on the adjacent panels
and will not ignite the surrounding panels.

Few bubbles Melting sealant Burning

200~380 °C 400~461 °C

Fig. 5-10. The change of bPV heating

Since the burning of PV panels will release a large amount of flammable and toxic gases,
thermogravimetric experiments can be used to analyze the stability of PV module materials,
namely the mass of the released gas. According to the results of the thermogravimetry experiment
from Fig. 5-11, the time of mass change occurs when the thermogravimetry progresses to 1500s,
namely 25 minutes in both types of PV panels. The temperature in the sharp change zone is the
2040s to 2400s (34 minutes to 40 minutes). Compared with Fig. 5-11(b), the TG curve in Fig. 5-
11(a) has a “slope”, which indicates the bPV has certain flame retardancy.

There are two points that can be explained. Firstly, compared with the mPV, the melting point and
ignition point of the bPV material have been greatly improved. Secondly, compared with the firing
efficiency of the open flame, the difference is about 100 °C between two kinds of PV panel, it
indicates that the structure of the bPV greatly increases the ignition temperature, and the airtight

structure delays the ignition time.
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Fig. 5-11. The results of thermogravimetric experiments. (a) bPV (b) mPV

The fires of the PV array are mostly related to cables. In order to simulate the influence of the real
partial heating, the experiment was carried out on the basis of the thermogravimetric experiment
and the combustion experiment. In order to reflect the partial heating effects of hot spots and

electrical faults in the array, an artificial partial hot spot experiment is carried out using Fresnel

lenses.
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Initially, perform hot spot ignition on the first PV panel of the hybrid array, namely the released
heat of the burning PV panel, with the incident temperature of the PV array being 260 °C. During
this time period, there is no significant change in the bPV panel. However, for a hot spot effective
mPV panel, the front side of the panel will burn with an open flame for heating 5s, and the whole
PV panel will burn after 20s. Meanwhile, the release temperature reaches 560 °C to the adjacent
bPV panel. For the front side, bubbles appeared on the surface for about 30s, and the glass burst
in about 1 minute, and more obvious smoke appeared on the back after 150s, and the smoke
dimension is 4 cm2. However, when the position and intensity of the hot spot remained unchanged,
the burst range and smoke range did not expand significantly until 5 minutes, and no open flame
appeared. For the heating part of the backside, the glass on the back burst when the heating process
lasts for about 10s~15s and the high concentration smoke appears on the front. The smoke reaches
the highest concentration in about 1 minute. After continuing to heat the backside in 5 minutes,
there is no open flame on the solar panels. When the surface temperature is 1150 °C, it is
continuously heated for 8 minutes, the open flame on the front side, and the fire dimension is 25
cm?, but no change on the backside. However, the open flame will slake after 30s. All procedures

of the heating experiment for each PV panel are shown in Fig. 5-12.
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Fig. 5-12. The procedure of heating experiment

In summary, according to the proposed PV array, flame retardant and profitability were verified
by experiments. The experimental results show the critical distance, which is calculated from the

above-mentioned row spacing of the PV panel formula, ensures high profitability and safety.

5.6 Summary

This study proposes a new management strategy for large-scale PV arrays, namely, hybrid array
of mPV and bPV modules for improving the safety and profitability of PV arrays. The proposal is
obtained on the basis of single-phase thermal coupling theory, so it is easy to implement. The main

contributions of our study are as follows:

According to the thermal models of the two kinds of PV panels, the ignite temperature

of the flammable part of the plastic film in the panel is calculated, taking into account
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the thermal resistance of the panel. Thus, the ambient temperature at which the PV
panel burns can be deduced. Simultaneously, by analyzing the turbulent motion of the

airflow in the PV array, a single-phase thermal coupling model is established.

2) According to the reflectivity of the bPV, the row spacing of the bPV array is derived,
namely, the distance from bPV to mPV in the hybrid array. Combined with the safety
distance S from mPV to bPV, a model of the hybrid array can be obtained, which will

detail the PV array installation rules clearly.

3) Through the double-sided gain and reflection factor of bPVs, the optimal distance
between bPV and mPV in the PV array is obtained, which increases the output of the

array.

Finally, this strategy effectively prevents the spread of fire in the PV array and keeps the PV array
in an efficient and safe working state. Moreover, this research is conducive to the promotion of
related technologies in the industrial field.
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Chapter 6 Conclusions and Future Work

6.1 Summary

This thesis describes in detail several management strategies for improving PV array efficiency
and safety. As an environmentally friendly power generation method, PV power is renewable,
making it a promising alternative to traditional thermal power generation. Hundreds of scholars
and engineers around the world are studying PV management-related technologies to improve the
efficiency and safety of PV power. Unfortunately, much work remains to be done before PV power
generation technology is fully mature, especially for the safety issues that are concerned the most
by the public. The continuous fire cases of PV arrays have hindered the promotion of PV power
generation. Therefore, it is crucial to develop technologies dedicated to improving its efficiency
and safety. The risks of PV power generation, which is different from traditional thermal power
generation, mainly come from the impact of external factors. Therefore, this thesis proposed

management strategies of large-scale PV arrays.

Firstly, the thesis introduced two issues under the impact of sand and dust blockage on the PV
power panels, which show the relationships between dust reduction and power generation
efficiency, and page temperature, respectively. In response to these two problems, this paper
proposes solutions that can help improve the safety and output of PV arrays. Secondly, when the
PV panel is severely affected by sand and dust, the PV panel will suffer from aging and other
issues, causing the power output to be significantly reduced. Considering that traditional methods
are usually costly and leave little margin for profits, a genetic algorithm is also proposed for PV
array reorganization to increase both the output and profits. Thirdly, as the aging issue is believed
to be the main cause of the reduced efficiency of PV power generation and the fire hazards of PV
arrays, it is classified as a problem that needs to be solved, and a comprehensive review is to be
conducted. According to the UL manual, the safety considerations of PV power generation should
be explained in detail, which will provide guidance for relevant research and raise public
awareness of the safety issues of PV power generation. Then, a DC-DC converter must be
employed to increase the efficiency of PV power generation. Although converters are traditionally
used in existing PV arrays, it is worth noting that the combiner box will generate DC arc due to
the aging of the cables, which will be a potential risk of fire. Simultaneously, due to the integration
of more power electronic equipment, system reliability will be reduced. Therefore, this thesis
designed a PV array arrangement method that combines mPVs and bPVs in an array to prevent

large-scale PV fires by setting a safe installation distance.
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In Chapter 2, an in-depth literature review was performed, introducing the causes of PV fire risks
and mainstream solutions. With the increasing number of applications of solar PV technology,
safe operation and maintenance of the installed solar panels become more critical as hot spot
effects and DC arcs might cause fire accidents. The risk mitigation solutions mainly focus on two
aspects: structure reconfiguration and the development of a faulty diagnosis algorithm. The first is
to reduce the hot spot effect by adjusting the space between two PV modules in a PV array or
relocating some PV modules. The second is to detect the DC arc faults before it causes a fire.
There are three types of arc detection techniques, including physical analysis, neural network
analysis, and wavelet detection analysis. Through these detection methods, the faulty PV cells can
be found promptly, thereby reducing the risk of PV fire. Based on the review, some precautions
are implemented in the industry to prevent solar panel-related fire accidents in large-scale solar
PV plants that are located adjacent to residential and commercial areas.

Chapter 3 introduced the research of PV dust reduction based on numerical simulation. For a PV
power generation system, the shading effect of PV panels caused by dust deposition is extremely
undesired. The deposition of dust results in a severe reduction of power generation output since
the received irradiance and cooling of PV panels are affected by the shading and blocking. In this
study, a numerical simulation method was proposed to model the dust accumulation on PV panels
to simulate how PV power generation is affected by different wind directions and wind speeds.
The proposed model is of highly accurate numerical simulation and short calculation cycle,
providing reliable prediction for the soiling management of PV panels in the wind-sand
environment to a certain degree. Through simulations and experiments, the impacts of dust
accumulation on the performance of PV panels with different wind directions are studied
detailedly. The study is based on the environment of Liverpool, England, in a year, with the wind
speed changing from 4.43 m/s to 6.48 m/s and the dust particle size of 10 um to 100 um. Moreover,
for PV arrays, the turbulences of the dust distribution around the PV panels were also analyzed.
The data collected from experiments and simulations are used to verify the effectiveness of the

proposed strategy.

Chapter 4 introduced the PV array recombination strategy based on a genetic algorithm. In the past
decades, numerous large-scale PV plants have been constructed globally. However, the capital and
operational costs remains high, which limits their potential to be applied further. Because the
installed PV modules often operate in harsh environments (i.e., storm, high temperature, dust, hail,
etc.), non-uniform aging phenomena of PV modules are inevitable. The phenomena impact

adversely on the performance of PV plants, especially in the middle and late periods of their service
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life. This paper developed an offline PV module reconfiguration strategy for the non-uniform
aging PV array to mitigate this effect. In order to maximize the economic benefit, electricity price
and labor costs are considered in the offline reconfiguration. The Branch-and-Bound based
optimization algorithm is proposed to find the highest economic benefit. In order to verify the
proposed algorithm, MATLAB software-based modeling and simulation were performed in four
case studies. A typical 42kW PV array with a 7x20 connection is employed in a testing benchmark,
and the human resources cost and electricity price in the USA, UK, China, and Turkey are also
considered. The results demonstrated that the economic benefit from a non-uniformly aged PV

array is improved by using the proposed reconfiguration method.

Chapter 5 introduced a novel array installation strategy to improve array security. Many existing
PV plants have prioritized the spacing distance of solar panels solely for the maximum power
generation without careful consideration of the safety against fire accidents of the PV arrays. In
order to reduce the risk of fire in the large-scale application of solar panels whilst increasing the
PV power outputs, this study proposed to use bPV panels instead of flame-retardant materials to
isolate flammable PV arrays with reasonable installation spacing. This study contributed to the fire
risk reduction in twofold: Firstly, we identify the relationship between the combustion temperature
and the ambient temperature of different PV panel materials, namely the bPV and mPV. Secondly,
the installation distances between PV panels are optimized based on the ambient temperature and
turbulence field that cause combustion. The proposed optimal placement of bPV and mPV
combinations in large-scale solar PV power plants effectively prevents solar panel fire accidents.
Due to the application of the bPV, this design can generate the same amount of power for the same

size of areas.
6.2 Future Work

Based on the conclusions above and considering the limitations of the work that existed, future

research can be directed in the following areas.
» Further investigation on PV cleaning cycle in different areas

Chapter 3 demonstrated that the accuracy of PV dust fall prediction based on numerical simulation
is significantly high, and the relationship between dust, output, and heat dissipation was discovered.
Generally, each region produces different results due to different latitudes, wind speeds, and wind
directions. Although the UK PV dust reduction forecast has been solved by existing technology,

efficient and cost-effective cleaning solutions have not yet been implemented. Therefore,
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comprehensive studies and research can be conducted to address this issue, which will further

improve the efficiency of PV power generation.
» Further investigation for PV reconfiguration with different algorithms

This thesis proposed a PV reconfiguration strategy based on GA, which includes an algorithm with
numerous advantages, such as cost-effectiveness, easy operation, etc. In Chapter 4, the potential
benefits for several countries were compared, assuming implementing the proposed strategy.
However, with the development of data-driven technologies, GA may be replaced by other
algorithms shortly. Neural networks, as an emerging data-driven technology, are currently widely
employed to detect PV faults such as arcs, whose calculation methods are different from GA and
yet to be mass implemented on PV reconfiguration strategies. Therefore, developing PV array
arrangement strategies based on neural networks is the future research direction. Instead of

focusing on multi-functions, more advanced strategies need to be studied in the future.
» Further investigation for bPV in different cost-effective areas

Although the hybrid array method proposed in Chapter 5 can achieve higher security and improve
array power generation to a certain extent, its power generation efficiency is far inferior to that of
pure bPV arrays. However, bPV panels cannot be massively applied due to their high cost. Thus,
the next step is to improve the structure and packaging of bPV panels to reduce costs. Meanwhile,
when a fire accident happens to bPV, it will not produce a large amount of toxic gas. To solve
these issues, the structure of bPV should be studied in depth to improve its reliability and further

improve the safety of PV applications.
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