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ABSTRACT

This paper investigates the design, modeling, and simulation of harmonic analysis of
stand-alone photovoltaic (PV) system at low irradiance conditions. PV systems have
been increasingly used in the generation of electrical energy, either as a means of
providing electricity in areas where there is stand-alone systems or by providing
electricity to the grid connected systems. Pyranometer was installed for controlled data
acquisition system and used to collect the spectral irradiance data. It is clear that total
harmonic distortion (THD) is very sensitive when solar irradiance changes. The THD
values are high up to 130% in the morning and evening hours when the solar
irradiance is low and also when the solar irradiance is affected by sudden changes like
passing clouds. But when the solar irradiance is high during the day, the current THD
value gets reduced below the value of 10%. Also, fluctuating solar irradiance resulted
in reduction of active power generated by off-grid PV system reducing the overall
efficiency of the solar system.

Keywords: Off-grid system, power quality, solar irradiance, harmonics, renewable
energy sources

1.INTRODUCTION

The energy demand in the world is consistently increasing, and new types of energy
sources must be found in order to supply the future energy demands. Due to the
increasing fuel prices and related environmental concerns, renewable energies become
an important source to supply electricity to buildings and industrial sectors. The
energy demand in the world is consistently increasing, and new types of energy
sources must be found in order to supply the future energy demands. Renewable
sources of energy such as solar, wind, geothermal have gained popularity owing to
consuming of conventional energy sources such as coal, gas and oil. Solar energy is
one of the cleanest forms of energy sources and the main energy resource for all of the
life processes, and the basic condition causing varied physical phenomenon and
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processes in the atmosphere. Photovoltaic (PV) array, which converts sunlight to
electrical power [1-3]. The use of photovoltaic systems as clean source of energy from
the sun has been quickly increasing. Solar PV is most popular owing to its significant
advantages, such as no fuel costs, no pollution, no noise, and little maintenance.
Matlab/Simulink is quite suitable to design the modelling circuit, and to learn the
dynamic behaviour of different converter structures in open loop. Thus we can analyse
the harmonic that will be generated by the off-grid PV systems, and thus design the
circuit in simulation program. The principle of stand-alone PV system is as given in
Figure 1.
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Figure 1. Off-grid solar system principle scheme

DC voltage is induced when solar irradiance falls on the PV panel. The amount of
induced voltage depends on the amount of solar irradiance falling on PV panel, and
the climatic parameters. As a result of this study, low temperatures and high solar
irradiance intensities are more suitable for obtaining high & efficient power from PV
panels.PV power generation technology is one of the most important researches in the
field of renewable energy, which is significant in practice to mitigate the worldwide
energy crisis. Stand-alone PV system can be used to provide power for remote loads
that do not have any access to power grids, and are used to provide energy for local
loads. The efficiency of photovoltaic systems varies between 15-20% depending on the
panel type. The modules only operate at nominal power under standard operating
conditions. In order to increase the amount of energy produced, a large number of PV
modules are connected in series and parallel. The pollution of the modules, the angle
of incidence of the rays, the canopy and the air being too hot or too cold affect the
energy production efficiency of the modules. Off-grid photovoltaic modules generate
electrical energy during the day and store it in the accumulator and the energy
required for the load is taken from the accumulator.

2. HARMONICS IN SOLAR SYSTEM

Harmonic currents are being generated by nonlinear electronic loads, or non-
sinusoidal sources. Harmonic currents flowing through power system impedances
generate voltage harmonics and distort the supply voltage. The nth harmonic is equal
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to n times the fundamental frequency, namely n*f, where n is a positive integer. When
n is a positive fractional number, an inter-harmonic (n*f) is generated. Inverters
produce aforementioned harmonics that affects Total Harmonic Distortion (THD),
Distortion Factor (DF) and Power Factor (PF). Harmonics increase heat losses, power
bills, and reduce system efficiency in power system. Inverters, DC/DC boost
converter, and battery chargers are the most significant harmonic sources in PV power
systems [2-4]. Non-linear waveform of inverter output voltage is given as an example
in Equation 1.

v(wt) = 12.77 sin(wt — 1.1) + 1.527 sin(2wt + 4.576) + 0.1905 sin(3wt + 84.34)
+ 0.6921 sin(4wt — 58.38) + 1.049 sin(5wt + 144.1)
+ 0.8947 sin(6wt — 43.75) + 0.4659 sin(7wt + 95.75)
+ 0.4967 sin(8wt — 30.89) + 0.8114 sin(9wt — 73.87) (1)
+ 0.8356 sin(10wt + 142.1) + 0.5985 sin(11wt — 43.58)
+0.49.24 sin(12wt128.4) + 0.7028sin(13wt — 43.36)

Graphics of Equation 1 is as given Figure 2.
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Figure 2.Non-linear waveform and their harmonic components

The decrease in harmonics is also proportional to an increase in solar irradiation levels.
Harmonics have become increasingly necessary to calculate their influence when
making any additions or changes to the power systems. As these higher frequency
harmonic currents flow through the power system, they can cause, overheating and
system hardware damage, such as:
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e Overheating of electrical distribution equipment such as cables, transformers,
battery PV panels.

e High voltages and circulating currents is caused by as a result of harmonic
resonance,

¢ Increased internal energy losses in connected such as, PV array, DC/DC convereter
and solar inverter.

e Causing elements failure owing to high total harmonic distortion.

e Shortened life span of solar device,

e False triggers at power electronic devices,

e Errors measurements in the measuring,

e Fires in wiring and distribution systems,

e Crest factors and related to problems,

e Decreasing the solar system power factor.

Harmonic components can be generated in the PV system by any variety of non-linear
converters such as DC/DC boost converters and DC/AC inverters. These converters
are a harmonic source in the PV system. The PV system must be protected from
harmful effects of harmonics. PV systems incorporate power electronic interfaces,
which generate a level of harmonics potentially leading to current and voltage
distortion. High frequency harmonics that appear due to power semi-conductors
switching are reduced by selected the optimal carrier frequency. Total harmonic
distortion for voltage is the summation of all harmonic components of the current
waveform compared against the fundamental component of the voltage wave,

THD, = V (2)
1

Harmonics causing serious pollution problem for solar system and they also reduce
the quality or the energy supplied to the consumer. Sun light irradiance variation also
affects the amplitude of the harmonic components. All harmonics decrease the quality
of a power PV system and loads connected to it. The high THD have negative effects
on off-grid PV power system such as equipment overheating motor vibration, neutral
overloading and low power factor. If the harmonics components are equal to the “07,
total harmonic distortion for voltage (THDv) will be equal to the “0”.There are many
benefits of low harmonic distortion in electrical installations such as noise less
operation, less power loss, and longer life span. THD value affects the whole system
in the power system. Harmonic components are pollution in the PV power system.
Power electronics based devices used in PV power systems cause the formation of
harmonic components. This pollution rate is constantly increasing with the use of DC
/ DC, DC / AC converters and DC and AC choppers in PV power systems.
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3. APPLICATION OF MATLAB/SIMULINK IN PV SYSTEM

The photovoltaic array converts the sunlight into electricity. The photovoltaic array
consists of parallel and series of photovoltaic modules. The cell is grouped together to
form the panels or modules. The model of photovoltaic array is obtained from the
photovoltaic cells and depends on how the cells are connected [8-10]. Because no
power is provided during the hours of darkness, the stand alone systems must
generate and store sufficient energy during the day to satisfy the peak daily load. The
storage should also be sufficient to cover several days when no sunlight is available.
Batteries are normally used as a buffer to provide the necessary storage to guarantee
short term continuity of supply by storing surplus energy during the day for use
during the night and during periods of overcast skies [11-12]. Unfortunately it is not
practical to store the summer's surplus energy for use during the winter. Figure 3
shows the change of solar irradiance throughout the day.
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Figure 3.Changing of solar irradiance all day long

Solar iradiance

It has been shown that current THD increases with a decrease in solar irradiation
(w/m?) levels and that current THD decreases with an increase in inverter output
current or power [13-14].The topologic structure of the management PV system is
shown in Figure 4, which consists of PV array, DC/DC converter and inverter, which
connects at inductive R-L load. An ideal switch is used in DC/DC boost converter so
as to observe the output without any kind of loss across the switch. The voltage and
current produced at the terminals of a PV can feed a DC/DC converter, and connect
to an inverter to produce AC current. Stand-alone solar system which consists of PV
Array, battery bank, DC/DC boost converter, charge controller, solar inverter, and
inductive R-L load. Then main emphasis is to be placed on the photovoltaic system,
the modelling and simulation photovoltaic array, the MPPT control and the DC/DC
converter, total harmonic distortion values depend on PWM'’s carrier frequency will
be analyzed and evaluated. The step of modelling with Matlab/Simulink of the
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photovoltaic system is shown respectively and simulation results are provided. The
Simulink model of the PV could be used in the future for extended study with different
DC/DC converter topology and solar inverter. In the following we will examine a
system implementation with two microcontrollers. One will be responsible for the
battery charge controller with MPPT and the other one with the DC/DC boost
converter, DC/AC power inverter and R-L load. The proposed system is modelled and
simulated under Matlab/Simulink under low irradiance. Stand-alone PV system
schematic diagram of this system is given in Figure 4.
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Figure 4. Principle scheme of stand-alone solar system (for 100 (W/m?, 10 °C)

The PV system was modelled by using the Matlab/Simulink program and then the
simulation results showed that the THD value increased due to the low radiation level.
Power quality is considered to be one of the important criteria for the design of any
electric power generation system. Hence it is necessary to identify and analyze the
factors that are responsible for the deterioration of power quality. In this regard, it was
found that fluctuating solar irradiance has strong inter-relation with power quality
index. The solar irradiance dependent level of harmonic distortion due to off- grid PV
system was investigated. One inherent problem with PV systems, however, is the
necessity to convert the PV array’s direct current to the electrical grid’s alternating
current, which is implemented by means of pulse-width modulation (PWM). Such
electronic switching introduces more distortion into the grid which already contains
some harmonics that are caused by nonlinear loads. DC link in solar system contains
pulsation. Large electrolytic capacitors are connected to the DC link so as to absorb
this pulsation so that the DC link voltage ripple can be kept small. Figure 4.shows a
Matlab/Simulink diagram of typical solar PV renewable sources of energy. The
integrated system has PV array as sources of energy. Therefore, the characteristic of
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energy storage for a PV system will be explained as well as some specification and
standards for a off- grid connected PV system. The effect of fluctuating solar irradiance
on the harmonics component of solar photovoltaic system was examined. It was clear
that current THD is very sensitive to changes in solar irradiance condition. Table 1
shows the value of the harmonic components in the photovoltaic system.

Table 1. Harmonic components of output solar inverter
Harmonic components of stand-alone
photovoltaic system at low irradiance

Harmonics . hase angle
Component Amplitude(V) g (Degree(%

1 12.77 -1.1

2 1.527 4.567
3 0.1905 84.34
4 0.6921 -58.38
5 1.049 144.1
6 0.8947 -43.75
7 0.4659 95.75
8 0.4967 -30.89
9 0.8114 -73.87
10 0.8356 142.1
11 0.5985 -43.58
12 0.4924 128.4
13 0.7028 -43.36
14 0.7979 139

15 0.6662 -53.17
16 0.5246 125.3
17 0.6373 92.18
18 0.761 -43.83
19 0.7037 139.4
20 0.5661 -47.44
21 0.5987 133.2
22 0.7272 -42.03
23 0.7217 135

24 0.646 -57.51
25 0.5813 -70.54
26 0.6866 130.9
27 0.7254 -42.36
28 0.6428 135.3
29 0.5812 -47 .44
30 0.6536 135.8
31 0.718 -40.12
32 0.6703 121.9

33 0.5935 167.4
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34 0.6278 -51.09

35 0.7022 135.5

36 0.689 120.78

37 0.613 131.3

38 0.6819 137

39 0.6012 -45.89

40 0.6986 -44.95

Presence of harmonics leads to overloading of consumers electrical installation,
terminal voltage rise and flicker, increased heating of neutral conductors, increased
induction motor and transformer heating as well as saturation effects in the core,
interferences on telecommunication lines, protective relays malfunction and failure of
power factor correction capacitors. Hence it is important to identify the causes for
harmonic generation along with its nature of influence in the off-grid PV systems
performance to ensure the satisfactory operation, design of component ratings,
protection settings and optimization of controller present in off-grid PV system.
Normally harmonics is created due to any non-linear nature of characteristics. The
level of harmonic distortion in currents and voltages caused by off-grid PV systems is
the subject of several international standards. When the PV inverters operate under
low solar insulation and low power levels, more unwanted harmonics are generated.
This has a huge impact on the power quality of the grid as well as capital and
maintenance costs. The main aim of this work is to analyse the harmonic components
at low radiation. The amplitudes of output inverter harmonic components are given
in Figure 5.

14

10 b

0 5 10 15 20 25 30 35 40 45 h
Harmonics order

Figure 5. Spectrum voltage harmonics of inverter
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The problems caused by the harmonics are well defined; we cannot justify an incident
on the installation due to their presence. The effects can be shown instantly switch
failure, incorrect operations in static equipment, etc. and in the long term capacitor
battery resonance, transformer overheating, conductors and motors, measurement
errors from measurement instruments, thermal losses, etc. The most effective way to
eliminate the negative effects of the harmonic components on the off-grid PV system
is to use active filters. By exceeding the maximum conductor isolation temperature by
only 10°C motors and transformers reduce their working life practically by half. There
are two operational modes in the system according to the different working statuses
of PV panels, battery and mains supply. Solar electric or photovoltaic technology is
one of the biggest renewable energy resources to generate electrical power and the
fastest growing power generation in the world. Photovoltaic-based inverter outputs
current harmonic distortion belongs to solar irradiances are primarily discussed in this
paper. System structure and working modes are analyzed in detail firstly and then
total harmonic distortion belong to solar irradiances practical and theoretical analyses
have been realized by the simulation. Matlab /Simulation have been donate examine
the harmonic components at low irradiance.

The negative effects of THDv are such disruption, heating the batteries, overheating
the cables and poor quality of the electrical energy. Power inverters are electronic
device or circuitry that changes direct current to alternating current. Solar inverter
output voltage waveforms not sinusoidal therefore, they contain harmonic
components. Output voltage of square wave is acceptable in low and medium power,
whereas, in high power applications ask sinusoidal waveforms.

4. CONCLUSION

Harmonic components other than the basic frequency are destroyed by the active filter.
In order to improve energy quality and efficiency in solar systems, it is necessary to
use active filters. Pyranometer was installed to collect the spectral irradiance data. Out
of various data collected, three days with high, average and low intensity of solar
irradiance were selected for analysis. For whatever may be the case, it is clear that
current total harmonics distortion is very sensitive to changes in solar irradiance
condition. The current THD values are high up to 130 % in the morning and evening
hours when the solar irradiance is low and also when the solar irradiance is affected
by sudden changes like passing clouds. But when the solar irradiance is high during
the day, the current THD value gets reduced below the value of 10 %. At low solar
irradiance condition, the current THD increases significantly high from 10% to 130%
which is above the recommended standard. By comparing the results of voltage THD,
it can be deduced that fluctuating solar irradiance
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