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Abstract

Available data from 2013 suggest that 17% of the global population does not have access to electricity, 95% of those live in
sub-Saharan Africa and developing Asia, with sub-Saharan Africa leading with 80%. This lack of electrical power accessibil-
ity reduces the number of water sanitation facilities; so the population faces a constant life-threatening risk when it comes
to drinkable water because water sources are often highly polluted with germs and bacteria. The main purpose of this study
is the design and implementation of a water treatment system based on the ozone disinfection mechanism and powered by
solar renewable energy. The particularity of this system is its low cost versus high efficiency, and the heart of the system is a
half-bridge inverter built around 16F628 A microcontroller connecting the PV panel to the ozone generator. An experimental
study was conducted using polluted water to test the effectiveness of the filtering system.
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1 Introduction

Africa faces huge challenges with multiple issues that
adversely affect public health. One major challenge is the
ability for both rural and urban Africans to access electric-
ity. Thus, the number of water sanitation stations is lim-
ited. Indeed, only 16% of people in sub-Saharan Africa had
access to drinking water through a household connection
[1]. Not only there is a problem of availability, even when
this water is available, there are risks of contamination due
to several factors, especially in the case of surface water
sources, which makes the presence of water disinfection sys-
tems a must; but as previously mentioned the limited access
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to the grid reduces the options of water filtering, leaving
renewable energy resources the unique solution.

Renewable energy can be converted into electrical energy
for the household applications. The most available form of
renewable energy in Africa is the solar energy; hence, it can
be used for all types of domestic appliances. These strategies
must be environmentally friendly. O3 is an excellent and
powerful oxidizer and germicide. The disinfection potential
of O3 is significantly higher than chlorine and other dis-
infectants. Nowadays, O3 is widely used as a substitute to
chlorine for disinfecting and oxidizing due to by-products
of chlorine, such as smell, bad taste and the production of
carcinogenic agents. Clearly, O3 produces considerably less
by-products and is transformed into oxygen within a few
hours. The O3 technology has various applications, includ-
ing disinfection, water and air purification, and medicine
[2-5].

Several methods allow production of ozone with various
levels of maturity. Most of the ozone produced in the world
comes from network supply. A little is mainly produced by
the solar generator. This latter method seems to be the most
ecological solution for producing ozone. Artificially ozone
can be generated in many ways such as dielectric barrier
discharge, corona discharge, electrolysis and radiochemical
method [6-9] for that the solar inverters are most commonly
used in this system. The solar inverter should be able to
operate the home appliances smoothly. Most of the inverters
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available in market are designed as square wave and quasi-
wave inverters, which is not suitable for most of the elec-
trical appliances. The outputs of these types of inverters
are with more harmonics and are less efficient [10, 11]. If
sinusoidal waveform is not provided to the appliances, the
lifetime of the appliances will reduce day by day. The gen-
erated sinusoidal output waveform from the inverter is to
overcome this type of disadvantages. The sinusoidal output
waveform can be obtained by implementation of sinusoidal
pulse width modulation (SPWM) technique to the inverter
circuit. The SPWM technique can be implemented by con-
tinuous switching [12—16] in a particular sequence of the
inverter. The switching technique is characterized by a con-
stant pulse amplitude with a variable duty cycle for each
period. The most common method to implement this tech-
nique is to compare the sinusoidal waveform with triangular
carrier waveform [17-20]. The application of this type of
inverter can be for the household appliances and high-power
applications. An inverter is basically a device, which con-
verts electrical energy of DC form into that of AC form. The
DC power can be obtained from battery or PV source and
converts it to AC. Recently, the inverters are also playing an
important role in various renewable energy applications as
these are used for grid connection of wind energy system or
photovoltaic system. In addition to this, the control strategies
used in the inverters are also similar to those in DC-to-DC
converters. Both current-mode control and voltage-mode
control are employed in practical applications. The DC-to-
AC inverters usually operate on pulse.

Width modulation (PWM) technique. The PWM is a
very advanced and useful technique, in which the width of
the gate pulses is controlled by various mechanisms. PWM
inverter is used to keep the output voltage of the inverter at
the rated voltage (depending on the user’s choice) irrespec-
tive of the output load. In a conventional inverter, the output
voltage changes according to the changes in the load. To nul-
lify this effect of the changing loads, the PWM inverter cor-
rects the output voltage by changing the width of the pulses,
and the output AC depends on the switching frequency and
pulse width, which is adjusted according to the value of the

Fig.1 Synoptic diagram of the Solar panel 135watt
PV system supplying the ozone

generator

load connected at the output so as to provide constant rated
output. The inverters usually operate in a PWM and switch
between different circuit topologies, which means that the
inverter is a nonlinear, specifically piecewise smooth sys-
tem. Both current-mode control and voltage-mode control
are employed in practical applications. In this study, we used
low-cost PIC16F628 A microcontroller that reduced the com-
plexity of the circuit in single half-bridge inverter [21, 22].
The microcontroller has built in dead time control, which is
complex because the conduction drops in the transistor and
in the diode depends on the related current and tempera-
ture of the semiconductor [23]. In the last decade, studies of
complex behavior in switching power converters have gained
increasingly more attention from both the academic com-
munity and industry [24].

2 The photovoltaic ozone system
2.1 Circuit diagram

03 generator is connected to the PV system as shown in
Fig. 1.
The PV system includes the following:

1. A polycrystalline PV panel composed of 36 elementary
cells that can provide, under standard test conditions,
a power of 135 W and a maximum current of 8.28 A
at an optimum voltage of 12 V. Power specifications at
STC (standard condition): 1000 W/m?2, 25 ¢°, AM1.5
(Table 1). Sun module SW 135 poly R6A.

Table 1 Standard test conditions of panel 135w

Rated max power P [W] 135
Rated voltage Vmpp [V] 17.7
Open-circuit voltage V. [V] 21.8
Short-circuit current I [A] 8.17
Rated current Lpp [Al 7.67

Charge Controller

Inverter

Battery 80 Ah
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Fig.2 The schematic of the working principle of the inverter
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Fig.3 The basic circuit of the single-phase half-bridge inverter

2. A charge regulator (12 V/20 A) to maintain the output
voltage at 12 V.

3. A solar battery of 80 Ah to store energy.

4. A half-bridge inverter to convert the voltage from DC
to AC. A 16F628A microcontroller was used to control
this inverter.

The microcontroller generates SPWM. SPWM signal is
a square wave of the variable cyclic ratio with 4-kHz fre-
quency and controls the transistor converter. The O3 genera-
tor is represented by a constant load.

2.2 Description of proposed inverter

The schematic of the working principle of the inverter is
shown in Fig. 2.

The basic circuit of the single-phase half-bridge inverter
is shown in Fig. 3.

PIC microcontroller is the heart of the control circuit of
this system. This microcontroller was designed particularly
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Fig.5 Flowchart of the SPWM generation

to generate SPWM. The PIC16F628 A microcontroller gen-
erates two PWM and rectangular pulse signals, as shown
in Fig. 4, which are modified to an SPWM signal. RB5 and
RB6 are the output pins for the SPWM that feeds the ampli-
fier stage. The transistor control, based on the amplification
stage, is conducted using two types of transistors, BC547
and BD140.

2.3 Flowchart

Figure 5 shows the flowchart of the single-phase SPWM
signal. In this flowchart, “initializing variables” indicates
the initialization of the memory cell defined by the user.
Furthermore, “initialization sine lookup table” then stores
the sample value of the sine wave. These sampling values
are transmitted to the PWM duty cycle register.
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Fig.6 Schematic of the amplifier stage

The CCP1 (Timer0) register generates the triangular
wave. The signal then becomes an SPWM signal with a dead
time. The microcontroller checks whether the generation is
complete. If the generation is complete, the microcontroller

acquires another sampling from the sine wave table; else it
waits until the end. To generate the SPWM signal, each half-
cycle sine wave is divided into 32 parts and the value of the
sine wave is then measured at each interval for calculating
the cycle service of each pulse.

Carrier frequency fc = 4000 Hz (1)

The largest PWM value for PIC16F628A is 255 (a duty
cycle of 100%). The interval between the points is given by:

A@ =1/180 = 5.625° )

The equation of cyclic ratio is given by:
Y =255 sinwt = 255 sinn60 3)
n=0,1,2,3,...,31 4)

2.4 Gate driver circuit

To control the transistor gate, the two-transistor-based
amplifier stage was used, as shown in Fig. 6.

The gate driver was required to switch 12 V DC to the
transistor gate. Different methods can be used to generate
the grid voltage (VBS) [3-10].
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Fig.9 Diagram of power circuit
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Fig. 10 Complete inverter with transformer

2.5 Practically implemented circuit
The system consists of two parts:

1. The control part contains a power supply and control
unit (micro controller, Figs. 7 and 8).

2. The power part comprises the power circuit connection
diagram as shown in Fig. 9.

The power circuit is a half-bridge inverter. Two 2N3055-
type transistors are connected in series in each arm of the
inverter. Two transistors are used to amplify the nominal
current of the circuit. The entire circuit comprises eight tran-
sistors. The maximum output voltage of the microcontroller
is 5V, which is directly applied to the transistor gate. How-
ever, the transistor is only active at 12 V.

2.6 Experimental results

The inverter setup is shown in Fig. 10. Figure 11 shows the
SPWM switches gating signals at a frequency of 4 MHz and
amplitude 5 V; the output of the inverter is shown in Fig. 12;
it is a sine wave with an amplitude of 12 V and frequency
50 Hz.

The transformer output voltage is 282 V.

3 Principle of ozone generation

The surface reactor (SDBD) is made with the same glass
tube, where in the outer stainless steel electrode was
replaced by an aluminum tape stuck onto the outer surface
of the glass tube, and the inner electrode has been replaced
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Fig. 12 Waveform of inverter output

by a stainless steel mesh of 0.75 mm thickness and 1 mm?

mesh square surface, in contact with the inner surface of
the glass tube. In this configuration, the discharge occurs on
the surface of the mesh electrode in contact with the glass,
where a second smaller diameter tube in Teflon (PTFE), of
35 mm outer diameter, is inserted inside the reactor, almost
in contact with the mesh electrode, the gas lows into the
narrow space two coaxial tubes (Fig. 13a, b).

The overall system studied and presented in Fig. 14a,
is autonomous, in which the essential element is the bat-
tery used to store electrical energy. The system comprises a
135 W photovoltaic module (1) which generates electrical
power, a regulator (2) (12/24 V, 20 A) for maintaining the
voltage of the panel at 12 V and a solar battery (3) of 80 Ah
used to store energy. A half-bridge inverter (4) is used to
convert the DC to AC voltage. The latter supplies the high-
voltage transformer of the ozone generator (5). Dielectric
barrier discharge (DBD) reactors used as ozone generators
are well known today and widely used for water treatment
and air disinfection.

The high-voltage power supply used in this study is a
switching type. An AC 220 V voltage is lowered using
a step-down transformer and rectified to a DC volt-
age of approximately 72 V. An IGBT (insulated gate

O; output

(b)

Fig. 13 a Ozone generator, b surface dielectric barrier discharge. 1
Grounded electrode. 2 HV mesh electrode. 3 Glass tube. 4 Gas flow.
5 Plasma
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(b) Photograph of the experimental bench

Fig. 14 a Schematic representation of the water treatment process
and b photograph of the experimental bench. 1 Solar panel. 2 Charge
regulator. 3 Battery. 4 Inverter. 5 High voltage supply. 6 Ozone gen-
erator. 7 Water to be treated. 8 Pumping motor. 9 Venturi injector. 10
Treated water

bipolar transistor)-controlled switch is used as an elec-
tronic switch and controlled by an oscillator to generate
a high-frequency current. A ferrite transformer is used
to transform the low-frequency high voltage into a high

voltage. A voltage of 1-10 kV at a frequency of 0-30 kHz
is obtained. In this work, the oscillation frequency produc-
ing the DBD is 20 kHz. All experiments are performed
under stable weather conditions of temperature (25—40 °C)
and humidity (70-80%).

4 Experimental design methodology

O3 production is powered by a PV system connected to
the inverter, which is controlled using the microcontroller,
where the water treatment station represent the electrical
load. Table 2 represents the experimental result of vari-
ous electrical quantities such as panel power (current and
voltage), irradiance, generator power (current and voltage)
and O3 concentration at different times which are plotted
in Fig. 15a—h.
The solar PV system includes two factors:

1. The East—West orientation angle of the panel
2. The North—South angle of the panel slope

Experiments were conducted as a function of time, where
each hour corresponds to a 15° rotation in the East—West
direction with a panel fixed at 45° in South.

1. According to Fig. 15a, an increase in illumination was
observed from 8:00 am to 10:00 am. A decrease in
the amount of illumination at 11:00 am and 13:00 pm
occurred due to the cloud passage.

Figure 15b shows an increase in temperature during
the day with the maximum temperature of 41.5 °C at
14:30 pm, and after 15:00 pm the temperature decreased
progressively.

Table 2 Experimental

Time Irradi- Tempera- P load (w) Currentload (A) Concen- P panel (W) Ip(A) Vp (V)
measurement ance (W/ ture (°C) tration
m?) (%)

8:00 920 23 28 0.12 86 66.3 5.20 12.75
9:00 950 25 27,8 0.13 86 69.66 5.40 12.9
10:00 970 26 28 0.13 87 71.50 5.50 13.00
11:00 980 29 28 0.13 88 76.18 5.86 13.00
12:00 1176 34 28 0.12 93 122.29 9.48 12.9
12:30 1180 35 28,2 0.14 87 120.44 941 12.8
13:00 1200 36.5 28 0.12 84 112.14 8.90 12.6
13:30 1100 38 26 0.13 86 109.62 8.70 12.6
14:00 1140 40 27 0.14 90 100 8.00 12.50
14:30 1112 41.5 29 0.15 86 88.56 7.20 12.30
15:00 1100 39 28 0.13 81 84.96 6.88 12.35
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Fig. 15 a Irradiation of PV panel, b daily temperature, ¢ load output power, d load output current, e ozone concentration, f output current of PV
panel, g output voltage of PV panel, h output power of PV panel
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Fig. 15 (continued)

Figure 15c shows a rough stability in power consump-
tion from 8:00 am to 13:00 pm. At 13:30 pm, a power
drop occurred due to an increase in temperature, nega-
tively affecting the power consumption.

The increase in PV panel current between 8:00 am and
11:00 am was due to an increase in irradiation. Between
11:00 am and 13: 00 pm, partial shading (clouds), as
shown Fig. 15d, caused current diminution.

Figure 15e shows that O3 concentration depended on
the change in temperature. An increase in temperature
decreased the production of O3 (at 13:00 pm), which
indicated that the temperature is inversely proportional
to the O3 concentration.

For an irradiation of 1176 W/m?2, the O3 generator was
represented by a resistive load of 28 W, consuming 0.12
A of current. The water treatment reached the maximum
value ratio of 93%, as shown in Fig. 15f-h.

According to these analyses, water treatment introduced
by the O3 generator solely depends on the power sup-
plied by the PV source, and thus on the irradiation.

5 Conclusion

In this study, a new adaptive PV system was integrated for
the O3 production process.

Theoretically, this integration can be justified by two

techniques that are potentially promising.

A low-cost, simple, compact PWM solar inverter was
developed. The optimization of O3 production by using
a PV source is developed in the simulation and validated
practically; the O3 generator was modeled as an electric

@ Springer

Power of panel(W)

130

120

110+

100 4

©
o
1

80

70+

60 +——r———r—————
8:00 9:00 10:00 11:00 12:00 12:30 13:00 13 :30 14:00 14:30 15:00

Hours

(h)

charge that consumes the same energy when placed under
sunshine and temperature imposed by climatic condi-
tions.

In spite of the impressive number of developments in
the field of solar energy, in recent years we have seen in
studies that there is a problem of cloud that causes insuf-
ficiency of the energy produced by the solar panels as in
our case a panel producing 135 W on a sunny day could
only produce 66.3 W (in a cloudy weather) during cloud
passage that is enough power to produce ozone.

One of the reasons to avoid using surface DBD (SDBD)
generators in this study was the nature of the outer elec-
trode. For SDBD generators, an adhesive metal tape or
a meshed electrode is required to be used as the outer
electrode instead of a metal electrode. Therefore, SDBD
generator may be fragile and require more care in han-
dling. Moreover, water treatment with a large flow rate
still requires an optimized configuration for a better
match between the O2 molecules and plasma. However,
the SDBD model should be used frequently in the indus-
try to acquire a more precise idea regarding its robustness
and reliability. Here, we emphasize on the fact that the
available PV energy is proportional to O3 concentration,
and O3 concentration is inversely proportional to tem-
perature.

References

1.

World Health Organization (2006) Meeting the MDG drinking
water and sanitation target: the urban and rural challenge of the



Electrical Engineering (2019) 101:647-657

657

10.

11.

12.

13.

decade. Retrieved from http://www.who.int/water_sanitation
_health/monitoring/jmpfinal.pdf

Ikehata K, Jodeiri Naghashkar N, Gamal El-Din M (2006) Deg-
radation of aqueous pharmaceuticals by ozonation and advanced
oxidation processes: a review. Ozone Sci Eng 28(6):353—-414.
https://doi.org/10.1080/01919510600985937

Bouregbaa N, Benmimoun Y, Meddahb B, Tilmatine A, Ould-
moumnad A (2014) Ozonation of wastewater in Algeria by dielec-
tric barrier discharge. Sci Eng J Int Ozone Assoc 52:1824-1835
Jodzis S, Smolinski T, Sowka P (2011) Ozone synthesis under
surface discharges in oxygen: application of a concentric actuator.
IEEE Trans Plasma Sci 39:1055-1060

Jolibois J, Takashima K, Mizuno A (2012) Application of a non-
thermal surface plasma discharge in wet condition for gas exhaust
treatment: NOx removal. J Electrost 70:300-308

Chang JS (2001) Recent development of plasma pollution control
technology: a critical review, a critical review. Sci Technol Adv
Mater 2:571-576. https://doi.org/10.1016/S1468-6996(01)00139
-5

M.N. Brahami, S.Hadjeri, S.Nemmiche, M.Brahami & A.Til-
matine, “Experimental investigation of a PV solar generator for
supplying water treatment process,” Pages 207-221| published
online: 18 Dec 2014

Roya Amiri Qandashtani, Esmaeil Ataye Salehi (2016) The effects
clo2 & 03 with map on microbial load reduction of mung bean
sprouts. Carpathian J Food Sci Technol 8(4):121-127

Tayyari F, Khazaei J, Ajaei AJ, Peyman P, Mohammad. J (2017)
Effects of modified atmosphere packaging systems, low tempera-
ture and storage time on the quality of fresh minimally processed
pomegranate arils. Carpathian J Food Sci Technol 9(1):16-26
Mamun A, Elahi M, Quamruzzaman M, Tomal M (2013) Design
and implementation of single phase inverter. Int J Sci Res (IJSR)
2:163-167

Qazalbash A, Amin A, Manan A, Khalid M (2009) Design and
implementation of microcontroller based PWM technique for sine
wave inverter. In: International conference on power engineering
energy and electrical drives. IEEE. pp 163-167

Hassaine L, Olias E, Haddadi M, Malek A (2007) Asymmetric
SPWM used in inverter grid connected. Revue des Energies Renouv
10:421-429

Isa MN, Ahmad MI, Murad AZ, Arshad MK (2007) FPGA based
SPWM bridge inverter. Am J Appl Sci 4:584-586

14. Nagarajan R, Saravanan M (2013) Staircase multicarrier SPWM
technique for nine level cascaded inverter. In: Proceedings of the
international conference on power, energy and control. IEEE Press.
pp 668-675

15. Ismil B, Taib S, Saad A, Isa M (2006) Development of control cir-
cuit for single phase inverter using atmel microcontroller. In: First
international conference PEC. IEEE. p 437440

16. Islam SM, Sharif GM (2009) Microcontroller based sinusoidal
PWM inverter for photovoltaic application. In: First international
conference development in renewable energy technology, IEEE. p
14

17. Nagarajan R, Saravanan M (2014) Performance analysis of a novel
reduced switch cascaded multilevel inverter. ] Power Electron
14(1):48-60

18. Zope P, Bhangale P, Sonare P, Suralkar S (2012) Design and imple-
mentation of carrier based sinusoidal PWM inverter. Int J] Adv Res
Electr Electron Instrum Eng 1:230-236

19. Nagarajan R, Saravanan M (2013) A carrier - based pulse width
modulation control strategies for cascaded multilevel inverter. Int
Rev Model Simul 6(1):8-19

20. Jahmeerbacus MI, Oolun MK, Oyjaudah MKS (2000) A dual-stage
PWM DC to AC inverter with reduced harmonic distortion and
switching losses. Sci Technol Res J 5:79-91

21. Hammadi N, Nemmich S, Dey Z, Remaoun S, Tilmatine A (2016)
Development of a high-voltage high-frequency power supply for
ozone generation. J Electr Eng 11:755-767

22. Udhayakumar G, Rashmi MR, Patel K (2016) Implementation
of high-frequency high-voltage power supply for ozone generator
system using embedded controller. In: International conference on
circuit, power and computing technologies [ICCPCT]

23. Vukadinovi¢ D, Ljubomir K, Mateo B (2009) A half bridge inverter
with ultra-fast IGBT module-modeling and experimentation. Fac
Electr Eng Univ Banja Luka 13:51

24. Rich O, Chapman W (2012) Three-level PWM DC/AC inverter
using a microcontroller. Necamsid

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


http://www.who.int/water_sanitation_health/monitoring/jmpfinal.pdf
http://www.who.int/water_sanitation_health/monitoring/jmpfinal.pdf
https://doi.org/10.1080/01919510600985937
https://doi.org/10.1016/S1468-6996(01)00139-5
https://doi.org/10.1016/S1468-6996(01)00139-5

	Integrating a new adaptive PV system for ozone production process
	Abstract
	1 Introduction
	2 The photovoltaic ozone system
	2.1 Circuit diagram
	2.2 Description of proposed inverter
	2.3 Flowchart
	2.4 Gate driver circuit
	2.5 Practically implemented circuit
	2.6 Experimental results

	3 Principle of ozone generation
	4 Experimental design methodology
	5 Conclusion
	References




