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This paper introduces a new planar microstrip metamaterial resonator, the novelty of this paper lays in its 
unit cell design. The unit cell is formed by connecting metallic traces of two edge coupled split ring 
resonators to form the infinity symbol on one side of the substrate, and an array of conducting wires on 
the other. An RLC equivalent model of the structure is also proposed, it can be advantageous to use this 
model to identify the resonant frequency along with the root of the negative permeability and negative 
permittivity. The model shows resonance at 17 GHz. The structure was designed and simulated using EM 
solver Ansys HFSS, the extracted s-parameter matrix was analyzed to determine the effective permittivity, 
permeability and index of refraction. The structure shows negative values for effective ε, µ at resonant 
frequency 16.5 GHz.  At frequencies where both the recovered real parts of ε and µ are simultaneously 
negative, the real part of the index of refraction is also found to be negative. 
 
Key words: Microstrip metamaterial, negative refraction, permittivity, permeability, RLC circuit. 

 
  
INTRODUCTION 
 
Metamaterials, first named and theoretically discussed by 
Veselago (1968), are studied widely throughout the 
world. These are an artificially engineered material 
showing electromagnetic properties not readily found in 
naturally occurring material, such as, property of negative 
refractive index and artificial magnetism (Sabah, 2010; 
Mahmood, 2004; Sulaiman et al., 2010; Smith et al., 
2001; Sharma et al., 2011). Recently work is done in 
direction of making a perfect lens using metamaterials 
(He-Xiu Xu et al., 2013a, b). 

Metamaterials are often characterized in terms of their 
effective material properties, such as effective electric 
permittivity and effective magnetic permeability. Any one 
of these parameters, or even both of them may be 
simultaneously negative. The former is known as single 
negative material (SNG), if only effective permittivity is 
negative  it  is  called  Epsilon  negative  material   (ENG),  

 

whereas if only effective permeability is negative it is 
called as Mu-negative material (MNG). The latter is 
referred to as left-handed metamaterials (LHM), double 
negative (DNG), or negative refractive index material 
(NRIM). 

Artificial plasmas show negative effective permittivity 
for all frequencies smaller than plasma frequency of the 
Plasmon medium (Pendry et al., 1996). Effective negative 
permeability can be obtained in the well known Split-ring-
resonator structure, but only for a narrow magnetic 
resonant frequency band (Pendry et al., 1999). In past 
few years, metamaterials has been a naive topic of 
interest among the research fraternity. Over these years 
various innovative structures have been reported. 

This paper presents design and simulation of a new 
planar microstrip metamaterial resonator, exhibiting 
negative index of refraction. In comparison to the papers 

*Corresponding author. E-mail: nitin.vnit@gmail.com 



 
 

 
 

 

 
 

Figure 1. A Circular Split-Ring Resonator Structure (SRR). 
 
 
 

 

 

 
 
Figure 2a. Structure of Infinity Shaped Metamaterial (ISM) kept in a 

waveguide with wave-ports. 
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Fig 2(b) Schematic diagram of ISM, showing the boundary conditions: PEC & PMC boundaries 
respectively. 

 
 
Figure 2b. Schematic diagram of ISM, showing the boundary 

conditions: PEC and PMC boundaries respectively. 
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cited here, the novelty of this paper lies in the unit cell 
design, where two edge coupled circular split-ring 
resonators are connected to form the infinity symbol and 
an array of straight wire conductors is also used. The 
overall size of the metamaterial unit is very small 6 mm × 
8 mm. Since the geometry of the structure resembles the 
shape of mathematical symbol ‘infinity’ it will be referred 
to as Infinity Shaped Metamaterial (ISM) in rest of the 
paper. The structure was simulated using Ansys HFSS 
and the extracted s-parameter values (S11 and S21) was 
analyzed to calculate index of refraction. The results 
promises a bandwidth of around 8 GHz (~8.5 to 16.5 
GHz). 

Many researchers have done the analysis of SRR unit 
cells and SRR arrays, and shown that SRRs behave as 
LC resonators that can be excited by external magnetic 
flux. The analysis of SRRs by accurate circuit models can 
be effectively used to estimate the behavior of SRR 
structures in a simple, efficient manner. Also, explicit 
relationships between electrical parameters, dimensions 
of the SRR structure and its frequency dependent 
transmission/reflection behavior may be found. 

Another method called NRW technique (Suganthi et al., 
2012) was also used to calculate effective permittivity and 
effective permeability from s-parameters, using which 
refractive index can be calculated. The results obtained 
from all techniques were compared and found in 
satisfactory agreement with each other. 
 
 

DESIGN SETUP 
 

Figure 1 above shows a single Circular Split-Ring 
Resonator, and Figure 2a shows the unit cell of Infinity 
Shaped Metamaterial (ISM). 

It has been shown in various papers that a single SRR 
provides magnetic resonance and supports negative 
effective permeability (Pendry et al., 1999), in this paper it 
can be seen from Figure 2a that, ISM can be formed by 
connecting traces of two SRRs in edge coupled 
configuration in the shape of mathematical symbol 
‘infinity’. This structure behaves as 2 SRR's connected in 
series. Figure 2a also shows the ground plane, which is 
composed of an array of straight wire conductors instead 
of a continuous sheet of copper. These straight wire 
conductors are placed directly beneath the slit of the 
SRRs lying on other side of the substrate; they will 
provide a virtual path for the currents to continue flowing 
in the split rings. 

As suggested by Pendry et al. (1996), the electric field 
should be parallel to the wire while the magnetic field 
should be perpendicular to the SRR. To retrieve the 
scattering parameters the radiation setup of the structure 
is done in an air filled waveguide. The electric (PEC) and 
magnetic (PMC) fields are defined over the walls of the 
waveguide in such a manner that the aforementioned 
conditions are satisfied, and is shown in Figure 2b. The 

structure  is  fed  RF  signals  ranging  from  15  to 18   GHz, 
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Table 1. Parameter table. 

 

Parameters Values 

Substrate (Duroid (tm)) with Thickness 0.786 mm 

Relative dielectric constant 1.1 

Radius of outer circle of the ring 2 mm 

Radius of inner circle of the ring 1.8 mm 

Width of split/Width of wire conductor 0.2 mm 

 
 
 

 
 

Figure 3. Simplified equivalent circuit of ISM unit cell. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 
 

 
Figure 4. Distribution of current over the metallic rings, also 

showing the addition of current in the area common to both rings. 

 
 
 
with the help of wave-ports (Figure 2a). The physical 
parameters of the structure are mentioned in Table 1. 

Thus, the proposed structure ISM is a composite of 
split-rings and array of wires; both components are 
required to obtain negative effective permittivity and 
negative effective permeability in a single structure. 
 
 

Two port equivalent circuit model of ISM 

 
The simplified two-port equivalent circuit representation 
suggested for ISM unit cell is shown in Figure 3, where L 
is the self-inductance of the metal loop, which can be 

computed by the expressions given in (Mondher et al., 
2011). The model parameter C is the capacitance 
computed for split ring calculated as: 
 

 
 
where Cpp and Cs are parallel plate and surface 
capacitances, respectively. The resonant frequency of 
the structure can be calculated by   For 

simplicity of design and calculations, the effect of 
coupling between strip used as ground and metallic 
SRRs is neglected; similarly the mutual coupling effect 
between the two SRRs connected to form 'infinity' is also 
neglected. Since the two metallic traces are connected 
together in series w.r.t the feeding, the current flowing in 
two rings must combine additively in the area common to 
both the rings. The same is verified by plotting the 
distribution of current over the metallic rings using HFSS, 
and is shown in Figure 4. 

The electrical parameters of the model are computed 
as: 
 

                               (1) 

 
where, L represents the inductance of SRR, g represents 
the width of the split, and r is the average or mean radius. 
To calculate the total capacitance, a simple analytical 
approximate expression may be used. First, the surface 
capacitance is determined analytically by using analytical 
expressions for the electric field of a split-ring, and is 
given by (Mondher et al., 2011): 
 

                                           (2) 

 
where, Cs is the surface capacitance, ε0 permittivity of 
free space, w represents the width of the metallic split 
ring, t thickness of the metal used for split ring, ri inner 
radius of the split ring, and g width of the split. 

Secondly, the gap capacitance or parallel plate 
capacitance of the split is computed as: 
 

                                                                   (3) 

 
where, Cpp is the parallel plate capacitance (of the split), 
εr relative permittivity, A is area of the plate of capacitor 



 
 
 
 

 
 
Figure 5. Array of two ISM elements. 
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Figure 6. (i) Refractive Index (ii) Wave impedance versus 

Frequency. 
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Figure 7. (i) Effective permittivity, (ii) Effective permeability versus 
Frequency in  GHz. 
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(here A=t * w ).Using the above formulae, the value of 
inductance and capacitance was calculated, and the 
resonant frequency using these values comes out to be 
~17 GHz. 

A linear array of two elements (shown in Figure 5) was 
then developed and analyzed, the coupling effects 
between two ISM unit cells can be described by a parallel 
RC circuit in the shunt branch. This coupling equivalent 
circuit is connected in series between two ISM blocks. 
The coupling parameters Cm and Lm can be computed by 
similar approaches used for the computation of the 
parameters C and L mentioned previously. The effect of 
mutual coupling between two ISM elements was found to 
be too small, and had a very little effect on the resonant 
frequency. Hence, it was not considered here. 
 
 
SIMULATION AND RESULTS 
 
The ISM structure was designed and simulated using EM 
solver Ansys HFSS. With extracted s-parameter matrix, 
value of refractive index n and wave impedance z was 
calculated using the following equations (Sabah, 2010; 
Smith et al., 2001). 
 

                                  (4) 

 

                                   (5) 

 
The value of effective permittivity ε and effective 
permeability μ then may be computed as  and 

 

The condition Im{n}≥0 fix the choice for sign of 'n'. 
Similarly the condition Re{z}≥0 fixes the choice for sign of 
'z'. An improved parameter retrieval method given in (Liu 
and Wang, 2012) is as follows: 
 

                                                        (6) 

 
where, k is wave number, d is thickness of ISM unit cell. 

We calculate z first, and then n can be calculated from 
Equation (6). All of the above formulae were programmed 
in MATLAB 2009a to obtain the required plots. Refractive 
index versus frequency curve using Equation (6) and 
wave impedance using Equation (5) are shown in Figures 
6 and 7: 

After calculating n and z, the value of effective 
permittivity and permeability was computed and the 
graphs versus frequency are shown below: 

The graphs above suggests metamaterial behavior of 
ISM at ~16.5 GHz. Although the results above are 
calculated  using   well   known   techniques,   one   more 
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Figure 8. Effective permittivity versus Frequency in GHz. 
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Figure 9. Effective permeability versus Frequency in GHz. 
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Figure 10. Refractive Index versus Frequency in GHz. 

 
 
 
 
 
technique, the NRW parameter retrieval approach is also 
used in this paper to reinforce the results already 
obtained. A separate MATLAB code was developed 
based on NRW approach to find the medium properties 
using extracted S11 and S21 parameters. The results 
obtained using NRW approach shown in Figure 8 to 10 
are in satisfactory agreement with those produced from 
Equation (4) to (6) (shown in Figures 6 and 7). The εeff 
and μeff of the medium are related to S-parameters by the 
Equations (7) and (8) below (Suganthi et al., 2012): 
 

                                                             (7) 

 

                                                            (8) 

 
where k0 is a wave number equivalent to 2π/λ0, d is the 
thickness of the substrate and V1 and V2. 
 

V1=S21+S11                                                 (9) 
 
V2=S21 -S11                                                (10) 
 
After calculating εeff and μeff  using above equations, 
refractive index 'n' can be computed using: 
 

                                             (11) 
 
Using MATLAB, graphs for effective permittivity, effective 
permeability, refractive index versus frequency are 
plotted and are shown in Figures 8 to 10: 

Figure 10 shows negative value of refractive index 
below ~16.5 GHz. The results obtained from HFSS for 
ISM unit cell and for linear array of 1×2 ISM elements are 
shown in Figures 11 and 12. 

In Figures 11 and 12 the dip in value of S11(dB), shows 
the resonant frequency of ISM unit cell and array of 1×2 
ISM elements, respectively. The resonant frequency in 
both cases is 16.58 and 16.5 GHz, approximately same. 
The graph (Figure 13(i)) shows the phase of S11 and 
S21(Radians) for ISM unit cell and its array. The phase of 
S11 and S21 crosses each other and shows zero crossing 
at resonant frequency, which suggests the presence of 
metamaterial property. Also, the metamaterial property 
was preserved in case of linear array of two or more 
elements. 

For further analysis a linear array of 10 elements was 
prepared to observe any deviation in resonant frequency, 
Figure 14 shows the structure and results for a linear 
array of 10 elements. From the results (Figure 13 (ii)) it 
may be observed that the shift in resonant frequency is 
too small to be considered. 

The results obtained for a single ISM element, array of 
1×2 ISM elements, and array of  1×10 ISM  elements,  all  
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Figure 11. S11(Red), S21(Brown) in dB versus Frequency for ISM unit cell. 
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Figure 12. S11(Red), S21(Brown) in dB versus Frequency for 1×2 array ISM. 
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Figure 13. Phase of S11 (red), S21(brown) in radians, (i) ISM unit cell, (ii) Array of 1x2 

ISM elements versus Frequency in GHz. 
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Figure 14. Linear array 10 elements (i) Structure, (ii) 

S11(red) and S21(brown) in dB, (iii) Phase of 
S11(red), S21(brown) in radians. 



 
 
 
 
are in good agreement with each other and shows 
resonance around 16.5 GHz. 
 
 
Conclusion 
 
A new planar microstrip metamaterial resonator using 
circular split ring dual, connected in the shape of ‘infinity’ 
and array of straight wire conductors is presented, it 
exhibits the property of negative index of refraction at Ku-
band. Results obtained using HFSS are verified by 
coding formulae for refractive index, effective permittivity, 
and effective permeability in MATLAB and plotting curves 
versus frequency. The results obtained from all the 
techniques mentioned in this paper are found in 
satisfactory agreement. In future, the presented ISM 
resonator can be incorporated with microstrip antennas to 
get highly directional beam patterns either by using it as a 
substrate or by using it as a metamaterial cover kept in 
front of the antenna; also a physical model of ISM 
resonator may be fabricated. 
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Synthesis of nanoparticles by green methods with antibacterial properties is of great researchers’ 
concern in the explored of new pharmaceutical and biomedical products. In this study, we synthesized 
a new product of nanosized particles of silver, non-toxic economy, clean, and conservator for energy. 
An environmentally friendly route is used for synthesizing silver nanoparticles (AgNPs) using an 
orange peel extract as both reducing and stabilizing agent at room temperature. The synthesized NPs 
were characterized using ultraviolet (UV)-Vis spectrophotometer, Zitasizer which measures the average 
size of the particles at about 91 nm, Fourier transform infrared (FT-IR) spectroscopy, scanning electron 
microscopy (SEM) equipped with the energy dispersive spectroscopy (EDS) and characterization using 
Transmission electron microscopy (TEM). The results confirmed that the orange peel extract is a very 
good bioreductant for the synthesis of Ag NPs and we investigated the synthesized nanoparticles as an 
antibacterial which showed that the biogenic synthesized AgNPs exhibit inhibition, and had significant 
antibacterial against both gram-positive and gram-negative bacterial strains.  
 
Key words: Silver nanoparticles, biogenic synthesis, orange peel, anti bacterial, gram-positive, gram-negative 
bacteria streamers.    

 
 

INTRODUCTION 
 

Nanotechnology mainly deals with the fabrication of 
nanoparticles having various shapes, sizes and 
managing their chemical and physical parameters for 
further use in human benefits with their growing 

applications in various fields (Bhyan et al., 2007). 
Preparation of metal nano-sized, usually ranging in size 
from 1 to 100 nanometers (nm), is amongst the most 
emerging areas in the field of nanotechnology.  Currently,  
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the application of nano materials is becoming 
increasingly important in order to solve the problems 
associated with material sciences, including solar energy 
conversion, photonics (Calvo et al., 2006; Cao et al., 
2010), catalysis (Chandan et al., 2011), microelectronics 
(Dastjerdi et al., 2010), antimicrobial functionalities (Du et 
al., 2009), and water treatment (Huang et al., 2007). 

Nanoparticles usually have better or different properties 
than the bulk material of the same elements. The 
antibacterial effect of silver nanoparticles (AgNPs) is 
greatly enhanced because of tiny size. Nanoparticles 
have immense surface area relative to volume. 
Therefore, minuscule amounts of AgNPs can lend 
antimicrobial effects to hundreds of square meters of its 
host material. Nanomaterials are the leading requirement 
of the rapidly developing field of nanomedicine, and 
bionanotechnology. Nanoparticles are being utilized as 
therapeutic materials tools in infections against microbes 
thus, the properties of nanoparticles and their effect on 
microbes are essential to clinical applications. Among 
noble metal nanoparticles, AgNPs have received 
considerable attention owing to their attractive 
physicochemical properties (Ip et al., 2006). 

The AgNPs have various and important applications. 
Historically, silver has been known having a disinfecting 
effect and has been found in applications ranging from 
traditional medicines to culinary items. It has been 
reported that AgNPs are non-toxic to human and most 
effective against bacteria, virus and other eukaryotic 
micro-organism at low concentrations and without any 
side effects (Jeong et al., 2005; Kamyar et al., 2012). 
Moreover, several salts of silver and their derivatives are 
commercially manufactured as antimicrobial agents 
(Khandelwal et al., 2010). A small concentration of silver 
is safe for human cells, but lethal for micro organisms 
(Krutyakov et al., 2008). Antimicrobial capability of 
AgNPs allows them to be suitably employed in numerous 
household applications such as textiles disinfection in 
water treatment, food storage containers, home 
appliances and in medical devices (Marambio-Jones and 
Hoek, 2010). The most important application of silver and 
AgNPs is in medical industry such as tropical ointments 
to prevent infection against burn and open wounds 
(Muhammad et al., 2012).   

Biological synthesis of nanoparticles by plant extracts is 
at present under exploitation as some researchers 
worked on it (Palanivel et al., 2013; Savage and Diallo, 
2005) and testing for antimicrobial activities 
(Savithramma et al., 2011; Saxena et al., 2010; Setua et 
al., 2007). For the last two decades, extensive work has 
been done to develop new drugs from natural products 
because of the resistance of micro-organisms to the 
existing drugs. Nature has been an important source of a 
products currently being used in medical practice 
(Sharma et al., 2009).  

A number of synthetic methods have been employed 
for the synthesis of  silver-based  nanoparticles  involving  
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physical, chemical (Singh et al., 2010) and biochemical 
techniques (Sinha et al., 2009). Chemical reduction 
method is widely used to synthesize AgNPs because of 
its readiness to generate AgNPs under gentle conditions 
and its ability to synthesize AgNPs on a large scale 
(Thirumurgan et al., 2010). However, these chemical 
synthesis methods employ toxic chemicals in the 
synthesis route which may have adverse effect in the 
medical applications and hazard to environment. 
Therefore, preparation of AgNPs by green synthesis 
approach has advantages over physical and chemical 
approaches as it is environmental friendly, cost effective 
and the most significant advantage is that the conditions 
of high temperature, pressure, energy and no toxic 
chemicals are required in this synthesis protocol 
(Thirumurguan et al., 2009; Yugang et al., 2003).    

In this present work, we report the biogenic synthesis of 
AgNPs by using waste biomaterial orange peel extract, 
which was used as green reducing agent and stabilizer. 
The efficacy of the synthesized AgNPs as antibacterial 
agent was studied. 
 
 
EXPERIMENTAL 
 
Chemicals materials and bio extract 
 
For green synthesis of AgNPs, the reagent in this work is of 
analytical grade and is used as received without further purification. 
Silver nitrate (AgNO3) from Techno Pharmchem, India is used. 
Orange peel was washed and cut into small pieces, then boiled with 
deionized water for 3min then filtered.   

 
 
Synthesis of silver nanoparticles 
 
Green AgNPs were synthesized by bio reduction of Ag+ by using 
fresh suspension of (5 ml) orange peel extract (greenish in color). 
The emulsion color was turned to dark brown after adding to 1 mM 
AgNO3 and stirring at room temperature.  
 
 

Microorganisms and antibacterial activity method 
 
Pure culture of Escherichia coli, Pseudomonas aeruginosa, 
Klebsiella pneumoneae and Salmonella are types of bacteria. The 
antibacterial activities of biosynthesized AgNPs were carried out by 
disc diffusion method. Nutrient agar medium plates were prepared, 
sterilized and solidified. After solidification, bacterial cultures were 
swabbed on these plates. The sterile discs were dipped in AgNPs 
solution (5 mg/ml) and placed in the nutrient agar plate and kept for 
incubation at 37°C for 24 h. Zones of inhibition for control, were 
measured. The experiments were repeated 3 times and mean 
values of zone diameter were determined (Jeong et al., 2005). 
 
 
Characterization of biogenic silver nanoparticles 
 
Biogenic AgNPs were characterized spectrophotometrically using 
ultraviolet (UV)-Vis spectroscopy analyses as function of time at 
room temperature using Perkin Elmer UV-Vis spectrometer, Nicolet 
6700, Fourier transform infrared (FT-IR) spectrophotometer was 
recorded, the size  of  synthesized  AgNPs  was  analyzed  through  
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Figure 1. UV-vis spectra of reduced Ag ions to AgNPs with orange peel extract. 

 
 
 
Zetasizer, Nano series, HT Laser, ZEN3600 from Molvern 
Instrument, UK, Scanning electron microscopy (SEM) has been 
employed to characterize the shape and morphologies of formed 
biogenic synthesized of AgNPs, JEOL-FE-SEM, and Energy 
dispersive spectrometer (EDS) analysis for the confirmation of 
elemental silver was carried out for the detection of elemental silver. 
The samples were dried at room temperature and then analyzed for 
samples composition of the synthesized nanoparticles. Elemental 
analysis on single particles was carried out using Oxford 
Instrument, Incax-act, equipped with SEM. Transmission electron 
microscopy (TEM) has been employed to characterize the size, 
shape and morphologies of formed biogenic synthesized of AgNPs, 
which was prepared by drop of AgNPs solution on carbon coated 
copper grid and the film on grid was dried. The TEM was operated 
and the measurements were performed at accelerating voltage of 
100 KV.   
 
 

RESULTS AND DISCUSSION 
 
The biogenic synthesis of AgNPs by an orange peel 
extract was carried out. Silver nitrate used has distinctive 
properties such as good conductivity, catalytic and 
chemical stability. The formation of AgNPs was found to 
be successful as suggested by initial changes in color. It 
is well known that AgNPs exhibit brown color in aqueous 
solution due to excitation of surface plasmon vibrations in 
AgNPs. 

The synthesis of green AgNPs had been confirmed by 
measuring the UV-Vis spectrum of colloidal solution 
which has absorbance peak at 466 nm; and the 
expanding of peak indicated that the particles are mono-
dispersed as shown in Figure 1. 

The FT-IR measurements were provided to describe 
and confirm the possible formation of bio reduction and 
efficient stabilization of green synthesized AgNPs by 
using an orange peel extract. The reduction compounds 
of the extract were confirmed by FT-IR spectra. FT-IR 

bands of orange peel were inferred at 3270.82, and 
1634.24cm

-1
 in blue color (Figure 2) and FT-IR spectrum 

of the AgNPs shows peaks at 3260.70, 1634.62, 1376.62 
and 1243.76 cm

-1
 in red color. Intense absorption is 

observed at 1634.24 cm
-1

 and is characteristic of the C=C 
stretching aromatic ring and this result agree with the 
result of the Thin layer chromatography (TLC) test, which 
refers to the active ingredient in the orange peel that 
causes the reduction of Ag

+
 ions, we found that the 

effective group is Flavonoids which led to the bio 
reduction of aqueous silver ions (Ag

+
). 

As shown in Figure 3, the average size of the formed 
biogenic AgNPs was measured by Zitasizer and it was 
91.89 nm with monodispersity.  

Figure 4a and b illustrate TEM images recorded at high 
magnification. Morphology of the AgNPs synthesized by 
using an orange peel extract indicates that the 
nanoparticles are spherical in shape with a smooth 
surface morphology. 

SEM is shown in Figure 5a was employed to analyze 
the structure and morphology of the nanoparticles to give 
further insight into the features of the AgNPs obtained 
from the proposed biogenic synthesis method, the image 
showed relatively spherical shape of the formed 
nanoparticles. The EDS microanalysis is shown in Figure 
5b and confirms the presence of AgNPs which is known 
to provide information on the chemical analysis of the 
elements or the composition at specific locations. The 
spectrum analysis reveals signal in the silver region and 
then confirms the formation of AgNPs. Metallic silver 
nanocrystals generally show a typical optical absorption 
peak at approximately 3 keV due to the surface plasmon 
resonance (Ip et al., 2006; Bar et al. 2009; Magudapathy 
et al., 2001). This result confirmed that the produced 
nano-structures are pure silver as shown in Table 1. 
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Figure 2. FTIR adsorption spectra of AgNPs prepared by orange peel. 

 
 
 

 

 

 
 

 

 

 

 

 
 

Figure 3. Zitasizer of the formed AgNPs. 
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Figure 4a and b. TEM images of the formed biogenic AgNPs. 

 
 
 

  

 

 

 

 

 

 
 

Figure 5. Green synthesis method (a) SEM image, (b) EDS pattern of spherical AgNPs prepared. 

 
 
 
Silver nanoparticles as antibacterial agent 
 
Silver, a naturally occurring element, is non-toxic, 
hypoallergenic, and does not accumulate in the body to 
cause harm and is considered safe for the environment. 
Many manufactured goods like washing machines, air 
conditioners and refrigerators are using linings of AgNPs 
for their antimicrobial qualities. Sportswear, toys and 
baby articles, food storage containers, HEPA filters, 
laundry detergent etc. are made with AgNPs. The 
products also with AgNPs were used, such as heart 
valves and other implants, medical face masks, wound 
dressings and bandages. 

Nanomaterials are the leaders in the field of 
nanomedicine, bio-nanotechnology and have a great 
importance in nano toxicology research. Silver exhibits 

the strong toxicity in various chemical forms to a wide 
range of microorganism that is very well known and 
AgNPs have recently been shown to be a promising 
antimicrobial material (Ip et al., 2006).  

In this work, the antibacterial activity of the biogenic 
synthesized AgNPs. The analysis results showed that 
nanoparticles exhibited low toxicity against Klebsiella 
which the zone of inhibition around AgNP saturated disc 
for bacterial culture, and the numerical value of diameter 
of inhibition zone was presented in Table 2, also the 
results showed maximum sensitivity against E. coli, 
Pseudomonas, and Salmonella.  

The results in Table 2 confirmed that the successfully 
biogenic synthesized AgNPs showed antibacterial activity 
on both gram-positive and gram-negative bacteria and 
the analysis of bacterial growth showed that the toxicity of  
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Table 1. EDS elemental micro-analysis of the AgNPs. 
 

Element Weight (%) Atomic (%) 

Ag L 100.00 100.00 

Total 100.00  

 
 
 
Table 2. Zone of inhibition (mm) of nanoparticles against different bacterial strains 
 

Reagent 
E. coli interpretation 

zone diameters (mm) 

Klebsiella interpretation 

zone diameters (mm) 

Pseudomonas interpretation 
zone diameters (mm) 

Salmonella interpretation 
zone diameters (mm) 

AgNPs 6 6 6 3 2 3 6 6 6 6 6 6 

 
 
 
AgNPs spherical shape are higher than that of gold 
nanoparticles spherical shape. 

Hence, AgNPs synthesized by this method should be 
prospect further for antimicrobial applications for 
examples in wastewater treatment, food and water 
storage and manufacturing of medical supplies such as 
wound dressings or beds, bandages. The biological 
method used here in preparation is recognized by saving 
huge amount of energy, eco-friendly, economic, clean, 
and has no any toxic chemicals for the synthesis. 
 
 
Conclusion 
 
Present work demonstrated the rapid extracellular 
biogenic synthesis of green AgNPs using an orange peel 
extract and their use as an antibacterial agent. The used 
biogenic method here is non-toxic, environmentally 
friendly, simple, low cost and has no toxic chemicals. The 
results confirmed that orange peel plays an important role 
in the reduction and stabilization of silver. The formation 
of AgNPs was determined by UV-Vis spectroscopy where 
surface plasmon absorption maxima can be observed at 
466 nm from the UV-Vis spectrum. Zitasizer shows the 
average size of the produced nanoparticles to be 91 nm. 
The bio produced AgNPs were characterized using FT-IR 
spectroscopic, TEM, SEM and EDS techniques.   

For technical view, the successfully biogenic 
synthesized AgNPs showed antibacterial activity on both 
gram-positive and gram-negative bacteria and this may 
be useful in a wide variety of applications in 
pharmaceutical, biomedical fields, industrial appliances 
like bandage, food and water storage and wastewater 
treatment in a low price.  
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This paper focuses on the development of a controller for grid connected photovoltaic energy 
conversion system. Control design of a single phase inverter interfacing a photovoltaic generator and 
an electrical grid is performed, based on Artificial Neural Networks. The developed controller is 
compared with a Proportional Integral (PI) controller through computer simulation. The obtained results 
show that the neural controller has faster response and lower total harmonic distortion (THD) without 
overshoots. 
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INTRODUCTION  
 
The main difficulties in the control strategy of real 
dynamic systems are the non-linearity and strong non-
linearity. The lack of right knowledge necessary for the 
development of the uncertainties. The control of the 
system requires in general the development of a 
mathematical model making it possible to establish the 
transfer function of the system that links the inputs and 
the outputs. This requires good knowledge of the 
dynamic and properties of the system. In the non-linear 
system case, the conventional techniques have often 
shown their limits mainly when the system to be studied 
presents mathematical models is somehow the origin of 
those limits (Mohammed et al., 2007).   

Recourse to the control methods based on artificial 
intelligence has become a necessity. These control 
methods follow an extraction process of the knowledge of 
the system to be studied from collected empirical data, so 
as to be able to react in front of new situations: This 
strategy is known as intelligent control (Panos et al., 
1993). 

Artificial neural networks are used in intelligent control 
due to the fact that they are parsimonious universal 
approximators (Panos et al., 1993; Rival et al., 1995) and 
that they have the capacity to adapt to a dynamic 
evolving through time. Moreover, as multi-input and multi-
output systems, they can be used in the frame of the 
control of the multivariable systems.  

A feed forward ANN makes one or more algebraic 
functions of its inputs, by the composition of the functions 
made by each one of its neurons (Dreyfus, 2002). These 
are organized in layers and inter-connected by well-
balanced synaptic connections. The supervised training 
of a neural network consists in modifying the weights to 
have a given behavior minimizing a cost function often 
represented by the quadratic error (Panos et al., 1993; 
Cybenko, 1989). 

Several authors have tried to exploit the advantages of 
neural networks to control a dynamic system (Mahmoud 
et al., 2012; Zameer and Singh, 2013) precisely, within 
the field of robotics (Rival et al., 1995; Yildirim, 1997) and 
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for the control of asynchronous motors (Mohammed et 
al., 2007; Panos et al., 1993; Branštetter and Skotnica, 
2000). More details on neural network controllers can be 
found in Panos et al. (1993), Wishart and Harley (1995), 
Ronco and Gawthrop (1997), Hagan and Demuth (1996), 
Wishart and Harley (1995), Ahmed et al. (2008), Tai et 
al., (1990), Hagan and Demuth (1996), Chen et al. 
(1997), Norgaard (1996) and Vandoorn et al. (2009) in 
which a comparative study was made between PI 
controller, PID controller and a fuzzy logic based 
controller for an inverter control shows that the PI 
controller has better performances, though the fuzzy logic 
based controller is an intelligent one.  

In the work presented in this article, the capacities of 
multi-layer perceptron (MLP) to learn the inverse model 
of non-linear systems are used to work out the control of 
a single-phase inverter used as an interface between a 
photovoltaic generator (PVG) and an electrical grid. The 
objective is to inject into the grid as much photovoltaic 
energy as available, with low total harmonic distortion 
(THD) and good reference signal tracking a 
characteristic. 
 
 
METHODOLOGY 
 

Inverter control by using a PI controller 
 
The PI controller is the most used controller in industrial systems. It 
is easy to implement and it is costs efficient. The control scheme of 
a grid connected photovoltaic system used in this work is given in 
Figure 1.  

A loop control is elaborated in order to ensure the injection of the 
maximum available photovoltaic energy into the grid. This loop 
enables current control to give a reference current determined by 

the maximum power point tracking system (Figures 1 and 2). In 
order to determine the controller parameters, the whole system 
model has been established. The inverter transfer function links 
inverter output current to the duty cycle. The PI controller 
parameters can be determined from this transfer function. The input 
voltage of the inverter is supposed to be constant (ripple are 
neglected). From Figure 1, Equation (1) can be established. 
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Where, L = inductor value of the filter; gi = current injected into 

the grid;  = duty cycle; 
dcV = inverter input voltage, and gv = 

grid voltage;  

Using small signals models, it is possible to write: 
 

 ~  

gg iII
~


 

 

Where,   is the average value of the duty cycle and ~  the duty 

cycle ripple; gI is the average value of the current and 
gi
~  the 

current ripple. 
Considering that the grid average voltage is null and neglecting its 

 
 
 
 
ripples, Equation (2) can be obtained. 

 

~
~

L

V

dt

id
dcg

                                                                          (2) 

 
Applying Laplace transform to Equation (2) and considering the 
control loop represented in Figure 2, we get the open loop transfer 
function expressed by Equation (3) linking the injected current to 
the duty cycle. 
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Where, tiv  = The magnitude of the carrier, and tiG  = gain loop 

(gain of the current sensor). 
Exploiting this transfer function allows the PI coefficients to be 
determined (Equations 4 and 5). 
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Where, cLf = Cut-off frequency, and hmp = Phase margin. 

The PI controller input consists of the error between the current 
provided by the inverter and its reference. The objective of this 
control is to correct the current injected into the grid (ig) so that it 
follows the reference value (igref). 
This type of controllers is simple but it gives limited performances if 
the system integrates strongly nonlinear elements such as static 
inverters. In fact, the determination of the controller parameters can 
be done through different methods but generally depends on the 
knowledge of the system to be controlled, and mathematical model 
of the system is not always available. Equations 4 and 5 show that 
the parameters of the PI controller (kp and ki) depend on Vcd which 
is related to meteorological conditions (solar irradiation and 
temperature). So it is worth adapting this coefficient any time the 
meteorological conditions change, which seems to be impossible. 

Therefore an adaptive control has to be set up. This fact has led to 
carrying out a comparative study of a PI controller and a neural 
network controller. 

 
 
Neural network controller for single phase inverter 

 
Principles of artificial neural networks 

 
The ANN network is based on models that try to explain human 
brain functioning. They are adapted to the treatment in parallel of 
complex problems such as speech and face recognition, or 
simulation of nonlinear functions. So they offer a new means of 
information treatment. In Figure 3, the main elements of an artificial 
neural are depicted: the input, processing unit and an output. 
A formal neuron is characterized by Equations (6) and (7). 

 

)( ii Afx 
                                                                       (6)  



Ndiaye et al.          43 
 
 
 

 
 
Figure 1. Control loop of a grid connected photovoltaic system. 

 
 
 

 
 
Figure 2. Control loop of the inverter current. 
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Figure 3. Representation of a formal neuron. 
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With, ix = State of a neuron j connected to neuron i;  iA = Activity 

of neuron i; ijw = Weight of the connexion between the neurons j 

and I, and  ib = Bias.  

The MLP network (Figure 4) is a feed forward network that is 
composed of several layers, each neuron of a layer being totally 
connected to the neurons of the next layer. The resulting network is 
able to approximate any nonlinear function. 

The error kp ,  made on the k
th
 output neuron for a sample p is 

expressed by Equation (8). 
         

kpkpkp xO ,,,                                                     (8) 

Where, kpO , = Desired output of the neuron k for the sample p, 

and kpx , = output of the neuron k for the sample p.  

As a result, the total error (for all output neurons) is estimated by: 
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Where  m  = number of neurons on the output node. 

The synaptic weights are then adjusted so as to reduce the output 
error for the whole samples of the data base: 
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Figure 4. Architecture of an MLP network. 

 
 
 

 
 
Figure 5. Grid connected photovoltaic system with single phase inverter and neural controller. 

 
 
 
Where N designates the size of the database. 

The process of the network parameters estimation is called 

training. The set of parameters that are to be estimated includes all 
the weights and biases.  An algorithm called back propagation is 
mainly used for the network training.  More details on neural 
networks is given in Ahmed et al. (2008). 
 
 
Proposed design method of the neural controller 

 
Within the framework of this study, the system to control is a single-

phase inverter serving as an interface between a photovoltaic 
generator and an electrical grid. The structure of the neural 
controller for photovoltaic energy injection into the grid is 
represented in Figure 5. 

The inputs of the neural controller are the current  injected into 
the grid, the grid voltage and the error between the actual and the 
reference values of the inverter output current.  
Database for the neural controller training is obtainend from the 
system simulation with several PI controllers, each of witch being 

determined for a given system operating point, defined by the 
inverter input DC voltage. 

RESULTS AND DISCUSSION 
 
The inverter is designed so that its switches be able to 
support the maximum current igmax and the maximum 
open circuit voltage (Vco) of the photovoltaic generator. 
Table 1 gives the inverter parameters and those of the 
photovoltaic generator.  
The filter inductor value is determined by Equation (11). 
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Where, Vcd. is the inverter input voltage; fs is the 

switching frequency, and 
m axI  is the maximum value of 

the output current ripple. 
The system is first simulated with the PI controller 

(Table 2). The injected current and its reference value are 
presented  in  Figure  6,  whereas  Figure  7  shows   grid  



 
 
 
 
Table 1. Inverter and photovoltaic generator parameters. 
 

Parameter Value 

DC bus voltage (Vdc = Vopt at 1 kW/m² and  25°C) 800 V 

Opened circuit voltage of the PV  generator 1000 V 

Short circuit current of the PV generator 6.8 A 

Filter inductor value (L) 5 mH 

ESR value of the inductor 0.2 Ω 

Maximum power of the PV generator 4 kW 

Grid RMS voltage value (Vgeff) 220 V 

Grid frequency (fo) 50 Hz 

Inverter switching frequency (fs) 20 kHz 

 
 
 

Table 2. PI controller parameters. 
 

Coefficients kp ki 

Values 5.23 6.33 104 
 
 

 

 

 

Time (s)  
 
Figure 6. Inverter output current and its reference 

value when a PI controller is used. 
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Figure 7.  Grid voltage and inverter output current when 
a PI controller is used. 
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Figure 8. Inverter output current and its reference 

value when a neural controller is used. 
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           Time (s)  

 
Figure 9. Grid voltage and inverter output current 

when a neural controller is used. 

 
 
 
voltage and injected current for unity power factor. A 
disturbance consisting of a 33% reduction of reference 
current magnitude is introduced at t = 36 ms. The PI 
controller presents a relatively fast reference current 
tracking but an important overshoot can be noticed. The 
main drawbacks of this controller is due to the fact that it 
has to be designed for a given meteorological conditions. 

The design of the neural network controller consists of 
designing several PI controllers for various 
meteorological conditions. The following values are used 
for the solar irradiation and the temperature: (0.25 kW/m², 
25°C), (0.25 kW/m², 40°C), (0.6 kW/m², 25°C), (0.6 
kW/m², 40°C), (1 kW/m², 25°C) and (1 kW/m², 40°C). 

Control signals from the PI controllers, grid voltage, 
inverter output current and its reference value are 
gathered to form a large database used for the neural 
controller training. 

Figure 8 shows inverter output current and its reference 
value when neural controller is used for the following 
meteorological conditions: a solar irradiation of 1 kW/m² 
and a temperature of 25°C. A disturbance consisting of a 
33% reduction of reference current magnitude is 
introduced at t = 36 ms. The obtained results prove fast 
tracking capability of the neural controller without 
overshoots. Grid voltage and injected current for unity 
power factor are shown in Figure 9. 

A comparison study of the two controllers is performed 
throughout simulation of two cases. In the first case, the 
simulation is made for the following meteorological 
conditions: Solar irradiation of 1 kW/m

2
 and temperature 

of 50°C. The PI controller parameters for these 
meteorological conditions has resulted in kp=1.16 and 
ki=7.07 10

3
 rad/s. 

The total harmonic distortion (THD) of both controllers 
have been calculated and compared. The obtained 
results are presented on Figures 10 and 11. They show 
that the neuronal controller has a THD slightly weaker 
than the PI controller. 

In the second simulation case, the same meteorological 
conditions were used but a disturbance consisting in a 
rapid variation of the reference current has been 
introduced. The simulation results are represented on 
Figures 12 and in Table 3. These results show that the 
relative  error   between   the   injected   current   and   its  
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Figure 10. THD obtained with a PI controller for a solar 

irradiation of 1 kW/m
2
 and a temperature of 50°C. 

 
 
 

 
 
Figure 11. THD obtained with the neural controller for 

a solar irradiation of 1 kW/m
2
 and a temperature of 

50°C. 
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Figure 12. Performances of the neuronal controller (a) 
and PI controller of (b) with disturbance, for an 
irradiation of 1 kW/m

2
 and a temperature of 50°C. 
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Table 3. Comparison results of the pi and neural controller. 
 

Performance Neural controller PI controller 

Time response (ms) 0.5 1 

Overshoot current (A) 0 5 

Total harmonic distortion (%) 0.33 0.53 

Magnitude of the fundamental current (A) 14.96 15 

Relative current error: 100*(ig-ig_ref) /Ig_refmax 0.67 1.33 

 
 
 
reference is weaker for the neural controller, be it the half 
of the one obtained by PI controller. Moreover, the PI 
controller has a response time twice greater than that of 
the neural controller. Unlike the PI controller, the neural 
controller responds to the disturbance without overshoot. 
These two controllers provide a fundamental magnitude 
of about 15 A. Yet, considering the nature of both signals, 
the neural controller gets closer to the reference, giving 
its weak THD (Figures 10 and 11).  
 
 
Conclusion 
 
Development of a MLP based neural controller is 
presented. The training and validation data of the used 
neural controller were obtained by simulation of the whole 
system with several PI controllers calculated for various 
meteorological conditions. The simulation results show 
that the neural controller gives better results than a PI 
controller. The advantage of neural network based 
controller is that it adapts to the changing of 
meteorological conditions unlike the PI controller whose 
performance decreases during a strong variation of the 
temperature and/or irradiation.  
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