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Abstract
Green production of nanomaterials and their materials properties studies are majorly important for the futuristic development 
of nanodevices. We had green synthesized the ZnO and CuO nanoparticles using the extract of “Eucalyptus globulus” leaves. 
The obtained ZnO and CuO nanoparticles were studied for their structural, morphological and optical properties. The green 
synthesized CuO and ZnO nanoparticles have showed the crystalline size of about 12.29 and 10.16 nm. The transmission 
electron microscopic images of green synthesized ZnO and CuO nanoparticles revealed the morphological information and 
their respective average sizes of 46 and 32 nm. Optical absorbance spectrum revealed the existence of morphology based 
quantum confinement in the green ZnO and CuO nanoparticles. Further we have fabricated the p-CuO/n-ZnO heterojunction 
device using the green synthesized nanoparticles and also evaluated the electrical properties of the p–n junction diode. Under 
the light illumination the photodiode characteristic were studied for the obtained p–n junction diode. Finally, the energy band 
diagram of the photodiode responsible for the electronic transport had also discussed.
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1 Introduction

Copper is an excessively applied in several applications 
in electronic circuits and heat transfer appliances. The 
oxides of Cu, such as cuprous oxide  (Cu2O), cupric oxide 
(CuO) and copper(III) oxide  (Cu4O3) are most important 
semiconductors and showed their potential use in elec-
tronic and photonic devices. Especially CuO is a p-type 
semiconductor possessing a narrow—direct band gap 
 (Eg = ~ 1.4 eV) and versatile material such as catalyst, 
energy storage material, superconductor, field emission 
material and etc. [1, 2]. With high absorption coefficient, 
CuO is renowned as a suitable solar absorber material 
over  Cu2O nanostructures. Electrical properties such as 
majority charge carrier mobility and minority charge car-
rier diffusion are also adequate in the case CuO compared 
to the  Cu2O [1].

Likewise, ZnO nanostructures are quite fascinating 
materials in recent days in biological [3], photocatalytic 
[4] and electronic applications [5–8]. ZnO is an n-type 
wide—direct band gap  (Eg = 3.37  eV) semiconductor, 
possessing large excitonic binding energy (~ 60  meV 
compared with ~ 25 meV for GaN). Intrinsic carrier con-
centration (< ~ 106 cm− 3), better electron hall mobility 
(200 cm2/V/s for n-type) and hole hall mobility (5–50 cm2/
V/s for p-type) [5–7]. These exciting properties of the ZnO 
nanostructures make the ZnO as an unavoidable material 
in several electronic devices and circuits. Synergistically 
the combination of n-type ZnO and p-type CuO as p–n 
heterojunction had showed excellent properties such as 
hydrogen production electrode [8], self-cleaning device 
[9], non-enzymatic sensor [10], solar cell [11], gas sens-
ing [12], hydrophobic and anticorrosion devices [13]. The 
wide range of application features of the p-CuO/n-ZnO 
heterojunction diodes indicate the requirement of more 
investigations and green development strategies of the 
diodes.

The CuO and ZnO nanomaterials were developed 
through several synthetic techniques including sol–gel 
process, co-precipitation, hydro/solvo thermal techniques, 
thermal evaporation techniques [1–6]. On other hand, these 
nanomaterials had also been produced through green syn-
thetic methods, either with phytochemicals obtained from 
the plant extract, or biochemical reagents obtained from 
the microorganism. Contrast to abovementioned other syn-
thesis of nanostructure phytochemicals based synthetic 
strategy is an independent of sophisticated instruments or 
toxic chemical reagents. Also the phytochemicals are act-
ing as agglomeration preventing agent as an added advan-
tage [14–17]. Considering the aforementioned key factors, 
we obtained the ZnO and CuO nanoparticles through the 
phytochemical based green synthesis by using the leaf 

extract obtained from Eucalyptus globulus. The obtained 
nanoparticles were characterized for their morphological, 
structural and optical properties. Also we had developed a 
p–n heterojunction device with the obtained nanomateri-
als, for which we have studied the diode properties. In best 
of our study, we first report the p–n heterojunction diode 
structure obtained using the green synthesized p-CuO and 
n-ZnO.

2  Experimental Section

2.1  Preparation of Plant Extract

Fresh Eucalyptus leaves were collected from local farm in 
Karur, Tamilnadu, India. The collected leaves were washed 
thoroughly with plenty of water and are dried at room tem-
perature. The leaves of about 20 g was taken in 200 ml of 
deionized water and the mixture was heat treated with reflux 
condition at 100 °C for 30 min. Then the extract solution 
was collected by filtration process. The collected solution 
was further utilized to the nanoparticles synthesis reactions 
without any further purifications.

2.2  Green Synthesis of ZnO Nanoparticles

In a typical green synthesis of ZnO nanoparticles, we have 
taken zinc acetate of 0.11 g in 100 ml water. The plant 
extract of 20 ml was added to the zinc acetate solution. The 
mixture was homogenously dissolved with ultrasonication 
for 2 min. The obtained sol was transformed into a Teflon 
coated stainless steel based autoclave container and then the 
hydrothermal reaction was executed for 12 h under 150 °C. 
We found the formation of sediments in the autoclave con-
tainer after the reaction course. The obtained sediments 
were collected using centrifugation after cooled down to 
room temperature and then washed with deionized water 
for several times. The obtained ZnO nanopowder was dried 
at 60 °C and subsequently calcined at 400 °C for 5 h. Then 
the powder was further utilized for characterization without 
any further process.

2.3  Green Synthesis of CuO Nanoparticles

The green synthesis of CuO nanoparticles was conducted 
as identical to the above said green synthesis of ZnO nano-
particles. The cupric acetate of 0.091 g was taken in 100 ml 
as initial precursor for the CuO nanoparticles. Further with 
20 ml of plant extract the same synthesis strategy was exe-
cuted, as utilized for synthesis of ZnO nanoparticles.
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2.4  Fabrication of p‑CuO/n‑ZnO Heterojunction 
Diodes

The green synthesized nanoparticles of ZnO and CuO nano-
particles were dissolved separately well in 2-mercaptoetha-
nol (0.1 g in 100 ml) using ultra sonication until a homog-
enous solution is obtained. The obtained ZnO solution was 
added in drops on the indium tin oxide coated glass substrate 
placed in the spin coater unit rotating at 3000 rpm for 30 s, 
and the ZnO nanoparticles coated substrate was heat treated 
at 80 °C for 10 min. This process had been repeated for 10 
times to achieve a final film. In the same manner CuO sus-
pension also deposited on the ZnO/ITO substrate. After all 
the obtained device was heat treated at 500 °C for 30 min 
in Ar gas atmosphere with the gas flow rate of ~ 30 sccm in 
to the furnace. And then the silver conductive paste (sheet 
resistance < 0.025 Ω/in.2 at 0.001 m in thick) was utilized 
to have the ohmic electrical contact in the required places 
of the device. Further the obtained electrical contacts were 
dried at 200 °C for 30 min. The schematic of the obtained 
device illustrated in the following sections.

2.5  Characterization

Structural and elemental studies were studied using the pat-
tern obtained from X-ray diffraction (XRD) using X’pert-pro 
diffractometer equipped with Cu Kα radiation of 1.54060 Å. 
Transmission electron microscopic images were recorded for 
the specimens to study their morphological features using 
the Techno T20 model instrument. Optical absorbance stud-
ies of the specimens were recorded in ultraviolet and visible 
region using the UV–vis spectrophotometer (JASCO V-650 
model). The I–V graph of the obtained devices were studied 
using the instrument Keithley-6517B semiconductor param-
eter analyzer.

3  Results and Discussion

3.1  Structural Analysis

Figure 1 shows the XRD pattern of the green synthesized 
ZnO and CuO nanoparticles. The lattice parameters and the 
d-spacing values of the obtained diffraction peaks of the ZnO 
pattern were well matched with hexagonal wurtzite structure 
of ZnO as per the Joint Committee on Powder Diffraction 
Standards (JCPDS) card number of 36-1451. The lattice con-
stants a = 0.347 nm, c = 0.5156 nm and c/a = 0.1485 nm are 
calculated from the obtained XRD pattern. Further the aver-
age crystalline size of the ZnO nanoparticles is calculated 
using the Scherrer equation as crystallite size, D = 0.89λ/
(βcosθ), where λ is the wavelength of the X-ray used for the 
diffraction (1.5406 Å), β is full width at half maximum of 

the peak and θ is the peak position. Thus calculated aver-
age crystalline size of the ZnO nanoparticles are 10.16 nm. 
Figure 1 also shows the diffraction pattern obtained for the 
CuO nanoparticles indicating the monoclinic structure in 
accordance to the JCPDS card number 48-1548, having the 
lattice parameter values as a = 0.46837 nm b = 0.34226 nm, 
c = 0.51288 nm and β = 99.540°. The average crystalline size 
of the CuO nanoparticles was calculated to be 12.29 nm by 
using the Scherrer equation. Moreover in the obtained pat-
terns, the nonexistence of any other impurity peaks such as 
zinc hydroxyls, zinc metal, other oxides of copper such as 
 Cu2O and Cu metal in the case of CuO, indicating the phase 
purity of the obtained nanomaterials.

3.2  Morphological Analysis

The green synthesized CuO and ZnO specimens were evalu-
ated with the transmission electron microscope (TEM) for 
their morphological information. The obtained images of 
ZnO specimens indicated the nanoparticle morphology 
showing the agglomeration free particles throughout the 
samples (Fig. 2). From the obtained images, the ZnO nano-
particles of size ranging from 30 to 60 nm could be identi-
fied. The particle size distribution graph of the measured 
ZnO nanoparticles indicating the major number of ZnO 
nanoparticles are of 41–50 nm. Like the same, green syn-
thesized CuO specimens are also imaged with TEM for their 
morphological information. The obtained micrographs indi-
cating the particulate-like morphology of CuO, possessing 
the size from 20 to 50 nm. The size distribution curve of the 
CuO nanoparticles is indicating the average particle size of 
31–35 nm.
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Fig. 1  XRD patterns of green synthesized ZnO and CuO nanoparti-
cles
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3.3  UV–Vis Absorption Properties

Figure 3 shows the UV–vis absorption spectra of green 
synthesized ZnO and CuO nanoparticles. The absorption 

spectra of ZnO nanoparticles showed a peak at the wave-
length of 368 nm. This peak of the ZnO can be for the 
characteristic band edge absorption at the ZnO semicon-
ducting systems. The band gap of the ZnO nanoparticles 
was calculated from the Tauc’s plot and is found to be 
3.39 eV. The absorption spectra graph of CuO nanoparti-
cles showed an absorption edge at 430 nm. Like the same, 
the band gap value of the CuO nanoparticles are found to 
be 1.52 eV.

Interestingly the band gap values obtained for the green 
synthesized ZnO and CuO nanoparticles have showed 
moderately enhanced values from the bulk materials 
 (Eg (bulk CuO) = 1.4 eV and  Eg (bulk ZnO) = 3.32 eV) [1, 6]. 
The change in the band gap value from the bulk structures 
generally relies on numerous factors including morphol-
ogy of the particle (size induced quantum confinement), 
charge carrier concentration, grain size, lattice strain, 
orbital hybridization by doping the impurity atoms, etc. In 
this present study, morphology could be the reason behind 
the marginally deviated band gap values from the bulk 
structures in both the nanostructures.
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(d) (e)

(c)

(f)

Fig. 2  TEM images of green synthesized ZnO (a, b) and CuO (d, e) nanoparticles and particle size distribution graph of ZnO (c) and CuO (f) 
nanoparticles
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Fig. 3  UV–visible absorption spectrum of green synthesized ZnO 
and CuO nanoparticles
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3.4  Electrical Characteristics of the p‑CuO/n‑ZnO 
Diodes

The scheme of the fabricated p-CuO/n-ZnO junction diode 
using the green synthesized p-CuO and n-ZnO nanomate-
rials are as shown in Fig. 4a. Figure 4b, c show the I–V 
characteristics obtained for the interfaces of Ag/CuO and 
ZnO/ITO, which are linear in nature, indicating the ohmic 
behavior of the contacts. The obtained I–V graphs (shown 
in Fig. 4d) for p-CuO/n-ZnO heterojunction have showed 
the non-linear characteristics, representing the non-ohmic 
behavior and characteristic rectifying I–V behavior of p–n 
junction diode. The obtained graph proved the rectifying 
behavior of the obtained diode structure. The leakage cur-
rent measured from the diode characteristic curve for 4 V is 
5.4 × 10− 5 A for reverse bias and 2.2 × 10− 3 A for forward 
bias, resulting the forward-to-reverse bias current ratio of 
about 40. The resultant current for the applied voltage in 
the p–n heterojunction device follows the relationship as 
per the equation, I = I0(e

[q(V−IRb)∕�KT] − 1), where  I0 is the 
reverse saturation current, V is the applied voltage and  Rb 
is the series resistance, which is included to account the 
bulk resistance of the sample. The resistance of the diode at 

the high voltage range of the forward bias (i.e., 2.0–4.0 V) 
showed the series resistance varies from 14 to 2 mΩ. The 
built-in potential of the obtained heterojunction diode is 
about 2 V. All these values of the p-CuO/n-ZnO heterojunc-
tion diodes are highly comparable to the existing reported 
results [12, 13, 18, 19]. In general the ideal diode should 
possess the ideality factor a 2, however in our case the struc-
tural/crystalline mismatch, defect states in the interface 
would have influenced to have this value. For the illumina-
tion of light the drastic change in the current value had been 
observed, especially from the potential of 1.8–4.0 V. The 
drastic increase in the current conversion could be reasoned 
to the photovoltaic effect of the ZnO and CuO semicon-
ductors in the heterojunction system. Moreover the built in 
potential value had also been improved drastically for the 
light illumination indicting the potential advantage of the 
obtained device in the photovoltaic applications.

3.5  Energy Band Structure

Figure 5 show the energy band diagram of the p-CuO/n-ZnO 
heterojunction at thermal equilibrium condition. The elec-
tron affinity (χCuO) and band gap  (Eg,CuO) of the p-CuO are 
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Fig. 4  Schematic representation of the fabricated p-CuO/n-ZnO heterojunction diode structure (a), I–V curves of the obtained ohmic contacts 
with ZnO (b) and CuO (c) and characteristic rectification curve (I–V) of the p-CuO/n-ZnO heterojunction diode (d)
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4.07 eV, 5.3 eV and 1.35 eV [18]. The Fermi energy level 
to the valence band distance is 0.12 eV. On other hand, the 
electron affinity (χZnO) and band gap  (Eg,ZnO) of n-type ZnO 
as reported are 4.2 and 3.3 eV. Also the energy difference 
between the Fermi energy level of ZnO and the conduction 
band is ~ 0.05 eV [20–23].

In general, the work function of p-type semiconductor 
(Φp) and n-type semiconductor (Φn) of the semiconductors 
are calculated from the equations, Φp = χp + Eg,p − δp and 
Φn = χn + δn. Thus calculated work function values of CuO 
(Φp,CuO) and ZnO (Φn,ZnO) are 5.3 and 4.25 eV, respectively. 
Further the total build-in-voltage  Vbi is determined by the 
equation,  Vbi = Vbip + Vbin = Φp − Φn, which is 1.05 eV [20, 
22]. Upon illumination of light (UV light), the electron- hole 
pair generation can be realized in both the p-CuO and n-ZnO 
region. Since ΔEc possess lower value than ΔEv, the charge 
carrier transport through the conduction band is dominant, 
which generally result a large photocurrent value through 
this heterojunction device. For the illumination of visible 
and near-infra red region photons for which ZnO is unable 
to generate excitons, the accumulation of photogenerated 
holes in the CuO occurs in the  EVB, CuO. This accumulation 
of holes in valence band of CuO may cause only an insig-
nificant photocurrent.

4  Conclusion

Green synthetic approach routed ZnO and CuO nano-
particles were obtained, using the extract of “Eucalyptus 
globulus” leaves. The crystalline size of the ZnO and CuO 
nanoparticles are of 10.16 and 12.29 nm, respectively. The 
obtained electron microscope images of the nanoparticles 
have showed the particles size of about 40 nm for ZnO 

nanoparticles and 30 nm for CuO nanoparticles. Optical 
absorbance spectrum of the nanoparticles indicated the exist-
ence of quantum confinement effect. The I–V measurements 
were obtained for the obtained p-CuO/n-ZnO heterojunction 
diodes under both dark and light illuminations. Significant 
increase in the current value for the light illumination over 
the dark condition indicate the technological importance of 
the obtained device. Also we have studied the energy band 
diagram of the heterojunction.
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ABSTRACT

This research article exhibits a utility grid-interfaced solar photovoltaic (SPV) system for power

quality enhancement. An adaptive proportional integral derivate (APID) controller with a unit

vector template (UVT) is employed to generate a reference current signal of a shunt active

power filter (APF). The UVT-based control scheme is used to separate the fundamental com-

ponents from the load currents and to estimate the reference phase currents. These currents

are used to generate pulse width modulation signal for the shunt APF. To maintain a constant

dc link voltage of shunt APF, an APID controller is employed in the dc link voltage regulator.

This extended reference signal generation scheme of shunt APF remarkably enhances the sys-

tem performance and also diminishes the current and voltage harmonics in the power distri-

bution system. The presented reference current generation scheme has been mathematically

examined, and digital simulation results under different steady and dynamic states are pre-

sented. The SPV system is accomplished by utilizing the incremental conductance maximum

power point technique and is interconnected with the utility grid. Finally, the entire system is

validated through the real-time hardware prototype developed by using dsPIC30F4011.

Keywords

solar photovoltaic system, proportional integral derivate controller, unit vector template, fuzzy

logic, current harmonics, dc-dc converter

Introduction

The renewable power generating system struggles with power quality issues because of the

illustration of voltage and current harmonic distortions owing to power electronic devices
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with their nonlinear switching characteristics. The presence of harmonics in power distribution systems, which are

connected to the power system network, reduces the lifespan and increases malfunction of the apparatus. Hence,

harmonic mitigation and reactive power compensation have been the focus of much research. Conventionally,

passive filters are used for the mitigation of harmonics, but this method has certain limitations, such as resonance

problems, large sizes, and fixed filtering characteristics. Hence, to overcome the previous limitations, active power

filters (APFs) are established.1–3

The APFs are efficient custom power devices used to eliminate voltage and current harmonics. The APFs are

broadly classified into two categories, such as shunt and series APFs. The shunt APFs are employed to diminishes

the current harmonics, and series APFs are utilized to mitigate the voltage harmonics and voltage sag and swell.

For power quality improvement, various linear and nonlinear control schemes for APFs have been implemented

by many researchers.4–6 A forceful control approach is designed based on the computational technique and au-

tomatic revision of the controller. The controller performance can be modified by remodeling the system var-

iables. Nowadays, the shunt APF is employed with an adaptive control scheme, such as least mean square,

recursive least square, adaptive notch filter, or improved linear sinusoidal tracer. Artificial intelligence has been

employed to design a suitable controller for tracking an appropriate reference signal.5–7 An adaptive technique

has some potential features, such as self-learning and self-organizing. The unit vector template (UVT) control

scheme is chosen for extracting the fundamental component from nonlinear load currents.8,9 This has an admi-

rable dynamic response, which is more appropriate for the closed loop systems. For dc link voltage control, there

are various linear controllers that are utilized, such as proportional integral (PI), PI derivate (PID), proportional

resonant, and deadbeat current controller.10,11 Among them, PID controller is the most efficient for feedback

control mechanisms; however, it has difficulties in the tuning of controller gains. To subdue this drawback, the

fuzzy logic controller (FLC) is employed for tuning the gains of the PID controller by varying the system

variables.12

The solar photovoltaic (SPV) system is implemented with the incremental conductance maximum power

point technique (MPPT) algorithm to extract the maximum power from the SPV array. The dc-dc boost con-

verter is employed for boosting the SPV array output voltage.13,14 The SPV system is interconnected into the

utility grid for enhancing the power quality by using the shunt APF with adaptive PID-UVT controller. This

adaptive PID controller is employed for generating the extended reference current of the shunt APF. The math-

ematical analysis of the proposed control scheme has been examined, and a digital simulation study has been

carried out for different steady and dynamic states. These digital simulation results are validated through the real-

time hardware prototype using the dsPIC30F4011 controller.

This article offers an SPV-shunt APF with an adaptive PID (APID)-UVT control strategy to improve

the current and voltage profile of the electric power distribution systems and to integrate the PV system into

the utility grid. In this system, the connected buses of shunt APF are preserved as distinct forms of generators

that inject both the active and reactive power to mitigate the current-based distortions at the point of common

coupling (PCC). In the section titled “System Description,” the system description of SPV-integrated shunt

APF and SPV power generating systems is presented. In “APID-UVT Control Scheme,” proposed control

schemes are presented with mathematical analysis. In “Simulation Study under Different Conditions” and

“Experimental Study under Different Load Conditions,” a digital simulation and experimental results are

presented.

System Description

The SPV-integrated shunt APF system is shown in figure 1. The shunt APF circuitry is implemented with the

bidirectional voltage source inverter (VSI) connected to the utility grid through the interfacing inductor. The

control function of shunt APF is obtained by the UVT reference current generation scheme.

An adaptive PID controller is employed for managing the dc link voltage of shunt APF. The bidirectional

VSI is connected between the SPV system and the utility grid. The dc-dc power converter is employed
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for boosting the SPV array output voltage. The charge controller unit is employed for charging the battery

storage unit during the excess power generated from the SPV system and for discharging the stored energy

whenever the PV power is not available. A three-phase bridge rectifier with Resistance Inductance (RL) load is

used as a nonlinear load. During the maintenance or voltage interruption period, the utility grid is disconnected

through the switches Sa, Sb, and Sc. At this stage, the PV-supported shunt APF system offers continuous power

supply to important loads.

SPV POWER GENERATING SYSTEM

The SPV array comprises four strings of modules associated in parallel. Each string is composed of four modules

associated in arrangement, and every module is made from a number of SPV cells. The SPV array is constructed

by using the SPV modules. Figure 2 shows the electrical equivalent circuit of the SPV array with a dc-dc boost

converter.15,16 The PV cell photocurrent is represented by Iph. Rsh and rs are the intrinsic shunt and resistance of

the PV cell, respectively. The current and voltage mathematical relationship in the electrical equivalent circuit is

shown as the following.

I = Iph − I0
�
eð

V+rs I
aVT

Þ − 1
�
−
V + rsI
Rp

(1)

FIG. 1 SPV integrated shunt APF system.
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The thermal voltage of the diode is expressed by equation (2).

VTðVÞ =
nskT
q

(2)

The SPV array consists of Ns modules in series and Np modules in parallel; the expression of the I-V char-

acteristic is described by

Ipv = NpIph − NpI0
�
eð

Vpv+RseI
NsaVT

Þ − 1
�
−
Vph+RseIpv

Rpe
(3)

Rse =
Nsrs
Np

(4)

Rpe =
NsRp

Np
(5)

where Rse and Rpe are the equivalent series and shunt resistances, respectively; ns is the diode ideality factor; Np

and Ns are the number of PV modules associated in parallel and series, respectively; and rs and Rp are the series

and shunt resistance in ohm, respectively.

The MPPT is attained by fine-tuning the terminal voltage of PV panels to the maximum power point voltage

(Vmpp). The incremental conductance is achieved by varying the duty cycle of the dc-dc boost converter. The

charge controller is employed to charge the battery whenever the surplus solar power is available and to discharge

the battery during the unavailability of solar irradiance.

MODES OF OPERATION OF PV POWER GENERATING SYSTEM

The PV power generating system is operated at three different operating modes: (i) current-based compensation

mode, (ii) compensation cum energy storage mode, and (iii) battery backup mode.

Current-Based Compensation Mode

In this operating mode, the SPV generating system is supplying the dc power source to compensate the current-

based distortion and reactive power in the electric power distribution system. Figure3 displays the flow of current

throughout the current-based compensation operating mode.

FIG. 2

Equivalent electrical

circuit of the PV array.
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Compensation Cum Energy Storage Mode

In this operating mode, the SPV generating system is supplying the required dc power to the dc link of the

shunt APF for compensating the current-based distortion. In addition, the excess power generated from the

SPV power generating system is utilized to charge the battery storage unit. Figure 4 displays the flow of current

throughout the current-based compensation cum energy storage operating mode.

Battery Backup Mode

During the inaccessibility of the solar irradiation or evening time, the battery provides the required dc power to

the dc link of the parallel connected inverter for repaying the current-based disturbances. Figure 5 displays the

flow of current throughout the battery backup operating mode.

APID-UVT Control Scheme

The schematic diagram of the APID-UVT control scheme is shown in figure 6. The UVT reference signal gen-

eration scheme is employed for estimating the fundamental component of source current and to separate the

weight components from the load current and compute the three-phase source reference currents.17 The peak

value of the line voltage at the PCC is expressed as

FIG. 3

Flow of current

throughout the current-

based compensation

operating mode.

FIG. 4

Flow of current

throughout the current-

based compensation

cum energy storage

mode.
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Vs =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2=3ðV2

sa+V2
sb + V2

scÞ
q

(6)

The instantaneous load current of the three phases is derived as follows:

ILa = ILa1 sinðωt − ϕa1Þ +
X∞
n=2

ILan sinðnωt − ϕanÞ (7)

ILb = ILb1 sinðωt − ϕb1Þ +
X∞
n=2

ILbn sinðnωt − ϕbnÞ (8)

FIG. 6 Schematic diagram of the APID-UVT control scheme.

FIG. 5

Current flow path during

the battery backup

mode.
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ILc = ILc1 sinðωt − ϕc1Þ +
X∞
n=2

ILcn sinðnωt − ϕcnÞ (9)

The source current fundamental real component of the three phases is estimated as follows:

ISam = jILa1j cosϕ1 (10)

ISbm = jILb1j cosϕ1 (11)

IScm = jILc1j cosϕ1 (12)

APID-BASED DC LINK VOLTAGE CONTROLLER

FLC can be utilized to execute a viable feedback control tool for dc link voltage controller. The coefficients of a

regular PID controller can be effectively tuned by utilizing an FLC that includes a fuzzification interface, a learn-

ing base, decision making logic, and a defuzzification interface.18,19 The numerical information of the fuzzifier is

changed over into fuzzy values, alongside the rule base, which is sustained into the inference that creates the

control values. Fuzzy-tuned PID controller is shown in figure 7. The FLC unit is intended for two input variables

and three output variables for attaining the preferred control output. The error (e) and the change in error

(ce= de/dt) are the two input variables. The input and output quantities e and ce are regularized by utilizing

the scaling factors G1 and G2. Typically, the choice of appropriate values for G1 and G2 are prepared based

on knowledge about the progression to be controlled and sometimes over trial and error to accomplish the finest

probable control performance. The error is the distinction between the reference set point and output. The ce is

the difference between the error at time t and (t−1). The three output factors ΔKP, ΔKI, and ΔKD are utilized to

tune the gains (KP, KI, KD) of the PID controller, respectively. Each of the variables is divided into fuzzy sets. The

number of fuzzy sets in each variable is selected to have extreme control with the lowest number of rules.

FIG. 7

Fuzzy-tuned PID

controller.
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The APID control can be derived from equation (13):

yðkÞ = KPeðkÞ + KI

Xk
j=0

eðjÞ + KI

Xk
j=0

½eðkÞ − eðk − 1Þ� (13)

Kp, KI, and KD are derived by the following equations:

Kp = Kp0 − ΔKp (14)

KI = KI0 − ΔKI (15)

KD = KD0 − ΔKD (16)

Th initial values of the PID controller are Kp0, KI0, and KD0. Self-tuned PID parameters obtained from the

FLC are ΔKp, ΔKI, and ΔKD. The output signal of the fuzzy tuned PID is derived as

ΔKp = f 1ðe, ceÞ (17)

ΔKI = f 2ðe, ceÞ (18)

ΔKD = f 3ðe, ceÞ (19)

The universe of discourse of the input variables is separated into three overlying fuzzy sets: Negative (N),

Zero (Z), and Positive (P). The fuzzy subdivision is e= ce= {N, Z, P}. The input membership functions for the e

and ce are shown in figure 8. The output variables ΔKP, ΔKI, and ΔKD are separated into five overlying fuzzy sets:

Negative Large (NL), Negative Small (NS), Zero (ZE), Positive Small (PS), and Positive Large (PL). The fuzzy

subdivision is ΔKp, ΔKI, and ΔKD= {NL, NS, ZE, PS, PL}. The output membership function is shown in figure 9.

The FLC-based PID controller changes several parameters by estimating the error and change in error. The fuzzy

control table is depicted in Table 1.

The voltage of the dc link may be deviated from its specified value because of load variation, filter, and

switching losses. To keep up the dc bus voltage of the parallel connected inverter, the dc bus voltage is estimated

and contrasted with its reference amount. The error signal is processed through the APID controller. The APID

controller derived the amplitude of source current to be supplied for compensating the switching losses.

FIG. 8

Membership functions of

the input variable.
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GENERATION OF FIRING PULSES TO THE SHUNT APF

For the balanced electrical system, the maximum current supplied by the source is estimated by equation (20).

ILc = ILc1 sinðωt − ϕc1Þ +
X∞
n=2

ILcn sinðnωt − ϕcnÞ (20)

The grid synchronizing angle (ωt) is derived from the Phase Locked Loop (PLL). The unit vectors

(Ua, Ub, and Uc) are estimated by using the UVT.20,21

Ua = sinðωtÞ (21)

Ub = sin
�
ωt − 2

π

3

�
(22)

Uc = sin
�
ωt + 2

π

3

�
(23)

The error dc link voltage at the nth sampling instant is expressed by equation (24).

VdceðnÞ = V*dceðnÞ − VdcðnÞ (24)

The output of the APID controller at the nth sampling instant is estimated as

ImðnÞ = Imðn−1Þ − KPVdc
ðVdceðnÞ − Vdceðn−1ÞÞ + KIVdc

VdceðnÞ + KDVdc
VdceðnÞ (25)

FIG. 9

Membership functions of

the output variable.

TABLE 1
Fuzzy control table

e ce ΔKp ΔKI ΔKD

N … PL ZE PS

Z N PL NS NS

Z Z PS ZE NS

Z P NL PS ZE

P … PL ZE PS
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KPVdc, KIVdc, and KDVdc are the proportional, integral, and derivative gains, respectively, of the APID voltage

regulator. The instantaneous reference source current is estimated as follows:

I*sa = Isam × Ua (26)

I*sb = Isbm × Ub (27)

I*sc = Iscm × Uc (28)

The instantaneous reference source currents for the three phases are

I*sa = Isam sinωt (29)

I*sb = Isbm sinðωt − 2π
3
Þ (30)

I*sc = Iscm sinðωt + 2π
3
Þ (31)

The reference compensation current or filter current is estimated by equations (32)–(34).

I*ca = I*sa − ILa (32)

I*cb = I*sb − ILb (33)

I*cc = I*sc − ILc (34)

The reference compensation currents (Ica*, Icb*, and Icc*) are compared with the actual compensation or filter

currents (Ica, Icb, and Icc) to estimate the error signals (ΔIca, ΔIcb, and ΔIcc). Therefore, the error signals ΔIca, ΔIcb,
and ΔIcc are

ΔIca = I*ca − Ica (35)

ΔIcb = I*cb − Icb (36)

ΔIcc = I*cc − Icc (37)

The compensation current errors are given to the hysteresis band comparator for generating the firing pulses

to the shunt APF switches. Based on the firing pulses, injected compensation currents are varied to compensate

the current-based compensation.22,23

Simulation Study under Different Conditions

The SPV-shunt APF with APID-UVT control scheme has been realized using MATLAB/Simulink. Table 2 shows

the parameters of the SPV-shunt APF system.

The shunt APF is inspected with a grid-integrated SPV system for power quality enhancement at the load

point with the APID-UVT control strategy under balanced, unbalanced, and changes in solar irradiation. The

introduced APID-UVT control dependent on FLC of dc voltage controller and reference current signal conspire

in shunt APF; a pulse width modulation (PWM) current controller is utilized to generate PWM pulses to shunt
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APF. The shunt APF produces compensation current and injects it into the utility grid to compensate the current-

based distortions.

CASE (I): BALANCED SUPPLY VOLTAGE WITH THE STEADY-STATE LOAD CONDITION

The presented SPV-integrated shunt APF system performance exposed to balanced supply voltage with steady-

state condition is assessed. Figure 10 shows the three-phase load voltages (Vlabc), three-phase load currents (Ilabc),

FIG. 10 Three-phase load voltages, three-phase load currents, and THD analysis before compensation: (A) load voltage,

(B) load current, and (C) THD analysis before compensation.

TABLE 2
Simulation parameters of SPV-shunt APF

Description Parameters Symbol Magnitude

Source System voltages (line to neutral) 230 V

Frequency f 50 Hz

Shunt APF Filter Lf, Rf 7.50 mH, 2.5Ω
dc-link voltage Vdc 520 V

dc-dc

converter

Boost inductance Ls 0.715 μH
Capacitance C 330 μF

Nonlinear load RL load RL, LL 20Ω, 0.5 mH

Battery Nominal voltage 24 V

Capacity 500 Ah

SPV array Number of cells 6×10

Nominal voltage 12 V

Maximum power Pmp 230 W

Voltage at Pmp Vmp 35.5 V

Current at Pmp Imp 6.77 A
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and total harmonic distortion (THD) analysis before compensation under balanced supply voltage with steady-

state load condition.

Figure 11 shows the three-phase source currents (Isabc), three-phase compensating currents (Icabc), and THD

analysis after compensation. The entire simulation of the system is operating with APF and the proposed control

scheme during balanced supply voltage with steady-state load condition; the THD content of the source currents

is 2.16 %, and the results are shown in figure 11.

CASE (II): BALANCED SUPPLY VOLTAGE WITH THE DYNAMIC LOAD CONDITION

The performance of the SPV-shuntAPF scheme is tested under balanced supply voltagewith dynamic load condition.

Figure 12 shows the three-phase source voltages (Vsabc), three phase load currents (Ilabc), three-phase compensating

currents (Icabc), and three-phase source currents (Isabc). THD spectra for before and after compensation under bal-

anced supply voltage with dynamic load condition are shown in figure 13. At this load condition, the effectiveness of

shunt APF with the PID-UVT control scheme is verified in simulation; the harmonic level of source current before

compensation is 22.74, 23.15, and 22.56 %, and it is reduced to 2.10, 2.21, and 2.32 % after compensation.

CASE (III): UNBALANCED SUPPLY VOLTAGE WITH THE DYNAMIC LOAD CONDITION

The performance of the proposed shunt APF scheme is tested under unbalanced supply voltage with dynamic load

condition; this is a very unusual case in practical systems. Figure 14 shows the three-phase source voltages (Vsabc),

three-phase load currents (Ilabc), three-phase compensating currents (Icabc), and three-phase source currents (Isabc).

Figure 15 shows the three-phase load voltages (Vlabc) and dc link voltage. THD spectra for before and after com-

pensation under unbalanced supply voltage with dynamic load condition are shown in figure 16. At this state,

the efficiency of shunt APF with the PID-UVT control scheme is verified in simulation; the harmonic level of source

current before compensation is 22.98, 23.17, and22.17%,and it is reduced to2.12, 2.23, and2.30%after compensation.

FIG. 11 Three-phase source currents, three-phase compensating currents, and THD analysis after compensation: (A)

source current, (B) compensation current, and (C) THD analysis after compensation.
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Figure 17 shows the PV array output voltage, dc-dc converter output voltage, and variation of solar irra-

diation and dc-dc boost converter output voltage. The battery discharge characteristic is shown in figure 18. This

shows the backup time duration of the battery backup operating mode.

Experimental Study Under Different Load Conditions

To assess the effectiveness of the system performance of the APID-UVT control scheme for the shunt APF cir-

cuitry, a real-time experimental setup was implemented with a 400 V model laboratory setup. The hardware

prototype was composed of uncontrolled diode rectifier with resistive inductive (RL) nonlinear load, VSI,

dsPIC30F4011 interface circuit, PV array, and filter inductor. The experimental prototype image is shown in

figure 19. The simulation results under different conditions are validated through hardware results. Table 3

shows the system parameters of the hardware prototype model.

CASE (I): BALANCED SUPPLY VOLTAGE WITH THE STEADY-STATE LOAD CONDITION

The experimental study under balanced supply voltage with steady-state load condition is validated through

hardware results. Figure 20 shows the three-phase load voltages (Vlabc), three-phase load currents (Ilabc),

three-phase source currents (Isabc), and load, source, and injected current in phase A.

FIG. 12 (A) Three-phase source voltages, (B) three-phase load currents, (C) three-phase compensating currents, and (D)

compensated three-phase source currents.

FIG. 13 THD spectra for before and after compensation under balanced supply voltage with dynamic load condition.
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FIG. 14 (A) Three-phase source voltages, (B) three-phase load currents, (C) three-phase compensating currents, and (D)

compensated three-phase source currents.

FIG. 15 Three-phase load voltages (Vlabc) and dc link voltage: (A) load voltage and (B) dc link voltage.

FIG. 16 THD spectra for before and after compensation under balanced supply voltage with dynamic load condition.
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FIG. 17 (A) Output voltage of PV array, (B) output voltage of dc-dc boost converter, and (C) Variation solar irradiation

and dc-dc boost converter output voltage.

FIG. 18 Battery discharge characteristics.

FIG. 19

Experimental prototype

image.
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THD spectra for before and after compensation under balanced supply voltage with steady-state load con-

dition are shown in figure 21. In this case, the effectiveness of shunt APF with the PID-UVT control scheme is

verified in an experimental study; the harmonic level of source current before compensation is 24.50, 23.80, and
24.30 %, and it is reduced to 2.20, 2.30, and 2.20 % after compensation.

CASE (II): BALANCED SUPPLY VOLTAGE WITH THE DYNAMIC LOAD CONDITION

The performance of the SPV-shunt APF under this state is validated through hardware results. Figure 22 shows

the three-phase source voltages (Vsabc), three-phase load currents (Ilabc), and three-phase source currents (Isabc).

TABLE 3
Hardware prototype parameters of SPV-shunt APF

Description Parameters Symbol Magnitude

Source System voltages (line to neutral) 230 V

Frequency f 50 Hz

Shunt APF Filter Lf, Rf 7.50 mH, 2.5Ω
dc-link voltage Vdc 520 V

dc-dc converter Boost inductance Ls 0.715 μH
Capacitance C 330 μF

Nonlinear load RL load RL, LL 20Ω, 0.5 mH

FIG. 20 (A) Three-phase source voltages, (B) three-phase load currents, (C) three-phase source currents, and (D) load,

source, and injected current in phase A.
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FIG. 21 THD spectra for before and after compensation under balanced supply voltage with steady-state load condition

in phase A.

FIG. 22 Three-phase source voltages, three-phase load currents, and three-phase source currents: (A) source voltage,

(B) load current, and (C) source current.
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FIG. 23 THD spectra for before and after compensation under balanced supply voltage with dynamic load condition in

phase A.

FIG. 24 (A) Three-phase source voltages, (B) three-phase load currents, (C) three-phase compensating currents, and (D)

three-phase source currents.
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THD spectra for before and after compensation under balanced supply voltage with dynamic load condition are

shown in figure23. In this case, the effectiveness of shunt APF with the PID-UVT control scheme is verified in an

experimental study; the harmonic level of source current before compensation is 24.20, 23.7, and 24.10 %, and it is

reduced to 2.50, 2.30, and 2.40 % after compensation.

CASE (III): UNBALANCED SUPPLY VOLTAGE WITH THE DYNAMIC LOAD CONDITION

The performance of the PV-shunt APF with APID-UVT control scheme under unbalanced supply voltage with

dynamic load condition is tested through the experimental study. Figure 24 shows the three-phase source volt-

ages (Vsabc), three-phase load currents (Ilabc), three-phase compensating currents (Icabc), and three-phase source

currents (Isabc). PV array output voltage, dc link voltage, and load current are shown in figure 25. THD spectra

for before and after compensation under unbalanced supply voltage with dynamic load condition in phase A are

shown in figure26. In this case, the effectiveness of shunt APF with the PID-UVT control scheme is verified in an

experimental study; the harmonic level of source current before compensation is 25.10, 24.30, and 24.40 %, and it

is reduced to 2.30, 2.20, and 2.30 % after compensation.

FIG. 25 (A) PV array output voltage, (B) dc link voltage, and load current.

FIG. 26 THD spectra for before and after compensation under unbalanced supply voltagewith dynamic load condition in

phase A: (A) THD before compensation and (B) THD after compensation.
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The performance of the SPV-shunt APF is investigated in terms of THD of load current. From the results of

both the simulation and experimentation approach, it is observable that the measured THD level is very low and

ideal for grid-connected applications as specified by IEEE 519-1992, IEEE Recommended Practices and

Requirements for Harmonic Control in Electrical Power Systems. THD analysis of both the simulation and

experimental study under different scenarios is depicted in Table 4.

Conclusion

In this article, a grid-connected SPV energy conversion system based on a shunt APF circuitry configuration with a

suitable control schemehas beenpresented. The SPV-interfaced shuntAPF is employed to attain themaximumpower

from SPV array despite rapid climatological changes and to supply the distribution system with good power quality.

Furthermore, a part of power is committed for attaining themost extreme filtering capacity of the PV-shunt APF. An

APIDwithUVT isutilized for a reference current signal of shuntAPF.Tokeepupa stable dc linkvoltage of shuntAPF,

anAPIDcontroller is utilized. There is gooddynamic response fromthedc link voltage,which verifies the effectiveness

of the control scheme. The feasibility of the proposed system and its performance have been assessed by the digital

simulation and experimental study by considering three states: balanced voltage with balanced load current, balanced

voltage and unbalanced load current, and unbalanced voltage with unbalanced load current. The effectiveness of the

SPV-shunt APF is examined in terms of the THD of load current. A pure sinusoidal output current waveform was

perceived in digital storage oscilloscope, and the output current did not change significantly with a change in the load

impedance. Accordingly, the proposed SPV-shunt APF is appropriate for constant current load or a varying load. The

THD of source current was observed to be 2.16 %, which is lower than that of conventional shunt APF and control

scheme. Thus, the presented shunt APF with APID-UVT control scheme is highly suitable to improve the power

quality in grid-connected applications for a renewable power generation system.
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INTRODUCTION 
 

NY physical system that is designed or operated to perform certain pre
performing those functions in satisfactory manner, be stable at all times for sudden disturbances with a margin of safety. Wh
physical system is large and complex such as a typical modern interconnected system, investigation of stability requires ana
sophistication in terms of techniques employed and practical experience in interpreting the results properly.
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between the ability to reestablish the initial state after small and strong disturbances, respectively. S
condition for the reliable operation of a power system.
 

In reality the stability problem appears to be an OPF
the normal OPF voltage and thermal constraints. The concept of optimal power flow, introduced by Dommel and Tinney in the 
early 1960’s, has received great attention since its early application to power systems analysis. OPF is a nonlinear optimiza
problem, where a specific objective function 
power system. Active power loss in the transmission system is to be minimized as the objective function, while Automatic Volt
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ABSTRACT 

This paper proposes an approach for optimal power flow (OPF) 
power system stability because Stability is one of the important constraints in a power system 
operation. Often trial and error heuristics methods are used to improve the stability of the power 
system, but that can be costly and imprecise. A new methodology that eliminates the need for repeated 
simulation to determine a transiently secure operating point is presented. The methodology involves a 
stability constrained Optimal Power Flow (OPF). Particle swarm optimization (PSO) 
adopted to realize the OPF process. The method is programmed in MATLAB and implemented to a 
fourteen-bus test power system. The results show the ability of the proposed method to find optimal 
(or near optimal) operating points in different cases. This paper proposes this novel approach to solve 
OPF problem with improvement in the power system stability also.
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physical system that is designed or operated to perform certain pre-assigned tasks in a steady state must, in addition to 
performing those functions in satisfactory manner, be stable at all times for sudden disturbances with a margin of safety. Wh
physical system is large and complex such as a typical modern interconnected system, investigation of stability requires ana
sophistication in terms of techniques employed and practical experience in interpreting the results properly.
system to reestablish the initial state (or one practically identical) after any disturbance or interruption manife
from the initial parameter values for the system’s operation. A distinction is made between static and dynamic stability, tha
between the ability to reestablish the initial state after small and strong disturbances, respectively. S
condition for the reliable operation of a power system. 

In reality the stability problem appears to be an OPF-like problem, in which stability can be viewed as a constraint in addition to 
aints. The concept of optimal power flow, introduced by Dommel and Tinney in the 

early 1960’s, has received great attention since its early application to power systems analysis. OPF is a nonlinear optimiza
problem, where a specific objective function must be optimized while satisfying operational and physical constraints of the electric 
power system. Active power loss in the transmission system is to be minimized as the objective function, while Automatic Volt

Load Tap Changer (OLTC) positions and number of reactive power compensation 
equipments are selected as control variables. This paper proposes an OPF problem which is realized by means of Particle Swarm 
Optimization algorithm. Particle Swarm Optimization (PSO) is a population based stochastic optimization technique developed by 
Dr. Eberhart and Dr. Kennedy in 1995, inspired by social behavior of bird flocking or fish schooling. PSO optimizes a problem
having a population of candidate solutions, here dubbed particles, and moving these particles around in the search
to simple mathematical formulae over the particle's position and velocity. 

The load flow calculation is important to compute the power flow between the buses. In our method Newton raphson method is 
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assigned tasks in a steady state must, in addition to 
performing those functions in satisfactory manner, be stable at all times for sudden disturbances with a margin of safety. When the 
physical system is large and complex such as a typical modern interconnected system, investigation of stability requires analytical 
sophistication in terms of techniques employed and practical experience in interpreting the results properly. The ability of a power 
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Newton raphson method is commonly used technique for load flow calculation. The real and reactive power in each bus is 
computed using equation 1 & 2.  
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where, N is the total number of buses, iV  & kV  are the voltage at i  & k  bus respectively, ik  is the angle between i  & k  bus, 

ikG  & ikB  are the conductance and susceptance value respectively. After computing the power flow between the lines, the 

amount of power to be generated for the corresponding load with low cost is identified using PSO. In our method, there are two 
stages of PSO and a neural network is used. Here, PSO is used for generating training dataset to train the neural network. In the 
first stage, the amount of power generated by each generator for a particular load is computed using PSO and in the second stage, 
the bus where the FACTS controller is to be connected is identified and using this data, the neural network is trained. From the 
output of neural network, the amount of power to be generated by each generator for the given load and the location of FACTS 
controller to be connected are obtained. 
 

Stage 1: Computation of Power to be generated for GiP  

 

The amount of power to be generated by each generator is estimated using PSO. The process that takes place in PSO is generation 
of initial particle, evaluation function and updating the particles. The first step is generating the initial particle by PSO. 
 

Generating Initial Particle 
 

First the total number of generators connected in the system is identified and then the amount of power generated by each 

generator is calculated by satisfying two constraints. The initial particles to be generated by using PSO are GDGG PPP ,......., 21 . 

The two constraints that must be satisfied for generating the particle are given below. 
 

Constraint1: ld
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where, GiP  is the total power generated, dP  is the total power demand, lP  is the total power loss, D is the total number of 

generator.  
 

Constraint2        : 
maxmin

GiGiGi PPP                                                                                                       ………………………(4)  

  

where, 
min

GiP  and 
max

GiP  is the minimum and maximum real power to be generated by  
thi  generator. 

 
The initial particles are generated by satisfying the above two constraints and after generating the initial particle, the next step is 
evaluation function. 
 
Evaluation Function 
 
The evaluation function is used to evaluate the initial particle generated in the above step. Here, the cost function is taken as the 
evaluation function.  
 

Evaluation function, EFC                                                                                                       ………………………….(5) 
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