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ABSTRACT The proposed work focuses on the power enhancement of grid-connected solar photovoltaic
and wind energy (PV-WE) system integrated with an energy storage system (ESS) and electric vehicles
(EVs). The research works available in the literature emphasize only on PV, PV-ESS, WE, and WE-ESS.
The enhancement techniques such as Unified Power Flow Controller (UPFC), Generalized UPFC (GUPFC),
and Static Var Compensator (SVC) and Artificial Intelligence (AI)-based techniques including Fuzzy Logic
Controller (FLC)-UPFC, and Unified Power Quality Conditioner (UPQC)-FLC have been perceived in the
existing literature for power enhancement. Further, the EVs are emerging as an integral domain of the power
grid but because of the uncertainties and limitations involved in renewable energy sources (RESs) and ESS,
the EVs preference towards the RES is shifted away. Therefore, it is required to focus on improving the power
quality of the PV-WE-ESS-EV system connected with the grid, which is yet to be explored and validated with
the available technique for enhancing power quality. Furthermore, in the case of the bidirectional power flow
from vehicle-to-grid (V2G) and grid-to-vehicle (G2V), optimal controlling is crucial for which an electric
vehicle aggregator (EVA) is designed. The designed EVA is proposed for the PV-WE-ESS-EV system so as to
obtain the benefits such as uninterruptible power supply, effective the load demand satisfaction, and efficient
utilization of the electrical power. The power flow from source to load and from one source to another source
is controlled with the support of FLC. The FLC decides the economic utilization of power during peak load
and off-peak load. The reduced power quality at the load side is observed as a result of varying loads in the
random fashion and this issue is sorted out by using UPQC in this proposed study. From the results, it can
be observed that the maximum power is achieved in the case of PV and WE systems with the help of the
FLC-based maximum power point tracking (MPPT) technique. Furthermore, the artificial neural network
(ANN)-based technique is utilized for the development of the MPPT algorithm which in turn is employed
for the validation of the proposed technique. The outputs of both the techniques are compared to select the
best-performing technique. A key observation from the results and analysis indicates that the power output
from FLC-based MPPT is better than that of ANN-based MPPT. Thus, the proper and economical utilization
of power is achieved with the help of FLC and UPQC. It can be inferred that the EVs can play a vital role in
imparting the flexibility in terms of power consumption and grid stabilization during peak load and off-peak
load durations provided that the proper control techniques and grid integration are well-established.

INDEX TERMS PV system, Energy storage system (ESS), electric vehicles (EVs), UPQC, grid stability,
fuzzy logic control (flc), electric vehicle aggregator (EVA), MPPT, power improvement.
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I. INTRODUCTION
The conventional energy resources are being substituted by
RESs, such as solar, wind, tidal and many others. Also.
the utilization of RESs is increasing tremendously because
these are clean, easy to access, and abundant in nature.
Moreover, a favourable scenario such as the reduction in
global warming and less emission of carbon dioxide has
been observedwhen RESs are implemented. Therefore, RESs
prevails as better alternatives to conventional resources. The
increasing load demand can also be fulfilled by introducing
RESs in existing power grid [1]. In spite of having numer-
ous advantages, the solar and wind energy resources are
highly sensitive to the weather and geographical location,
which are the prime drawbacks of using RESs. These draw-
backs affect the grid stability to the greater extent which
can be potentially minimized by integrating the RESs with
ESS.

The various problems associated with RESs and the pro-
cess to overcome those problems are detailed in the referred
study [2]–[4]. The uncertainties involved in PV system cause
Total Harmonic Distortion (THD) in the grid. As a result of
which the load voltage and current are distorted. Therefore,
the Flexible AC Transmission System (FACTS) devices have
been utilized to overcome the THD and voltage stabiliza-
tion issues. The FACTS devices, including UPFC, UPFC-
FLC, GUPFC, UPQC, and SVC are the commonly used
devices to improve power quality. The implementation of
FACTs devices fixes the voltage stability issue and simul-
taneously, improves the grid power quality [5]–[7]. The
enhancement in grid stability and reduction in THDhave been
achieved by implementing the Static Compensator (STAT-
COM) accompanying with ESS [5]. Similarly, wind power
generation system experiences unstable voltage and THD.
Therefore, STATCOM has also been implemented with the
grid-connected WE system [6]. The three FACTS devices,
including Dynamic Voltage Restoration (DVR), Distribution
STATCOM (DSTATCOM), and UPQC have been imple-
mented for power quality improvement and voltage stabi-
lization [7]. Moreover, the implementation of UPQC in the
grid-connected PV system has been discussed for power
quality enhancement [8]. The WE integrated grid system has
been considered for power quality improvement using UPQC
[9]. The power quality of the grid connected RESs can be
improved using various MPPT algorithms based on FLC and
ANN. Further, the uncertainties involved in RESs can be
avoided using FLC-based MPPT algorithms. The FLC-based
MPPT have been implemented for avoiding the weather-
induced uncertainties related to the solar PV output power
[10], [11]. The authors concluded that the proposed method
has overcome the conventional methods for power quality
enhancement.

The converters are used along with the RESs to convert
the power and make it suitable for connecting to the grid.
The configuration layout of hybrid microgrid, including PV
and WE has been provided in the referred study [12] in

TABLE 1. Most frequently used RESs configurations in the existing
literature for the analysis of grid stabilization and power improvement.

which the RESs are connected with a bidirectional converter.
Various factors including averagewind speed, irradiation, and
temperature are needed to be considered while modelling the
PV and WE systems as RESs are sensitive to weather and
location. The scenario of RESs for various countries such as
India, China, Iceland, Sweden, and the USA differ widely
[2], [3]. To add upon it in WE system, the output power
capacity is different on onshore and offshore [13]. Therefore,
depending upon the various factors affecting the PV and
WE systems, flexible mathematical model and optimization
techniques are required to model the seasonable WE and
PV systems. The non-linear characteristics of PV are chal-
lenging to design. Therefore, various optimization techniques
like particle swarm optimization are used to estimate the
parameters associated with the PV system and to improve the
power output of PV and WE systems [14]. These techniques
would ultimately help in configuring the RESs modelling.
The RESs configurations available in literature are illustrated
in Table 1.

Among the power electronic-based FACTS techniques,
the UPQC has better performance when compared to other
techniques, essentially STATCOM, DVR, and SVC. The
UPQC fulfills most of the desired qualities, including voltage
improvement, harmonic mitigation, current improvement,
and overall power quality improvement of the system [8],
[27]. Therefore, UPQC is utilized in this study to improve
the power output quality of the PV-WE-ESS-EV system
integrated with EVs and ESS. A dynamic battery controller
is designed to effectively control the ESS system. On the
other hand, EVA is implemented for controlling the EVs
system, which manages the power transfer between the PV-
WE-ESS system and EVs. The UPQC connected with the
PV-WE-ESS-EV system functions in two ways which are as
follows [28].

• The series part of UPQC (active converter) helps to
reduce the harmonic mitigation and voltage distur-
bances.

• The shunt part of UPQC (active converter) helps to
reduce the current distortion and improve the dc-link
voltage regulation.
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The implementation of UPQC for a solar PV system and its
investigation under an unbalanced loading condition has also
been carried out [29]. The authors concluded that the imple-
mented UPQC was able to improve both the power quality
and harmonic mitigation. The controlling of the PV-UPQC
system has been done using a proportional-integral (PI) con-
troller, FLC, or neural network (NN)-based algorithm. The PI
controller has been used to control the working of PV-UPQC
[30] and FLC technique has been used for improving the
power quality in the PV-UPQC system integrated with a bat-
tery storage system (BSS) [27]. The authors have provided a
comparative analysis between the PI and FLC techniques and
concluded that the FLC technique gives better results for the
PV-UPQC-BSS system relative to the other technique based
on PI. The implementation of the NN approach in PV-UPQC
for power quality improvement has been mentioned [31],
[32]. This technique requires proper learning and validation
before implementing it to the electrical system. It consumes
more time to evaluate the output response of the system but
it gives accurate and appropriate responses. EVs also support
to improve the power quality when used in parallel with grid
connected ESS integrated RESs. The role of EVs, charging
schemes, and benefits are discussed in [33]–[35]. The EVs are
mainly for transportation purpose and thus, the availability of
EVs is uncertain. For this issue, the EVA is used to manage
the availability and to allot the charging-discharging schedule
of EVs connected to the grid [36], [37]. The EVA enables the
grid system to control the charging and discharging operation
and acts as a mediator controller between the grid and the
vehicles. This helps the grid system to improve the quality of
power, reduce the THD, load balancing, and to improve the
voltage profile under different load unbalancing conditions.
Several controlling techniques and optimization techniques
of the EV system connected with the grid have been discussed
[38], [39].

The block diagram of the proposed system is illustrated
in Fig. 1. A three-phase, three-wire grid is integrated with
the PV, WE, ESS, and EVs through a phase inverter. The
line-to-line voltage of the system and frequency is 254.4 V
and 50 Hz, respectively. The voltage disturbance is observed
due to non-linear loading, voltage swell, and voltage sag.
To overcome this issue, a UPQC is designed and connected
to the grid for voltage regulation. Two WE systems hav-
ing 30 kW power output each are connected which totals
the generated power through WE is 60 kW. The ESS sys-
tem contains a battery bank connected to the grid having
36 series connected 12V, 100 Ah batteries. The capacity of
the ESS system is 40 kWh and is connected to the grid
through a bidirectional converter. The capacity of the PV
system is 100 kW. The PV and WE systems are connected
to the grid through boost converters. In this work, EVs are
also considered each having a capacity of 29 kW. The FLC
and ANN-based MPPT algorithms are designed for both
PV and WE systems. The problem statement, contributions
and objectives of this research work are highlighted in the
next section.

The paper is organized as follows. The problem formula-
tion along with contribution and objectives is discussed in
Section II. Section III presents the methodologies involved
in this research work that include the modelling of PV and
WE systems and the connection with EVs and ESS systems,
modelling of UPQC, and modelling of FLC and ANN-based
MPPT algorithms. The control of charging-discharging of
ESS and EVs is achieved using the FLC technique which
controls the whole system. The control diagram and rules
are explained in Section IV. Section V discusses the results
obtained from FLC and ANN control of the PV-WE-ESS-
EV system and performance of the UPQC-FLC-EVA tech-
nique in power enhancement and THD reduction. Section VI
provides a comparative analysis of both FLC and ANN
based-techniques for power improvement and THD reduc-
tion. Finally the work is concluded along with the future
scope of this work in Section VII.

II. PROBLEM FORMULATION
From the literature survey, it can be inferred that the power
quality improvement of PV, WE, PV-ESS, and WE-ESS sys-
tems have been carried out using various techniques such as
UPQC, UPQC-PI, UPQC-FLC, and UPQC-NN. Nowadays,
EVs are also becoming a part of the PV-ESS system and
need to be considered in power quality improvement issues
along with the PV-ESS system. The function of EVA is to
manage the power flow between EV, ESS, and PV systems.
Thus it can also act as an essential component for improving
the quality of power. Therefore, the main contribution of
this work focuses on the power quality improvement of the
PV-WE-ESS-EV system. The roles of EVs and UPQC on
power enhancement and grid stabilization are highlighted.
It is observed that during the peak load demand in the grid,
the excess power demand is managed from the ESS and EVs.
The condition of the worst case is also considered that is
when the availability of power from RESs is less and the grid
power does not suffice to satisfy the load demand. During
such a situation, the EVA manages the power demand of the
grid-connected load by arranging EVs. The EVA controller
operates and manages power from EVs to grid or grid to EVs
with the help of a load forecasting system, power generation
forecasting system of RESs, and nearby charging stations.
The use of UPQC along with EVs to the grid system provides
improved power and voltage stabilization which is shown
in detail in this work. It means that the main objective of
implementing EVA is to manage the utilization of EVs as a
temporary battery storage system which is transportable and
thus, the stored energy can be also utilized for transportation
purpose when it is not required to be used as ESS. The
FLC technique is used in this work to control the proposed
technique and the results obtained are compared with the
ANN approach. The FLC is refreshed in every 0.01 second
for the grid stabilization and power improvement.

The main objectives of the proposed technique and grid
system integrated with RESs include the following:
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FIGURE 1. The proposed system including WE generation, solar PV panel, EVs, and ESS connected to the grid.

• Power enhancement of PV-WE-ESS-EV system.
• Reduction of THD of grid voltages and currents.
• To obtain good voltage regulation at various loading
conditions.

• To avail enough power to fulfil the load demand under
the worst situation in which RES is not available for
power generation.

• To utilize the EVs as ESS during excess availability of
power and as power supplier during peak load demand
of the grid.

The MPPT algorithm plays an important contribution in
generating maximum power at various weather conditions.
In this research work, the fuzzy and ANN-based controllers
are developed in a MATLAB environment for PV and WE
systems. Finally, the simulation results of both the controllers
are compared to select the best one.

The EV batteries designed are of 29 kW capacity each
(12 V). The battery management system and load balanc-

ing with EVs are accomplished by using EVA. The EVA
is developed through Fuzzy and ANN for its performance
analysis. The grid integration of the hybrid PV-WE system is
still a challenging point due to its non-linear characteristics
of the power generated through the RESs. The design of
controllers for grid integration contains a phase lock loop,
voltage regulator, and current regulator, as proposed in this
work. The voltage source converter based controller plays a
major part in synchronizing RESs into the grid.

The proposed control technique includes PV, WE, ESS,
and EVs, which are connected to the grid along with the
UPQC-FLC control of the PV-WE-ESS-EV system. This
technique cumulatively improves the power quality and
reduces the THD values of voltage and current of the
grid below the threshold limit provided by ANSI/IEEE-519
(1992) standard.

The FLC and ANN techniques are implemented in the
PV-WE-ESS-EV system and the outcomes are compared to
get the best technique for achieving improved quality of
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power, grid voltage, and frequency stabilization. The tech-
niques available in the literature and system of application are
summarized in Table 2. The main contributions and findings
of this research work are summarized as follows.
• Power is improved and grid stabilization is achieved
using UPQC-FLC-EVA.

• The FLC-based MPPT algorithms for PV and WE sys-
tems yields better results than ANN-based MPPT algo-
rithms.

• The AI (FLC and ANN)-based EVA controls the bidi-
rectional flow of power (V2G and G2V).

• The AI-based controllers manage the state-of-charge
(SoC) and state-of-discharge (SoD) of the ESS and EVs.

• The UPQC provides voltage regulation at various load-
ing conditions (under-loading, overloading, linear and
non-linear loadings) and also avoids voltage sag and
swell conditions.

• Integrating UPQC, FLC, EVA for improving the overall
performance of the system. The integrated technique is
termed as UPQC-FLC-EVA.

• Integrating UPQC, ANN, and EVA for comparing the
proposed technique with UPQC-ANN-EVA.

• The results of UPQC-FLC-EVA are compared with
UPQC-ANN-EVA in terms of power quality improve-
ments and THD reduction and it is observed that FLC-
based technique is better in power quality improvement
of the proposed system.

III. METHODOLOGY
The work focuses on the power enhancement and grid stabi-
lization of RESs with ESS-EV and non-linear loads. In this
Section, the mathematical modeling of solar PV and WE
systems are discussed. The MPPT algorithms and design
procedure are also provided in this Section.

A. MODELLING OF SOLAR PV SYSTEM
In the literature, many researchers discussed the modeling
of PV and designing MPPT algorithms to extract maximum
possible power from the PV panel [40]–[45]. The circuit
diagram of a simple PV system is shown in Fig. 2. The
mathematical equation for the I-V characteristics of the PV
panel has been expressed in detail by the authors in [46] and
is represented in equation 1. In equation 1, IL is the current
output from the panel, Idiode is the current flowing through the
diode, IS is the current from PV panel, the thermal voltage is
represented by VT , c is the diode constant, series and parallel
branch resistances are represented by Rseries and Rparallel ,
respectively, and Isat is the reverse saturation current.

IL = IS − Isat [exp(
Vt + RseriesIL

cVT
− 1]−

Vt + RseriesIL
Rparallel

(1)

The block diagram of the PV panel with MPPT algorithm
and boost converter is shown in Fig. 3. The drawbacks of
conventional MPPT algorithm, including poor performance
under non-uniform shading, selection of local maximum

FIGURE 2. Circuit diagram of single solar PV panel.

FIGURE 3. MPPT and boost converter used to extract the maximum
power output from the PV panel.

point of power under partial irradiation are overcome using
the FLC-based MPPT algorithm [47]. In the recent era, FLC
is the most preferred technique for the MPPT algorithm.
Therefore, FLC-based MPPT is designed in this research
study. For controlling a system, process, or a device, fuzzy
logic is very useful, simple, robust, and adaptive. It has the
capability of making decisions. The block diagram of the
fuzzy logic-based MPPT controller is shown in Fig. 4. The
first stage in FLC is the fuzzification which converters the
values and parameters into the fuzzified form using a function
of transformation. The next stage is the interfacing in which
the fuzzy rules are set. The last stage is the defuzzification
in which the fuzzified parameter is again converted into the
crisp form. The parameters used in FLC-based MPPT are PV
voltage and current. The power and change in power are eval-
uated using voltage and current parameters. The controller is
a type-2 FLC whose membership function and fuzzy set are
given in any form from equations 2,3, and 4 as explained in
[47].

F̃ = ((y, v), µF̃ (y, v))|∀y ∈ Y , Jy ⊆ [0, 1] (2)

F̃ =
∫
y∈Y

∫
v∈Jy

µF̃ (y, v)

(y, v)
Jy ⊆ [0, 1] (3)

F̃ =
∑
y∈Y

∑
u∈Jy

µF̃ (y, v)

(y, v)
Jy ⊆ [0, 1] (4)

In equations 2,3, and 4, F̃ represents the interval type-2 FLC
set. This set is defined by a membership function which is
also of type-2 represented by F̃(y, v), where y ∈ Y and Y is
representing the universe of discourse. The expression shown
in equation 3 is in continuous form and that of equation 4 is
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TABLE 2. Related works and techniques available in the literature for power quality improvement.

FIGURE 4. Block diagram of interval type-2 FLC-based MPPT controller used to regulate the duty cycle of the boost converter for PV system:
Inputs of the interval type-2 FLC are power and current, and the output is the duty ratio to feed to the boost converter.

in discrete form. This FLC interval of type-2 helps to regulate
the duty cycle ratio of the boost converter for achievingMPPT
as explained in [47]. The error function, which is the ratio of
change in power of PV to the change in current of PV, is given
in the equation 5. The change in error is given in equation 6.

EV (q) =
PV (q)− PV (q− 1)
IV (q)− IV (q− 1)

(5)

dEV (q) = EV (q)− EV (q− 1) (6)

where, PV (q) and PV (q−1) are the output power of PV panel
at qth and (q − 1)th instants respectively. In the same way,
EV (q) and EV (q−1) are the errors at qth and (q−1)th instants
respectively.

B. MODELLING OF WE SYSTEM
The WE has a permanent magnet synchronous genera-
tor (PMSG) for power generation from the wind turbines.
The PMSG is used because of its advantages over doubly-
fed induction generator (DFIG) including greater efficiency,
lower cost, easily controllable, and reliable. The mathemat-
ical modelling of WE and FLC-based MPPT for the WE
system have been provided in many existing literatures [48]–
[52]. Themathematical expression of the power output ofWE
system is expressed in equations 7, 8, 9 and 10.

Rst =
ωRb
Vw

(7)

Pmout = 0.5ρπR2bCpcV
3
w (8)

Pmout = Tmoutω (9)

Cpc = (0.44− 0.0167θp)sin
3.14(Nr − 2)
13− 0.3θp

FIGURE 5. Block diagram of WE system along with MPPT controller to
extract the maximum, the inputs to the MPPT are dc voltage and current
and the output is the duty cycle which is given to the boost converter.

− 0.0018(Nr − 2)θp (10)

where, Rst is the ratio of speed-to-tip, Vw is the speed of the
wind, Rb is the radius of blade, ω is the speed of PMSG rotor
in radian per second, ρ is the density of air. The coefficient
of power is represented as Cpc, the mechanical power output
is expressed by Pmout , torque output is termed as Tmout . The
pitch angle of the blade is represented as θp and the speed ratio
is termed as Nr in equation 10. The specifications and the
parameters of the PMSG are provided in Table 3. The block
diagram of the WE system along with MPPT algorithm is
shown in Fig. 5. The MPPT algorithm is based on the FLC
technique of type-2 which is shown in Fig. 6.

The membership function and the fuzzy set of the MPPT
algorithm for the WE system are expressed in equations 2, 3,
and 4. The error function, in this case, is the ratio of change
in the power of WE generation to the change in the current
of WE generation, which is represented as equation 11. The
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FIGURE 6. Block diagram of interval type-2 FLC-based MPPT controller used to regulate the duty cycle of the boost converter for WE system:
Inputs of the interval type-2 FLC are power and current of the WE system, and the output is the duty ratio to feed to the boost converter.

change in error is given in equation 12.

EW (q) =
PW (q)− PW (q− 1)
IW (q)− IW (q− 1)

(11)

dEW (q) = EW (q)− EW (q− 1) (12)

The ANN-based MPPT algorithm is developed for track-
ing the maximum power point from both solar and wind
sources. Themaximum power output of ANN and FLC-based
algorithms for PV and WE are compared and discussed in
Section V. The back-propagation method is used to develop
the ANN-based MPPT algorithm and to train the developed
method. The dc-dc boost converter is controlled to achieve the
maximum power point. The three-layer ANN method is used
to achieve the maximum power point in the PV system and is
shown in fig. 7. The inputs to the neural network are temper-
ature and irradiation. The output of the neural network is the
voltage at which the maximum power point is achieved. The
model is trained with the sample input and output data using
the error back-propagation method to get better performance.
For obtaining maximum power, the maximum value of the
current is obtained from the V-I characteristics of the PV
system. The maximum power is the product of the maximum
voltage and the corresponding current value of the V-I curve.
When maximum voltage value and the corresponding current
are known, the duty cycle of the chopper is obtained from the
equation 13 where, V0, I0, Vmax , and Imax are representing
output voltage, output current, maximum voltage and max-
imum current from the PV system with dc-dc chopper as
shown in fig. 8.

D = 1−

√
Vmax × I0
Imax × V0

(13)

C. MODELLING OF EVA CONTROLLER
It is necessary to satisfy the load demands, and also to main-
tain the power quality so as to make the grid system reliable
and efficient. The ESS system is required to achieve the
need for extra power demand and also to store the surplus
power. As the solar and wind energy sources are weather,
place, and time-dependent, the ESS system is an alternative
to these RESs. The ESS system contains battery banks which
are subjected to ageing effect, and life degradation issues.
Therefore, the ESS system is also less efficient and reliable.

FIGURE 7. Three-layer ANN to achieve maximum power point.

FIGURE 8. ANN-based MPPT for PV system with a dc-dc chopper.

The other major reason is the space occupancy by the bat-
tery banks. When the RESs are not available and ESS is
discharged, the peak load demand has to be supplied from the
grid. The increased load demand and peak duration reduce
power quality. Here, the use of EVs come into role. The
importance of EVs in RESs connected grid and in green
energy utilization have been discussed in detail by the authors
[53]. The authors have presented a comparative analysis of
various types of EVs considering driving components, energy
storage, features, and problems corresponding to each type
of EV. The impacts of EVs on the grid, environment, and
economy have been also discussed. The negative impacts
of EVs include voltage instability, the increased demand for
the grid, THD, and voltage sag. These negative impacts of
EVs are avoided using FLC-based UPQC in this work. The
positive impacts of EVs include V2G, improved, and reliable
RESs connected to the grid. The EVs can be scheduled and
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TABLE 3. Specifications and parameters of system components.

FIGURE 9. Benefits of EVs connected to the grid as ESS when RESs are
available in lesser amount.

planned to manage the load power demand and excess power
in the grid. For managing the flow of power from V2G and
G2V, an EVA is designed, which helps to get improved power
quality, reduced THD, and load balancing problem is also
removed. The FLC-based ESS-EV system gives better quality
of power, also makes the grid-connected PV-WE-ESS-EV
system reliable as compared to a simple grid system [54]–
[58]. In this work, a battery bank of capacity 40 kWh is used
as ESS, and three EV stations are designed having EVs of
capacity 29 kW each. The EVA is an intelligent controller
designed to control and manage the power flow from V2G
and G2V. The benefits of EVs connected to the grid system
are mentioned in Fig. 9. The EVA techniques and controls are
discussed in [38], [39], [59].

When the ESS-EVs are connected to a grid, voltage regu-
lation is a major concern. The frequency regulation is a major
issue in the case of island mode. In the grid connected mode,
the frequency does not deviate much. Therefore, the voltage
regulation is focused on this work for grid stabilization. The
charging and discharging of EVs are decided by the EVA
controller. The EVs and ESS battery bank start chargingwhen

FIGURE 10. EVA intelligent controller and data gathering.

FIGURE 11. FLC-based control of EVs and ESS connected with grid for
getting improved power quality.

there is surplus power at the point of common coupling of
the grid. The difference between the active power of common
coupling and reference load power is estimated and fulfilled
by ESS and EVs. The intelligent controller of EVA contains
the information from load power, the power generated from
RESs, SOC of ESS, and available EVs in the EV stations as
shown in Fig. 10. The controller estimates the power required
to be supplied from EVs. As per the power requirement
from EVs, the number of EVs required to be used as ESS
is decided.

The active power at the point of common coupling Pcc and
the reference powerPrefcc are evaluated, and the error signal is
passed through the FLC. The schematic diagram of the grid-
connected system is shown in Fig. 11.

The EVA power management system is developed through
Fuzzy and ANN for its performance analysis. The working of
the EVA controller is explained through the flow chart shown
in Fig. 12. The EVA controller communicates with charging
stations (ST1, ST2, and ST3), grid, RESs, and ESS for the
exchange of information. In Fig. 12, the charging decision of
EVs is made with the help of EVA. The EVs stop at charging
stations when not used for travel. These EVs can be used as
ESS during peak load time. The cost of charging the EVs
stopped at the station for a duration greater than peak load
time of the grid is reduced because these are used as ESS. The
power supply fromEVs to the grid depends on the availability
of EVs and SoC of the available EVs. The conditions for SOC
and SOD of ESS and EVs are explained in detail in the next
section.

D. MODELLING OF UPQC
The problems due to non-linear loads and the problems of
power quality, including voltage sag, voltage swell, THD,
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FIGURE 12. Block diagram representation of working of EVA controller.

FIGURE 13. Block diagram representation of UPQC having two active
inverters connected in series and parallel for power quality improvement.

voltage spike, and unbalance can be avoided by using UPQC.
The FLC-based UPQC enhances the grid-connected PV-WE-
ESS-EV system with better stability and voltage regulation.
The THD value is also maintained lesser than 5% as per
the IEEE 519 standard. The block diagram representation of
UPQC is given in Fig. 13.

Themain objectives of UPQC are series and shunt compen-
sations. The shunt connected inverter balances the source cur-
rents by giving negative and zero sequence parts demanded
by the load and reduce the THD in the load side current by
giving the required current. It also improves the power factor
and regulates the dc bus voltage. Another part is a series-
connected inverter which balances the voltages at the load

side, reduces the THD of the source side voltages, regulates
the load bus voltage, and improves the input power factor.

IV. DEVELOPMENT OF FLC-BASED PV-WE-ESS-EV
SYSTEM
The control of power flow to the load from different sources
available and also from charging-discharging of ESS and
EVs in the system is achieved by the use of FLC. The most
important part of FLC is the selection of membership func-
tions, rules, input, and output parameters which are shown
in Fig. 14. Five membership functions are taken in this work
named as very low, low, medium, high, and very high (full).
The input parameters for FLC are SOC of ESS, SOC of the
battery bank in EV charging stations, load forecasted data,
and power generation data from PV-WE. The outputs of FLC
are charging-discharging of ESS, EV charging stations, load
power management from RESs, and grid. The developed
FLC algorithm for power flow management and charging-
discharging of ESS and EVs is illustrated in Fig. 15.
The main objective of the FLC algorithm is to utilize the

power generated from the RESs and stored energy of ESS and
EVs for achieving the economical operation of the system
during peak load demand. This way the power quality is
improved and grid load demand is balanced. The system per-
formance is dependent on the load condition and availability
of different sources of supply.

During peak load demand, if the power generated from
RESs is larger than the load demand then ESS is charged if the
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FIGURE 14. FLC-based control of PV-WE-ESS-EV system.

SOC of ESS is lesser than 98%. If the battery is fully charged
and the SOC of EVs are lesser than 98% then, the EVs are
charged. In case when both ESS and available EVs are fully
charged, the surplus power fromRESs is sent to the grid. If the
power generated from RESs is lesser than the load demand
and SOC of ESS is greater than 35%, the load is supplied
power from the RESs and the ESS. If the SOC of ESS is
lesser than 35% or if the summation of power from RESs
and ESS is lesser than the load then, the EVs are discharged
(if SOC of EVs is greater than 35%). If excess EV power is
available, ESS is charged when the SOC of ESS is lesser than
35%. In case when both ESS and EVs are discharged, power
is supplied from the grid to the load, and the excess loads are
removed under worst-case when none of RESs, ESS, and EVs
is available.

During off-peak load, if the power generated from the
RESs is greater than the load power and the SOC of ESS is
lesser than 98%, the ESS is charged. When the ESS is fully-
charged, the EVs are charged if the SOC of EVs is lesser
than 98%. If both ESS and EVs are fully charged, the surplus
power from RESs is sent to the grid. In case when the power
generated from the RESs is lesser than the load demand,

the power is supplied from the grid to satisfy the load demand
as it will not cost more during off-peak time as compared to
the peak time power cost. The ESS and EVs are also charged
from the grid power during off-peak load if the SOCs are
lesser than 98% because the ESS and EVs should be fully-
charged and prepared for the peak load demand of the grid.

V. RESULTS AND DISCUSSION
The proposed work focuses on the power enhancement and
harmonic reduction for the PV-WE-ESS-EV system con-
nected to the grid. The UPQC is able to handle the non-linear
and different undesired types of loads. The whole system is
refreshed and checked by FLC in every 0.01 second. In this
Section, the outcomes of the two techniques are discussed.
The first is based on FLC, and the second one is based on
the ANN approach. It is observed that FLC is giving better
results as compared to ANN to achieve maximum power
from the PV-WE system, to get good voltage regulation, and
to reduce the THD values of voltages and currents. Also,
ANN requisites learning data and time to perform better and
accurate. The learning of ANN techniques is time-consuming
and also need various historical data to learn from them.

A. ROLE OF EVA IN PV-WE-ESS-EV SYSTEM
To get a reliable power transfer system and quality improve-
ment of power, EVs play an important role in the grid-
connected RESs. During the availability of excess power
from RESs, the charging of EVs will cost lesser which is a
potential benefit for the customer, and during the deficiency
of power at the grid due to increased load or unavailability of
RESs, the cost of charging the EVs will be high. If EVs are
used to supply power to the grid during the peak demand of
the grid, it will be treated as an ESS system.

The control of power flow from V2G and G2V is decided
by the EVA. It also decides the number of EVs required
at a particular time to charge or discharge. This makes the
PV-WE-ESS-EV system reliable and improves the quality of
power. The power needed to be supplied from EVs to the grid
is given by equation 14. The number of EVs to be connected at
a particular time is decided by evaluating the power required
PEVA.

PEVA = PL − Pres (14)

where, PEVA is the power requirement of the grid to be
fulfilled by the EVs. This power is evaluated by the EVA
taking the difference of load power demand, PL , and power
generated by the RESs, Pres. The load voltage and current are
improved by providing the required power from the EVs in
the case of the unavailability of PV-WE. For the validation
of the proposed technique, different loading conditions are
applied for a different time interval. The load voltage and
current when PV-WE generation is not enough for the load
demand is shown in Fig. 16a under different loading con-
ditions. During the short period of 0 to 5 s, the PV-WE are
not available in sufficient amount to fulfil the load demand,
and the grid power is also less. At this condition, the voltage
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FIGURE 15. Detailed diagram of the FLC algorithm indicating the power flow of PV-WE-ESS-EV system.

and current are shown clearly in Fig. 17a for the period of 0
to 2.5s. The voltage and current have distortions; therefore,
THD values are high.

The qualities of voltage and current are improved on
adding the EVs to the grid as shown in Fig. 16b. The excess
load demand is evaluated by the EVA and the number of EVs
to be connected to the grid is decided accordingly. These
connected EVs fulfil the extra load demand of the grid. The
quality of voltage and current for a time span of 0 to 2.5 is
clearly shown in Fig. 17b. In this Fig., it is seen that the
addition of EVs improves the voltage and current qualities,
reduces the THD values of voltage and current, and hence,
the power quality is improved.

The THD values of load voltage without adding EVA are
found to be 9.72%, 1.44%, 9.75%, and 1.09% during the time
spans of 0-1.25s, 1.25-2.5s, 2.5-3.5s, and 3.5-5s respectively.
The THD values are high in this case because of the over-
loading condition. After EVA comes into action, these THD
values are reduced drastically as 2.27%, 1.20%, 1.93%, and
1.00% during the time span of 0-1.25s, 1.25-2.5s, 2.5-3.5s,
and 3.5-5s respectively. These reductions in THD result in
improving the quality of power and performance of the grid-
connected RES. The comparative analysis of THDs of load

voltage and current of PV-WE-ESS system with and without
EVA is provided in Section VI.

B. POWER IMPROVEMENT WITH UPQC-FLC-EVA
The EVA provides the excess power demand to the grid and
the UPQC helps to improve the voltage and current qualities.
The FLC controls the PV-WE-ESS-EV system. The three-
dimensional plot of rules of FLC for MPPT of the PV panel
is shown in Fig. 18. The duty ratio is changed to achieve
MPPT of power output. The dc output voltage of the PV panel
and dc current output of the PV panel are used as inputs to
the FLC-based MPPT algorithm. The algorithm outputs the
duty cycle value to get the point of maximum power. The
output power of the PV solar panel is shown in Fig. 19. The
maximum power output taken from the PV system is 80 kW
out of 100 kW, which is the capacity of the PV panel. The
output is shown for a short span of time (0.5 s). The steady-
state power is achieved at 0.0375 s and therefore, there is a
power drop observed during transient state before reaching
the steady-state power output.

The wind turbine output of one WE system of capac-
ity 30 kW is shown in Fig. 20 with respect to turbine
speed at various wind speeds. The range of wind speed
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FIGURE 16. (a) Voltage and current quality under unavailability of PV-WE and without the addition of EVs (The waveforms are distorted), and (b) Voltage
and current quality under unavailability of PV-WE and with the addition of EVs (Waveform quality is improved).

FIGURE 17. (a) Voltage and current of load side without EVA under the availability of PV-WE in lesser amount for time span 0 to 2.5 s shows high
distortions in the different loading conditions, and (b) Voltage and current of load side with EVA under the availability of PV-WE in lesser amount for time
span 0 to 2.5 s. The load power is fulfilled and the waveforms of voltage and current are improved under different loading conditions.

FIGURE 18. Three-dimensional plot of FLC for MPPT of the PV panel. The controller takes voltage and
current as inputs and gives duty ratio as output to the boost converter to track the maximum power.

is from 6 m/s to 14.4 m/s at pitch angle β = 0 deg.
The output power of the single WE system with the FLC-
based MPPT controller is shown in Fig. 21. The FLC-based
MPPT controller has a better ability to track the maximum
powerpoint.

The input voltage and current of the grid are shown
in Fig. 22. The THD of source-side voltage is shown
in Fig. 23, which gives the THD value of 1.70 %. The
load voltage under different loading conditions is shown
in Fig. 24a, 24b, 24c, and 24d. Voltage and current waveforms
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FIGURE 19. FLC-based MPPT for PV: Output power of PV panel at irradiation of 1000 W /m2.

FIGURE 20. FLC-based MPPT for WE: output power of single WE with respect to wind speed.

of load side under loading condition causing voltage sag
to the load voltage is shown in Fig. 24a. On using UPQC-
FLC-EVA, the UPQCmaintains the voltage quality improved
under different load conditions and avoid voltage sag with
the help of ESS and EVA. The voltage sag is caused due to a
sudden increase in load or due to a loose connection of load.
In Fig. 24a, the load connected from time 0 to 0.3 seconds
is 50 kW. From time 0.3 to 0.5 seconds, the unbalanced load

is connected which causes the voltage sag but due to UPQC,
the voltage profile is maintained constant and the quality of
voltage is not affected. The voltage swell is caused due to a
sudden decrease in load. In Fig. 24b, the load at 0.3 second is
decreased abruptly which causes voltage swell but the quality
of voltage is again not affected due to UPQC, ESS, and EVs.
Similarly, the voltage and current under-loading, overloading,
linear and non-linear loading are shown in Fig. 25a and 25b
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FIGURE 21. Output power of FLC-MPPT based WE and simple MPPT-power output of WE. The output power of FLC-MPPT is better than simple MPPT.

FIGURE 22. Voltage and current waveforms of the source side of the grid.

respectively. The THD details of voltage and current signals
of source and load sides under different loading conditions are
discussed in the next section. From Fig. 24a to 25b, it is clear
that on changing the load condition, the voltage magnitude
and characteristics do not change much. Hence, FLC-based
UPQC, along with the ESS-EVA system, improves the power
quality and also reduces the THD as discussed in the next
section.

C. POWER IMPROVEMENT WITH UPQC-ANN-EVA
The ANN-based controller also gives better performance in
power enhancement and THD reduction. The demerits asso-

ciated with ANN are the need for strong learning from histor-
ical data, and time consumption for learning. The technique
used for controlling the complicated grid system should be
fast and accurate. In this work, a two-layer neural network
has been designed to model the controller. The output power
of the PV panel at an irradiation value of 1000 W/m2 is
shown in Fig. 26. In this output, it is observed that the MPPT
power output is lesser as compared to FLC-based MPPT. The
output power of WE using the ANN-based MPPT algorithm
is presented in Fig. 27. The load voltage under different
loading conditions is shown in Fig. 28a, 28b, 29a, and 29b.
The voltage quality is kept almost constant by the UPQC,
ESS, and EVA under different loading conditions in the case
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FIGURE 23. (a) Voltage signal of the source side, and (b) THD of source side voltage of the grid in % of 50 Hz.

FIGURE 24. (a) Voltage and current waveforms of load side under loading condition causing voltage sag to the load voltage. On using UPQC-FLC-EVA,
the UPQC maintains the voltage quality improved under load condition of voltage sag which is avoided using the ESS and EVA, and (b) Voltage and current
waveforms of load side under-voltage swell. The UPQC maintains the voltage quality by improving the voltage swell using the ESS and EVA.

FIGURE 25. (a) Voltage and current waveforms of load side under under-loading and overloading conditions of the grid using UPQC-FLC-EVA, and (b)
Voltage and current waveforms of load side under linear and non-linear loading conditions of the grid using UPQC-FLC-EVA.

of the ANN technique also. The comparative analysis of THD
values of load voltage under different loading conditions is
provided in the next section. The power outputs from PV and
WE systems using UPQC-ANN-EVA technique are lesser as
compared with UPQC-FLC-EVA technique.

D. POWER MANAGEMENT IN THE PROPOSED SYSTEM
The power flow condition between the various components
of the proposed system is explained in Fig. 15 in Section IV.
During peak load, when the net power output of RESs (Pres
is lesser than the load demand (PL) as shown in Fig. 30a,

the ESS is discharged if the SOC of ESS is greater than 35%
as shown in Fig. 30b. The available EVs are also treated
as ESS to fulfil the peak load demand and to improve the
power quality. When the load is at peak values of 150kW and
160kW, and the sum of power generated from RESs is lesser
than the peak load, the ESS and EVs are discharging. During
off-peak load, when Pres is greater than the load demand as
shown in Fig. 31a from time instant 0.02 to 0.06 seconds,
the ESS is charged from the surplus power of RESs if SoC
of ESS is lesser than 98%. If the SoC of ESS is higher than
98%, the EVs are charged if available during this off-peak

VOLUME 8, 2020 207457



K. Sarita et al.: Power Enhancement With Grid Stabilization of Renewable Energy-Based Generation System

FIGURE 26. PV output power, power output of ANN-based MPPT at irradiation of 1000 W /m2.

FIGURE 27. Nominal WE output power and ANN-MPPT WE output power.

load condition. When the Pres is lesser than the off-peak load,
then also the ESS and EVs are charged if the SoC of ESS and
EVs are less than 98% as shown in Fig. 31b. In this case,
if the Pres is not enough to charge ESS and EVs, the ESS
and EVs are charged using the grid power as the cost of
power is least during off-peak hours. In Fig. 32a, the ESS
is not charged completely therefore, during surplus power
availability from RESs, the ESS is charged from the power
output of RESs as shown in Fig. 32b. If the surplus power

is not available, the ESS is charged from the grid because
charging ESS during off-peak load costs less. Also, the ESS
should be fully charged to handle the peak load condition of
the grid.

VI. COMPARATIVE ANALYSIS
The addition of EVs and EVA in PV-WE-ESS system makes
the RESs more reliable as discussed in Section V-A. The
comparison of THD values of load voltage and current under
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FIGURE 28. (a) Voltage and current waveforms of load side under loading condition causing voltage sag to the load voltage. On using UPQC-ANN-EVA,
the UPQC maintains the voltage quality improved under load condition of a voltage sag with the help of ESS and EVA, and (b) Voltage and current
waveforms of load side under voltage swell which is improved using UPQC-ANN-EVA.

FIGURE 29. (a) Voltage and current waveforms of load side under under-loading and overloading conditions of the grid using UPQC-FLC-EVA, and (b)
Voltage and current waveforms of load side under linear and non-linear loading conditions of the grid using UPQC-FLC-EVA.

FIGURE 30. (a) The net power output from RESs and load demand of the grid during a peak load condition, and (b) The net power output from
RESs and load demand of the grid during off-peak load condition with ESS in discharging condition, the EVs available during peak load are helpful
to maintain the quality of the power.

two cases (with and without EVs) is summarized in Table 4.
Table 4 shows that when RESs are least available, the inte-
gration of EVs reduces the THD and improves the power
quality. In this Section, the outcomes of PV-WE-ESS-EV
system using UPQC-FLC-EVA and UPQC-ANN-EVA are
compared for selecting the better one. The comparison of PV
output power using ANN and FLC-based MPPT algorithms
is shown in Fig. 33a. It is seen that the PV output power
using MPPT based on-FLC is better than that of using the
ANN-based MPPT algorithm. The comparison of WE output
power is illustrated in Fig. 33b. In this case, the power outputs

fromWE using FLC-basedMPPT andANN-basedMPPT are
similar. A very little difference is there, but even in such little
difference, the FLC-MPPT yields better results as compared
to ANN-MPPT.

The THD reduction using the techniques based on ANN
and FLC are compared for different loading conditions and
summarized in Tables 5, 6, 7, 8, and 9. On using UPQC-
FLC-EVA, the THD values of voltages and currents of both
load side and source side are under 5%, which is the accept-
able limit as per IEEE-519 (1992) standard. In the case
of UPQC-ANN-EVA, the THD values of grid-side voltage
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FIGURE 31. (a) The net power output from RESs and load demand of the grid during an off-peak load condition, and (b) The net power output
from RESs and load demand of the grid during off-peak load condition with ESS full-charged.

FIGURE 32. (a) The net power output from RESs and load demand of the grid during off-peak load condition, and (b) The net power output from
RESs and load demand of the grid during off-peak load condition with 80% charge of ESS.

TABLE 4. Comparative Analysis of THD values during less availability of PV-WE with and without EVs.

TABLE 5. Comparative Analysis of THD values during underloading conditions using ANN and FLC.

TABLE 6. Comparative Analysis of THD values during normal loading conditions using ANN and FLC.

TABLE 7. Comparative Analysis of THD values during overloading conditions using ANN and FLC.
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FIGURE 33. (a) PV output power using ANN-MPPT and FLC-MPPT. The FLC-MPPT is giving better performance than ANN-MPPT in extracting
maximum power from PV, and (b) WE output power using ANN-MPPT and FLC-MPPT. In this case, both ANN and FLC-based MPPT are giving similar
performance but the performance of FLC-MPPT is better as it is giving output power greater than the ANN-MPPT by some watts.

TABLE 8. Comparative Analysis of THD values during voltage sag loading using ANN and FLC.

TABLE 9. Comparative Analysis of THD values during voltage swell loading using ANN and FLC.

during normal loading and overloading are found to be greater
than 5%, which is not acceptable for the voltage range of the
system under consideration. The THD values of load voltage
under sag and swell conditions are also observed to be lesser
than 5% whereas the THD of load current and source current
is higher than 5% due to sudden increase and decrease in load
during sag and swell condition. The FLC is showing better
THD reduction for grid voltage and current under all loading
conditions. The THDvalues of load side current under normal
and under loading conditions using FLC are greater than
that of ANN. This difference is acceptable for FLC as it is
giving much better performance for THD reduction for other
voltages and current.

From the comparative analysis of ANN and FLC based
controllers, it is observed that FLC is giving a better per-
formance to get the maximum possible output power from
PV and WE. The addition of EVs increased the reliability
and quality of power of the grid and the connected PV-WE
system. The UPQC-FLC-EVA technique helps to enhance the
quality of power of the grid by reducing the THD in source
and load side voltages and currents, by giving extra power
support from EVs, extracting maximum power from PV and
WE systems, and by providing improved voltage regulation
during different loading conditions.

VII. CONCLUSION AND SCOPES FOR FUTURE WORK
The authors have proposed a technique for the power
enhancement of the PV-WE-ESS-EV system using FLC and
UPQC controllers. The FLC-based MPPT algorithms are
designed for PV and WE to extract maximum power. The
UPQC provides the voltage regulation support for different

loading conditions. An EVA algorithm has been developed to
provide load balancing and support to the weather-dependent
PV and WE systems by connecting the required number
of EVs. The proposed PV-WE-ESS-EV system ensures the
grid system reliability and enhances the power quality of
the system because of EVs addition to the grid. It is also
observed that the distortions in voltage and current wave-
forms are avoided using the UPQC-FLC-EVA technique.
The THD of load and source-side voltages and currents
are obtained and are lesser than 5% using the proposed
technique, which fulfils the threshold limit of THD as per
the IEEE-519 (1992) standard. Conclusively, the perfor-
mance of the UPQC-FLC-EVA technique has overcome
the ANN-based controlling technique. The work performed
in this research can be extended for the following future
works.

• Optimized operation of EVA in terms of cost.
• ANFIS-based control of the PV-WE-ESS-EV system.
• Other machine learning-based algorithms to control and
manage the power flow.

LIST OF ACRONYMS
AI Artificial Intelligence
ANN Artificial Neural Network
BSS Battery Storage System
DSTATCOM Distribution Static Compensator
DVR Dynamic Voltage Restoration
EVA Electric Vehicle Aggregator
FLC Fuzzy Logic Controller
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FACTS Flexible Alternating Current Transmission
System

GUPFC Generalized UPFC
G2V Grid to Vehicle
MPPT Maximum Power Point Tracking
NN Neural Network
PV Photovoltaic
PI Proportional Integral
PEVA Power from EVs
PL Load power
Pres Net power generated from RESs
RESs Renewable Energy Sources
STATCOM Static Compensator
SOC State of Charge
SOD State-of-Discharge
SVC Static Var Compensator
THD Total Harmonic Distortion
UPFC Unified Power Flow Controller
UPQC Unified Power Quality Conditioner
V2G Vehicle to Grid
WE Wind Energy
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