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With the use of hybrid renewable sources for example solar and wind turbines, an autonomous electric power generation system
based on self-sufficient electric power generation is built in order to promote a smart and ecologically friendly environment. The
three-phase inverter that links this scattered generating unit to the grid is in charge of ensuring that it is properly connected to the
grid. While the energy produced by the hybrid unit is being utilized, it is also being stored in the batteries so that it may be used to
transport power when other sources of power are not available, such as when the grid is down. This stand-alone power conversion
and storage system is being built with the aid of power electronic converters and controllers, among other components, in order to
ensure balanced power flow operation. To produce PWM pulses for the generator side converter, a PI controller is utilized. On the
PV side, an improved PI controller is used to drive the SEPIC converter, which increases the transient responsiveness of the
converter while it is being controlled by the controller. In order to communicate with the grid, the generated electricity is
routed via a three-phase inverter that is controlled according to the DQ theory. The challenges connected with poor power
quality are substantially resolved by the converters that have been presented. For simplicity of use, an automated control
function has been introduced; in addition, an interactive MATLAB model of the system is being developed for minor and
medium-scale microgrid applications; also, a prototype is being created to verify the simulation results.

1. Introduction

We cannot picture our lives without electricity, which is one
of the most basic and vital technologies that science has ever
given us. The bulk of the world’s population, on the other
hand, continues to be without reliable and high-quality
energy. The total demand has not been completely met
despite the fact that most of the outlying areas have been

declared electrified. As a consequence, they are suffering
higher power supply challenges as a result of both unfore-
seen and planned blackouts. Interruptions caused by natural
and human-made reasons like as overloading, snapping, and
short-circuiting are all instances of unanticipated events that
might happen. In spite of the fact that electricity is readily
accessible, it is found that the voltage has been decreased
and that the voltage is uneven. Power outages may also be
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imposed on a regular basis by businesses in order to safe-
guard their own financial interests.

On the brink of joining forces with industrialized countries
in order to secure green energy generation via the use of renew-
able energy sources, developing countries are announcing their
intention to do so. The advancement of industrialization is one
of the most important factors influencing the advancement of
energy security in the world today. Energy demand all over the
world has adjusted the outage duration with disruptive changes
in reaction to the loading effects of renewable energy sources,
with the goal of limiting the use of polluting sources of energy
in the power grid and, as a result, reducing pollution. When it
comes to energy, distributed generation makes use of locally
available recyclable energy source (for example, sun, biomass,
small hydro, and wind) in order to achieve self-reliability in
energy, as well as high quality and independence in power pro-
duction; distributed generation is a good choice. Using clean
energy encourages the utilization of renewable resources while
also removing the issues connected with conventional fossil fuels.
In their research, engineers observed that the interface of con-
nected components and the couplings that connect them is a sig-
nificant source of problems and a significant cause of worry. To
get specified output power, it is necessary to optimize design as
well as the electromechanical components that are involved.
Comparing renewable energy source to traditional electricity
production sources, renewable power sources are preferable in
that they can be replaced more readily. For the purpose of con-
structing an intelligent grid structure, it is feasible to integrate a
wide range of renewable energy sources with combustible fuel
generators in a single system.

In contemporary nations, power electronic systems handle
50-60 percent of all electric power transmission and distribu-
tion. Since the development of power electronic technology,
the proportion of people who use power electronic gadgets
has increased dramatically worldwide nature. The nonlinear
features of power electronic devices have an impact on their
performance.

By adding harmonics into the system, we may improve
the quality of the electricity. Harmonics are a kind of music
having a knock-on impact on the characteristics of the grid
as well as on the equipment attached according to the grid.
As a result, the prognosis for the APFs has improved in
recent years. This chapter describes the SAPF as a harmonic
filter, as well as how to use it. The specifics of the modeling
are explored in depth. The model that has been constructed
is linked to utilizing the MATLAB/SIMULINK platform, to
run the grid in parallel and simulate it.

The results of the simulations are used to ensure that the
model that has been built behaves as predicted in the real
world.

In order to expand the capacities of self-sufficient renewable
energy systems, efforts have been made all over the globe.
Renewable energy systems have been installed as part of this pro-
ject, and through the integration of more renewable sources of
energy, they have the ability to generate self-sufficient electricity
[1] as well as the reduction of carbon emissions. This project
has cemented the way for future renewable energy system.
Renewable energy sources like photovoltaics and wind energy
[2] are the two broadly utilised renewable sources of energy.
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Wind energy provides for 10% of overall power production in
the Indian subcontinent, but solar energy accounts for more than
30% of all renewable energy sources on the continent.

In the scientific literature, there has been some discus-
sion about a photovoltaic (PV) system that is powered by
the wind. Consequently, the integration and permeation of
renewable energy sources will confront significant hurdles
in the next years as a result of the worldwide expansion of
the power sectors. In combination with large-scale electricity
production units, renewable sources of energy like wind and
solar, as well as continuously improving control systems, are
helping to provide the groundwork for the development of
future green energy-based power-producing facilities. The
integration of wind-generated electricity into the electrical
grid is progressing at an exponential rate, thanks to today’s
technological advancements. Because blackouts are less
likely to occur when power suppliers raise the stiffness of
the system state, grid stability is maintained as a result of this
increase in rigidity. Large quantities of power have been
flowing at a gigantic scale from stand-alone renewable
energy facilities to the grid utility system in recent years
[3], and this trend is expected to continue.

When wind turbine and solar system are integrated, com-
bined capacity of two systems is greatly improved, which is
further enhanced by the employment of intelligent controllers.
It is feasible to increase the energy-gathering capacity of a sys-
tem by using various MPPT approaches and operating the sys-
tem at full power while employing diverse MPPT methods.
Power electronic components may be used to their maximum
potential by combining solar and wind energy sources in a
hybrid configuration, to the greatest extent possible.

Various control systems may be employed to ensure effective
power flow in a hybrid power system, and each has its own
advantages and disadvantages. The sort of conversion system
that will be used and the types of converters that will be used
in the system are all crucial variables to take into account. As a
consequence, various studies [4-7] have been undertaken on
the modelling of system design, which has compelled researchers
to pay even closer attention to technological challenges. A hybrid
distributed renewable energy system hardware design has been
developed to accommodate small-scale and laboratory-scale gen-
erating devices [8-13]. Researchers in [10-12] researched PV-
wind hybrid systems that were linked to the power grid, while
researchers in [13, 14] investigated a freestanding hybrid system.
14 and 15 are instances of [14-16] and examples of [14-16].

It is necessary to integrate storage units (batteries) in order
to compensate for the intermittent nature of energy produced
by PV-wind systems in order to provide continuous power,
particularly when operating as a stand-alone system.

In the opinion of the researchers, an autonomous operation
would increase the performance of distributed centres by manag-
ing microgrid resources via the use of an artificial intelligence-
enabled control system, which would be managed by a control
system. A power-management and control system of this kind
is being developed with the goal of regulating the flow of electric-
ity in the grid [17] via the management and control of energy
sources and sinks.

Specifically, we will develop and build a laboratory-scale
hybrid renewable system that will employ wind and solar
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energy in addition to an energy storage system, in order to
demonstrate the system’s viability and practicality. Control
approaches that are adequate for real-world regulating situ-
ations are used in order to ensure that the power emanating
from the two unique sources is monitored and regulated in
an efficient manner. Among the areas where the proposed
technique has the potential to be used for real-time investi-
gation and analysis is field of renewable source of energy.
It is feasible to adopt and test a broad variety of power elec-
tronic converters and regulating ways in order to evaluate
the functioning of the microgrid when using an open archi-
tectural design.

As a consequence of the required characteristics of a
hybrid wind-PV-producing system, the creation of a unique,
but simple and effective design for integrating the PV-wind
with the grid and an energy storage device, which is dis-
cussed in this paper, has occurred. The following are the
most important contributions made by this research, in no
particular order.

To supply the grid with environmentally friendly electri-
cal power, a grid-connected PV-wind system is implemented
via the use of independent variable speed controllers (VSCs)
and energy storage device, as shown in Figure 1.

Efficacy of the proposed microgrid-producing system is
further explored in simulation under a variety of operating
situations in the time domain, and the findings are con-
firmed with the laboratory prototype setup, as presented in
Figure 1.

2. The System under Consideration

It is proposed a hybrid microgrid system that includes a
combination of PV and wind energy.

3. Proposed System

A hybrid microgrid system is presented in which a mix of
PV- and DFIG-based wind generators serves as the major
energy source, with the battery backup serving as a second-
ary energy source.

Figure 2 gives the circuit diagram. In order to monitor
the most efficient solar and wind energy, the power conver-
sion stage makes use of a SEPIC converter and a three-phase
IGBT-based PWM rectifier. Using a buck-boost converter
with bidirectional power flow capacity, the battery arrange-
ment is connected to the power converter (PCC) [18]. Using
this method, the intermittent character of renewable energy
sources is reduced, and local support to the grid is provided
when renewable energy sources are not accessible [19]. It is
feasible to offer a flexible and cost-effective interface solution
by transmitting all of the power through a highly accessible
and energy efficient dc transmission system [20]. Maintain-
ing a reference voltage of 600 V and connecting the PCC to
the power grid via a three phases inverter is required in
order to keep PCC operational. In addition to lowering the
overall cost by eliminating the need for multiple inverters
for each source of energy, the efficiency of power conversion
is improved by increasing the utilization of converters to
their maximum capacity [21]. As a result, the recommended

system represented in Figure 2 has a high potential for inte-
grating renewable energy source into the grid though simul-
taneously enhancing the characteristics and availability of
power. A reference dc potential of 600V is used as a refer-
ence for comparison between the output of the SEPIC con-
verter positioned on the PV side and the output of PI
controller [22]. In order to identify an error, it is passed to
the comparator, which generates command pulses for the
SEPIC converter using a 10kHz triangle carrier wave in
order to detect the error. The tuning of the variables in the
PI controller is accomplished via the use of the GWO algo-
rithm [23]. Wind turbines are equipped with DFIGs that
receive three-phase power from the grid, and the rotor is
linked to a pulse width modulation rectifier that also gets
three-phase power. When the rotor speed surpasses the syn-
chronous velocity, the wind energy is converted into an equiv-
alent quantity of alternating current [24]. This is known as
synchronous velocity (AC). In the simulation, the wind speed
is set to vary between 4 and 16 miles per hour, with the maxi-
mum speed being 16 miles per hour. The rectifier is in charge
of converting the alternating current voltage that is generated
into alternating current direct current [25]. To produce the
error in PI controller, this value is compared to the reference
dc voltage in the circuit. In order to generate the right pulses
for the rectifier, this error is sent to the comparator.

In addition to being used as a backup power source, the
electricity generated by solar and wind energy is stored in
batteries [26]. Battery and PCC communication is accom-
plished by a bidirectional buck-boost converter. The charg-
ing and discharging phases of batteries are controlled by
an ANN-based controller, which in turn regulates the power
flow in one direction. The reference voltage of batteries is set
at a level that is 10 percent lower than the potential of the
dc-link. As a result, in this circumstance, the reference bat-
tery voltage is indicated as 540 V. As long as the voltage
across the battery stays constant in relation to the reference
voltage, the ANN controller will maintain the duty ratio of
the converter’s pulses constant at 0.5, resulting in the con-
verter being unable to obstruct the flow of power in either
direction, as shown in Figure 1. It is possible that the battery
voltage will reach its maximum voltage when it reaches
540V, at which point the converter will enter boost mode
(with a duty ratio greater than 0.5) and power will begin to
flow from the battery to the inverter, indicating that the bat-
tery has reached its maximum voltage. When the battery
voltage falls below 540V, the ANN controller changes the
converter’s operating mode to buck mode (duty ratio 0.5),
which allows the battery to be charged and the voltage to
be restored [27].

Via the use of a three-phase inverter, the direct current
(DC) link voltage is converted to alternating current (AC),
which is then fed into the utility grid, where grid synchroniza-
tion is performed through the use of the differential quadra-
ture theory. With the help of the voltage and current
sensors, it is possible to estimate the actual power available
on the grid, and this estimate is compared to the reference
1kW power. After the comparator generates an inaccurate
output, it is submitted to the dq theory for further investiga-
tion. As a result of this theory, the three-dimensional power
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FIGURE 2: Outcomes of the proposed architecture.

component is subdivided into two-dimensional direct and
quadrature components, respectively [28]. According to the
figure, this current is in contrast to grid current, in which the out-
put of the comparator represents the quantity of reactive compo-
nent present in the grid. The hysteresis controller, which is
coupled to the comparator’s output, creates the pulse width mod-
ulation (PWM) signal that the inverter requires [29].

Another important component of the SAPF is a three-
phase voltage feed inverter that is based on metal oxide
semiconducting field effect transistors (MOSFETS) technol-
ogy. Six MOSFET's with the required rating are used in this
application. It will regulate the charging and discharging of
the DC link capacitor in order to provide compensatory cur-

rent that is necessary. Antiparallel diodes are linked through
the MOSFETs in order to do two different tasks. Both of
these functions are necessary for the protection of switching
devices as well as the provision of the reverse route for
recharging the DC capacitor in the event that its value is less
than the reference value. The design of the control block has
a significant influence on the switching function of this con-
verter [30].

3.1. Capacitor for the DC Link. The utility provides active
power for the operation of the DC link capacitor, and this capac-
itor is responsible for meeting the reactive power requirements of
the connected load. The use of large-capacity capacitors is often
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recommended for maintaining steady direct current voltage.
However, there should be a trade-off in the selection of a value
between the lowest and the maximum value.

3.2. Inductor for the Output Filter. It is critical in connecting
the SAPFs to grid at point of common coupling, that is,
where they are associated to the grid (PCC). Because it func-
tions as a low pass filter (LPF), it is able to smooth out and
reduce both the amplitude and the frequency of ripples in
current harmonics introduced into the power system by
the converter block [31]. It also offers isolation for compo-
nents with a high frequency of operation. As long as the
leakage reactance of the coupling transformer is sufficiently
high, the filter inductance is given by the coupling
transformer.

3.2.1. Modeling of the Proposed System. Solar PV-based gen-
eration systems are turning out to be important renewable
energy sources as they provide several benefits like no fuel
requirements, pollution free, less maintenance, and noise
less, among other renewable sources. The equation relating
the voltage—current of PV panel is given below

AKT nle-—1Ipy,+n,l
Vpy =ng In { £5C PV pod s IpyRg, (1)
q nyI, n,

Ppy = Vpyelpy. (2)

Each characteristic has its own maximum power point
where the PV system can operate effectively. Figure 3 gives
the performance of PV array.

3.2.2. SEPIC Converter. Kk899bjical model is often devel-
oped for any form of issue in order to arrive at a solution....
Nevertheless, the process of solving harmonic problems in
three phase circuits by incorporating all system parameters
into the model is time-consuming and complicated. The
mathematical expression of the system must be reduced to
execute suggested harmonic correction method in electrical
simulation/hardware, as described above. Harmonic cur-
rents should be reformed by applying transformation in
order to get a straightforward implementation. Nonetheless,
the calculation has been performed using the reformed
model; however, the parameters must be changed back to
their original coordinates once again [32].

The three-phase currents in the “abc” coordinate system
are translated to the “dq” coordinate system in this step. The
low pass filter receives input as the altered vectors contained
in “dq” (LPF).

SEPIC converter has the ability of operating in either
buck or boost mode by following optimum power from the
PV system. The circuit of the SEPIC converter is provided
in Figure 4.
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FIGURE 3: Performance of PV array at T =25°C.

Based on the switch positions (S,), the differential equa-
tions are written as

di
L, 7? =—(1-=8)(v; +vy)+V,,
di
L, diz =8 = (1=8,)(v2)s
3)
dv . .
G ditl =(1=8.)(ip1) = Scira>
dv, V,

CZE =(1=8.)(ipy + i) - R

The state space modeling of the SEPIC converter is
expressed as

x = lipy i vy Vz]T’ S= [va] > (4)
1-S 1-S S 1-S) (1-S
i fo_ (1280 _(1=8) [ S (1=8) (1-8)
L L L, L, G,
S 1-S) (1-S
_7600( C)( C)O_L )
C, C, C, RC,
(5)
1 T
B=[L—OOO} ,C=[0001]. (6)
1

3.2.3. Grey Wolf Optimization. The metaheuristic GWO
algorithm imitates the grey wolves’ social manners. The
wolves stay in a group of 5-12 associates. Inside that gather-
ing, dominant pecking order is rehearsed; here, gathering
has a pioneer called alpha («), upheld through auxiliary
member called beta (f3), that help « in taking judgement.
The remaining individuals of gathering are called § and w
as appeared in Figure 4.

The order of prey chasing by the grey wolves is: search-
ing for prey, encompassing prey, chasing, and assaulting the
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x; is the location of grey wolves; x, is the location of
food; D is the distance; A and C are vectors

A=24d.

=]

—4;C=27, (9)

where 7, and r, are arbitrary numbers between [0, 1].
Figure 5 shows the grey wolf optimization of the pro-
posed work.
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3.2.4. Modeling of Wind Turbine. Wind energy system com-
posed of the turbine, a DFIG, AC-DC rectifier, and PI con-
troller. The electrical energy output through wind is
written as

P, == pAv’C,(A,0). (11)

N =

pdenotes density of air (kg/m’); A denotes area sur-
rounded by the blade of rotor (m?); v denotes wind velocity
(m/s); C, denotes power parameter which is depending on
tip velocity ratio and angle of pitch.

A variable velocity wind turbine is utilized in the work.
The output of DFIG dependent on velocity of wind that is
then rectified with the help of 3¢ IGBT PWM rectifier and
integrated at PCC.

The parameters K, and K; of the PI controller are

enhanced, then error voltage e(t) will be minimalized to
get anticipated performance.
The output u(t) of the PI controller is given by

u(t) = Kpe(t) +K,-Jte(t)dt. (12)

The best relevant function for reducing the error-
integrating function in this scenario, with regard to control
goals, is integral absolute error:

IAE = J|e(t)|dt. (13)

3.2.5. Modeling of Battery. The batteries require a bidirec-
tional power converter so as to keep the dc-link potential
at the optimal voltage level of 600V at the grid that is typi-
cally greater than the maximum voltage level of battery
(540'V). Figure 6 gives battery setup.

Initially, the duty ratio is kept as 0.5, and the converter
will neither operate in boost nor buck mode; hence, there
will not be power flow across batteries. According to the var-
iation between the magnitude of dc-link potential level and
battery terminal reference voltage level, the duty cycle of
converter is varied by an ANN controller. Figure 7 gives a
control unit of converter.

3.2.6. DQ-Based Control of 3¢ Inverter. The grid synchroni-
zation is achieved by considering the phases of grid voltage
and inverter output voltage. Among several methods of grid
synchronization, grid voltage filtering can be used in dq and
af3 reference frames.

Initially, the 3¢ abc is transformed into 2¢) af3 stationary
reference frame and then to dq reference frame which
revolves at synchronous velocity.

Various control methods are available to control the 3¢
PWM VSI connected with grid to control active and reactive
powers. A well-known small signal model can be used to
control where 3¢ system is converter into dq frame (rotating
references) that is called as Park’s transformation.

The 3¢ PWM controller provides 3¢ PWM signal using
three channels. The Clarke transformation is employed in 3¢
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system to reduce three-phase components into 2¢ stationary
reference frame components. The latter two components
play a primary role in generating the PWM pulses.

[VaVpVo] =

Wl N

[sinsin 0 sinsin (9 - 1200) sinsin
0+ 1200) coscos 6 coscos (60 — 1200) COSCOS

6+120°)0.50.50.5] [V, V, V,].

—~

(14)

The below equation represents the Park transformation
where the stationary frame is converted into rotating frame

[V4V,] = [coscos 6, sinsin 6, — sinsin 6, coscos 6] * [V, Vg |.

(15)
4. Experimental Analysis and Results

A time scale simulation setup is developed for PV-wind sys-
tem in Matlab to evaluate and validate system performance.

Figure 8 gives the solar parameters. The PV-wind gener-
ator is rated at 1kW, which is the maximum power it can
produce. The sim power-system toolbox is used to create
the whole set of models shown here. The discrete type sim-
ulation is employed with a sample time of 20ms, and the
results are shown graphically. A major goal of the proposed
system is to provide constant electricity to the grid under a
variety of producing scenarios by using hybrid energy
resources.

Changing the temperature controls the amount of solar
insolation received, which results in a range of irradiance
levels ranging from 800 W/m® to 1000 W/m>. Change the
fan blower’s speed from 4 metres per second to 12 metres
per second to alter the wind velocity. Figure 9 gives output
optimized graph.

Approximately 15 numbers of 12V batteries are linked
in series in order to provide an output voltage of 180 V. With
a primary short circuit current of 10 A, panel arrays main-
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FIGURE 8: Solar parameters.

tain an average short circuit current of 2.5A during the
course of the simulation.

It has been determined to adjust the ranges of values
from the useable minimum and maximum operating ranges
of PV array and wind system to verify behavior of the system
in existence of these modifications. In addition, the grid is
variable in this case, as it would appear in a real-time envi-
ronment under the nonloading condition, allowing for the
measurement of the operational performance of the power
conversion and battery systems in response to changes in
the quantity of energy created by the PV and wind energy
systems, correspondingly.

To check and analyze the proposed PV-wind-battery sys-
tem’s main qualities, an FPGA-based laboratory setup of the
system is being constructed. The PI controller for wind energy
has not been tuned in the same way that the SEPIC converter
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FIGURE 9: (a) and (b) SEPIC converter output with and without optimization.

output has not been optimized [33]. It makes use of the DC
link voltage as the sole feedback signal, which is provided by
a signal conditioning device connected to the appropriate
channel. For the controllers to be able to operate the converter
through an independent driver circuit, internal PWM mod-
ules are needed. It is compulsory to utilise the input-output
pins to operate power contactors via use of EM relays. The
complete control system has been discretized and coded in
the dsPIC3050 FPGA controller (field-programmable gate
array).

As a result, the total harmonic distortion (THD) and
harmonic content (HC) are kept to a minimum in order to
comply with the IEEE current guideline.

The results obtained support the notion of independent
control over the various sources of information (PV, wind,
and battery). Effective control of solar voltage in order to
maintain optimal [34] power, effective control of rectified
output from wind generation units in order to maintain
optimal power from wind turbine systems, and the intelli-
gent control of battery all contribute to reducing power def-
icits and ensuring a consistent supply of electricity to the
grid, according to the International Energy Agency (IEA).

5. Conclusion

A grid-interactive PV-wind renewable power system fed by
an interleaved SEPIC converter controlled by an optimized
PI controller and a three-phase PWM rectifier controlled
by a conventional PI controller can track MPPT from both
solar and wind, allowing regulated dc voltage to be obtained
from both sources, as discussed in this paper. Because of the
battery backup system, it is feasible for this mixture system
to deliver more consistent power while also giving more reli-
ability than power sources that do not have backup system.

PI controller and battery controller are well-known in the
area of renewable energy system for their ability to keep a
steady dc voltage in face of power variations in PV and wind
turbine systems. The maximum power from PV and wind is
followed in this manner, independent of changes in factors
controlling PV and wind. This is true regardless of changes
in temperature, irradiance, and wind speed.

ANN manages the charging and discharging states of
batteries to provide continuous energy to the grid when
major power sources are unable to provide the amount of
electricity required by the system. This section discusses
the general system description of the proposed power model,
as well as the converter and control strategies that are used
to implement it. The results of the simulation and hardware
validation demonstrate that the system is feasible. Using the
GWO-optimized PI controller in conjunction with an unop-
timized controller, it is shown that the power fluctuations in
the hybrid system are effectively avoided. Choosing the tun-
ing parameters has been done with the purpose of minimiz-
ing the TAE while enhancing the converter’s flexibility. For a
step modifying in input power, the dynamic parameters of
converter were examined, and the results of the simulation
were also given. It is also feasible to lower the time domain
parameters of the controllers with the help of the optimized
PI controller, which has been developed. The increased
power rating of the system may be used to further enhance
this work, and the overall performance of the system can
be assessed by integrating the controller with other optimi-
zation approaches.

Data Availability

The data that support the findings of this study are available
on request from the corresponding author.
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