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Abstract- This research proposes a solution to the challenges posed by the intermittent nature of renewable energy
sources (RES) like wind and solar electricity through the utilization of a hybrid RES system, comprising a solar
photovoltaic (PV) array and a wind turbine generator (WTG). The system's power delivery and quality are enhanced
using Al technology, particularly neural networks employed in an innovative eye-based control technique. By
integrating energy storage systems (ESS) and employing advanced Al-based control methods, the power quality of
the hybrid RES system is significantly improved. This improvement, characterized by reduced voltage and
frequency stress, enables the system to operate reliably across various weather conditions, thus ensuring consistent
and dependable power supply. Standalone hybrid renewable energy systems, combining solar, wind, and energy
storage devices, offer a viable solution for delivering safe and reliable power in rural areas. However, challenges
such as voltage swings and harmonic distortion may arise due to the erratic nature of renewable energy sources. In
this study, an Al-driven approach is proposed to address these challenges. The system predicts the output power of
solar and wind systems using techniques like artificial neural networks (ANN) and fuzzy logic (FL), enabling the
energy storage system to balance power generation and consumption based on anticipated values. This dynamic
adjustment of output power to match load demand enhances power quality. To ensure the accuracy of prediction
models and optimize system effectiveness, a real-time monitoring system is implemented. MATLAB/Simulink
simulations validate the proposed approach, demonstrating significant improvements in power quality metrics such
as total harmonic distortion (THD) reduction and power factor (PF) enhancement. Additionally, the proposed
technique maintains a consistent power output across varying weather conditions, thereby enhancing system
reliability.
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1. INTRODUCTION

As global energy demand continues to rise and conventional energy sources diminish, the world increasingly
looks towards renewable energy sources (RES) due to their widespread availability and environmental
friendliness. India leads one of the largest renewable capacity expansion programs globally, with distributed
energy generation systems, such as photovoltaic (PV) and wind energy, playing a pivotal role in clean energy
production. However, the intermittent nature of solar and wind energy necessitates the integration of energy
storage systems to ensure consistent energy supply, particularly in standalone applications. Hybrid renewable
energy systems, combining multiple energy production sources, are gaining popularity to address this challenge.
Wind and solar are the most commonly utilized RE systems, their installation locations carefully selected based
on climate and topology considerations. The reliability of hybrid renewable energy systems is further enhanced
by incorporating energy storage units, such as battery banks, to meet occasional load demands when renewable
resource production is insufficient. These systems may operate connected or disconnected from the grid, with
standalone systems entering islanding mode to prioritize power reliability. Despite their environmental benefits,
RES integration poses challenges related to energy quality, particularly voltage and frequency stability issues. To
address these challenges, this research proposes a unique Al-based system that harnesses solar and wind energy
to power Al applications. By leveraging the complementary properties of solar and wind energy, the proposed
system optimizes generation and utilization, thereby enhancing effectiveness and efficiency.

This study focuses on the conception, dynamic modeling, energy management, and control strategies of hybrid
systems. The author proposes and examines an effective control strategy for managing energy in standalone hybrid
solar-wind systems across various operational scenarios. Given the constant energy demand, the integration of
batteries, supercapacitors, and backups into the hybrid system ensures its efficiency under fluctuating weather and
load conditions.

2. PROPOSED CONFIGURATION AND MODELING OF THE HRES

The proposed Microgrid comprises a hybrid PV-Wind system integrated with a Hybrid Energy Storage System
(HESS) to cater to the power needs of an off-grid community. The Microgrid includes a PV system connected via
a boost (DC-DC) converter, a Wind Energy Conversion System (WECS) connected via a boost converter
employing optimum torque (OT) based Maximum Power Point Tracking (MPPT) technique, and an HESS system
connected via a bidirectional (DC-DC) converter controlled by an Artificial Neural Network (ANN) based
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controller. These converters are linked to a common DC Link operating at 650 V. To power AC loads, a fuzzy-
based Voltage Source Converter (VSC) controlled inverter is utilized. Additionally, a Dynamic Voltage Restorer
(DVR) is connected at the Point of Common Coupling (PCC) to mitigate voltage sag/swell and improve system
power quality. Any disparity between supply and load side feeders (F1 and F2 respectively) is rectified by
injecting proper voltage via a voltage source inverter through an injecting transformer. An LC filter circuit is
employed to suppress unwanted harmonic components. In scenarios where the generated wind and solar power
exceed the load demand, the battery is charged initially. If the charging current of the battery surpasses a certain
threshold, the supercapacitor is engaged in charging mode. Conversely, when the battery needs to discharge, and
if the discharging current exceeds a set limit, the supercapacitor enters discharging mode to fulfill the load power
demand.
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Fig. 2.1 MATLAB/Simulink Implementation of Dynamic Model for Hybrid Solar PV Wind Microgrid
2.1 PV System Modeling

The equivalent circuit of a PV cell is shown in Fig. 2.2 The current source I, represents the cell photocurrent.
Rgh and R are the intrinsic shunt and series resistances of the cell, respectively. Usually the value of Ry, is very
large and that of R is very small, hence they may be neglected to simplify the analysis. Practically, PV cells are
grouped in larger units called PV modules and these modules are connected in series or parallel to create PV arrays
which are used to generate electricity in PV generation systems. The equivalent circuit for PV array is shown in
Fig. 2.3.

The voltage—current characteristic equation of a solar cell is provided:

Module photo-current I,,: Ipp = [Isc + K; (T —298)] = 1. /1000

Here: I,;,: photo-current (A), I.: short circuit current (A), K;: short-circuit current of cell at 25 °C and 1000 W/m2,
T: operating temperature (K), I.: solar irradiation (W/m2).

Module reverse saturation current I5: I.s = Isc /[exp (qV,yc /NgknT) — 1]

Here: q: electron charge = 1.6 x 10—19C, V,.: open circuit voltage (V), Ns: number of cells connected in series,
n: the ideality factor of the diode, k: Boltzmann’s constant, = 1.3805 x 10-23 J/K.
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Fig. 2.2 PV Cell Equivalent Circuit
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Fig. 2.3 Equivalent Circuit of Solar Array
The module saturation current lo varies with the cell temperature, which is given by:

T3 xEgo (1 1
o= 1s [o] exp [F52 (5 - 7)) @)
Here: T,: nominal temperature = 298.15 K, Eg: band gap energy of the semiconductor = 1.1 eV The current
output of PV module is:

o

v +1x Rs
I=Np X L, — Np X Iy X [exp(msnxivmp)—l] — I )
t
vx NP/ 4 IxR
with v, =T and Ishzﬁ
q Rsh

Here: Np: number of PV modules connected in parallel, R: series resistance (), Rsn: shunt resistance (€2),
V;: diode thermal voltage (V).

2.2 Wind System Modeling

The torque controller aims to enhance the efficiency of wind energy capture across a broad spectrum of wind
speeds by ensuring the generated power remains at its optimum level. This is achieved through the block diagram
depicted in Fig. 2.4. Irrespective of the wind velocity, the Maximum Power Point Tracking (MPPT) tool imposes
a torque reference capable of extracting the maximum available power. The curve T_opt is represented as:

2
Topt = Kopt *O‘)Opt (3)
Where
3
I
Kopt :O'S*F)A* }\‘m *CP—max (4)
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Fig. 2.4 Optimal Torque Control MPPT Method
The PMSG model is presented in figure. This dynamic model assumes no saturation, a sinusoidal back e.m.f. and
negligible eddy current and hysteresis losses. It takes into account the iron losses and the dynamic equations for
the PMSG currents are:

di, 1 . .

d—td=L—d(vd—Rst|d+qulmq), (5)

di 1 : :

d—r:q:L—(Vq—Rsth+(oqum—(o\uPM), (6)
d

. 1 di, . .

i :R_(Ld dtd —oL i +R i), @)

| di , :

iy :R—(Lq d—r:q+o)Ld|md +OYpy + R ), 8)
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where iqigare the dqaxes currents, V'yq Vgjare the djaxes voltages,i'cq)icq are the dqaxes iron losses currents,
img,imqare the dqaxes magnetizing currents, Lq Loare the dgaxes inductances, If/PM is the mutual flux due to
magnets, OJ is the fundamental frequency of the stator currents, R, is the iron losses resistance and R.is the stator
resistance.

2 : .
The electromagnetic torque equation of the PMSG is: T, = 3 p[l//PM g +(Ly — Lyl ng ] (11)

where p is the number of pole pairs
2.3 Modeling of Batteries

The Battery block implements a basic dynamic model parameterized to be best common types of rechargeable
batteries.
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Fig. 2.5 Battery Equivalent Circuit
For the nickel-cadmium and nickel-metal-hydride battery types, the model uses these equations:

Discharge Model (i* > 0) f; (it,i *,i,Exp) = E; — K .% i* =K Sy it + Laplace? (i%((ss)) . )

. e Exp(s) 1
Charge Model (i* <0) f, (it,i*,i,Exp) =E; —K ﬁ . Sel;(s) . ;).
In the equations:
Here, EgaiS nonlinear voltage, in V, Eq is constant voltage, in V, Exp(s) is exponential zone dynamics, in V,
Sel(s) represents the battery mode, Sel(s) = 0 during battery discharge, Sel(s) = 1 during battery charging, K is
polarization constant, in Ah™?, i* is low frequency current dynamics, in A, i is battery current, in A.

it is extracted capacity, in Ah. Q is maximum battery capacity, in Ah., A is exponential voltage, in V., B is
exponential capacity, in Ah™

2.4 Supercapacitor Control Strategy

The role of supercapacitor Control Strategy is very important to make DC bus voltage constant and to remove the
stress of the battery during pulsed load. The main focus of the proposed control scheme is on the supercapacitor

s —K.—> jit+ Laplace'l(
Q —it

reference (iscyref ) current generation which depends on the battery reference (iB’ref ) and battery error current (

lerror )- The current control of the supercapacitor is achieved by the control variable (Dsc). In proposed control

scheme supercapacitor quickly responds towards the sudden change occurs in DC bus voltage due to
environmental change or load variation. Fig. 2.6 shows the control strategy for supercapacitor.
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Fig. 2.6 Control Strategy for Supercapacitor
. . . . Vv
Isc,ref = I:IB,ref - IB,r + lerror :I\/_ (12)
sC

The supercapacitor reference current ( iscyref ) is obtained from battery reference current ( iBYref ) and the gain of DC
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bus voltage estimator (ch) is given by equation.

. ) 2 cto+T . . VB

Isc,ref :|:IB,ref _?J‘to IB,ref dt+lB:|Vsc (13)

R . 2 to+T . ; VB ;

Isc,error = |:|B,ref - ? J‘to IB,ref dt+ I :lvsc —lg (14)
VB ZVB to+T

\%
=0  —=——2 I dt+—210, —1i (15)
sC B, ref B, ref B sc,error
Vsc TVsc o sC

The supercapacitor state model during boost mode operation is given by:

di
Voo = Lsc d;c + Ve (1_ Dsc)

(16)
dv V.
dc __ § dc
Csc dt - Isc (1_ Dsc ) + R, I—eq (7)
dv \Y;
H 1 dc dc
e = I Dsc + Cy dt - R, I—eq (18)
By solving 3.63 and 3.64, the control variable D, is obtained
v, |. 2 (T, ] c..dv v
Dsc = : |:|B,ref __.[ 0 IB,ref dt-HB:l_ SC:QFFOT - S.C & + . d (19)
Ichsc T b Isc Iscdt Isc RLeq
Where RLeq ,is the equivalent load resistance
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Fig. 2.7 Simulink Model of Novel Control Strategy
3. SIMULATION RESULTS AND DISCUSSION

Case-1: Simulation Response at Constant Irradiance (1000W/m2) and Constant Load (8kw) with Wind
Speed Change (12 m/s to 8 m/s, 8 m/s to 10 m/s, 10 m/s to 12 m/s)

In this simulation test, both the Photovoltaic (PV) system and the Wind Energy Conversion System (WECS)
operate simultaneously. The irradiation of the PV system is maintained constant at 1000 W/m2, as depicted in Fig.
3.1 (a), throughout the test. Consequently, the power output of the PV system remains constant at 9.8 kW, as
illustrated in Fig. 3.1 (b). Additionally, the load is kept constant at 8 kW, while the wind speed varies between 12
m/s to 8 m/s, 8 m/s to 10 m/s, and 10 m/s to 12 m/s, as shown in Fig. 3.2 (a). These variations in wind speed
influence the performance of the WECS during the simulation test.
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Fig. 3.1 Waveform of (a) Irradiance (W/m?) and PV Temperature (°C), (b) PV Voltage (volt) and PV
Output Power (kW)

The Fig. 3.1 shows the test results with constant irradiation at 1000 W/m2. The Fig. 3.1 shows (a) Irradiance
(W/m?) and PV Temperature (°C), (b) PV Voltage (volt) and PV output power(KW).
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Fig. 3.2 PV System Output Power at Constant Irradiation 1000 W/m?
From Fig. 3.2, it is clear that for constant irradiation 1000 W/m?, the output power of the PV system is also
remaining constant at 9.8 kw.
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Fig. 3.3 Waveform of (a) Input Wind Speed ws and PMSG Speed wm, (b) PMSG Output Power Pqc and
Electromagnetic & Mechanical Torque Te & Tm, (C) PMSG Phase to Phase Voltages Vab Ve Vea, (f) PMSG
Phase Current I I Ic
The simulation results of the Wind Energy Conversion System (WECS) during varying wind speed are presented
in Figure 3.3, showcasing: (a) The input wind speed (ws) and PMSG speed (wm). (b) PMSG output power (Pac)
alongside electromagnetic and mechanical torque (Te & Tm). (¢) PMSG phase-to-phase voltages (Vab, Vbc, Vca)
and phase current (Ia, Ib, Ic). Analysis of the results reveals the following: Att=0 sec to t = 1 sec, the input wind
speed of the WECS is 12 m/s, resulting in a rotor speed of the PMSG at 1400 rpm. Correspondingly, the power
output and torque are measured at 6.3 kW and 42 N-m, respectively. At t = 1 sec, the input wind speed of the
WECS decreases to 8 m/s from 12 m/s, causing the rotor speed to decrease to 930 rpm. Consequently, the power
output and torque decrease to 1.9 kW and 18.4 N-m, respectively. At t = 2.5 sec, the input wind speed of the
WECS increases to 10 m/s from 8 m/s, resulting in the rotor speed increasing to 1132 rpm. Correspondingly, the
power output and torque increase to 3.7 kW and 29.3 N-m, respectively. At t = 4 sec, the input wind speed of the
WECS returns to 12 m/s, leading to the rotor speed reaching 1400 rpm again. Consequently, the power output and
torque increase to 6.3 KW and 42 N-m, respectively. Fig. 3.4 illustrates the variation in the output power of the

PMSG concerning the changed wind speed.
PMS‘G Output Pov‘ver & Wind Splneed

16 T
Power Pac Wind Speed wg
14 - -
12
E 10 - A
g
= 8r -
Z-Jm
& 6 — - 3
\4 S/
al . - _
2 ] .
0 L L L 1 1
0 1 2 3 4 5 6
Time (sec)
Fig. 3.4 Power Output When Wind Speed Changed from 12 m/s to 8 m/s, 8 m/s to 10 m/s, 10 m/s to 12 m/s
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Fig. 3.5 Waveform of (a) Battery Output Voltage (volt) and Battery Output Current (Amp), (b) Battery
SOC (%)

In this simulation, the power generated from the hybrid system is directed to the common DC bus. An Avrtificial
Neural Network-based intelligent control strategy is employed to maintain a balance between generation and load
power demand. Additionally, a hybrid storage system is integrated at the same DC bus viaa DC-DC Buck-Boost
converter.

The simulation results of the battery behavior during the test are depicted in Figure 3.5, comprising: (a) Battery
voltage and battery current. (b) Battery State of Charge (SOC). In Figure 3.5 (a), it's observed that the battery
voltage remains constant at 340V throughout the test. Initially, the SOC of the battery is set at 60%. At the
simulation's onset, between time period t = 0 and t = 1 sec, when the irradiation for the PV system is 1000 W/m?
and the wind speed of the WECS is 12 m/s, the combined output of the hybrid microgrid system amounts to 16.1
kW, surpassing the power demanded by the load. Consequently, surplus power is channeled to the battery through
the DC-DC converter. The battery operates in the charging mode during this interval, with a charging current of
21.3 A, as indicated in Figure 3.5 (a). Simultaneously, the SOC of the battery begins to increase from its initial
value, as shown in Figure 3.5 (b). Att =1 sec, the wind speed of the WECS decreases to 8 m/s, while the irradiation
for the PV system remains constant at 1000 W/mz2. Consequently, the power output of the WECS reduces to 1.9
kW. However, the combined output power of the hybrid microgrid during this period remains greater than the
load power demand, amounting to 11.7 kW. The battery continues to charge, now with a reduced charging current
of 9.5 A, leading to a slower rate of increase in SOC. Subsequently, at t = 2.5 sec, when the wind speed of the
WECS increases to 10 m/s, the power output of the WECS rises to 3.7 kW, and the combined output power of the
hybrid microgrid during this interval increases to 13.5 kW. The battery continues to charge with an increased
charging current of approximately 12 A, with the rate of SOC increase also accelerating.
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and Supercapacitor SOC (c) Battery switching Pulse of Switch S1 & S2, (d) Supercapacitor Switching
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At t = 4 sec, the wind speed of the Wind Energy Conversion System (WECS) is further increased to 12 m/s,
resulting in the power output of the WECS rising to 6.3 kW. Consequently, the combined output power of the
hybrid microgrid during this interval reaches 16.1 KW. The battery charging current reaches 18.5 A, with the rate
of rise of State of Charge (SOC) also increasing. The intelligent controller's strategy is designed to maintain the
DC bus voltage constant, even when there are changes in the microgrid input. Figure 3.6 (a) illustrates the DC bus
reference voltage alongside the actual DC bus voltage. It's evident from Figure 3.6 (a) that despite the changes in
wind speed of the WECS in a stepped manner, the developed control strategy effectively maintains the actual DC
bus voltage equal to the DC bus reference voltage. In Figures 3.7 (a) and (b), the battery reference current (Iref)
and actual battery current (Ib), as well as the supercapacitor reference current (Isc ref) and actual supercapacitor
current (Isc), alongside the supercapacitor SOC, are displayed, respectively. Additionally, the switching pulses of
the DC-DC buck-boost converter switch S1 and S2 for the battery and supercapacitor are depicted in Figures 3.6
(c) and (d), respectively. The generated DC bus voltage is supplied to the fuzzy-controlled inverter, which
generates AC output voltage for the load. Figure 3.7 illustrates the three-phase AC output voltage of the inverter,

while Figure 3.8 showcases the switching pulse for the fuzzy-controlled inverter.
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Fig. 3.8 Switching Pulses Waveform of Inverter Switches

During the test, a comparison of power between the load, battery system, Wind Energy Conversion System
(WECS), Photovoltaic (PV) system, and supercapacitor is illustrated in Fig. 3.9. The load is maintained constant
at 8 kW throughout the test, indicated by the black line. Since the irradiation remains constant at 1000 W/m?
during the test, the power output of the PV system also remains constant at 9.8 kW, depicted by the blue line.
However, the wind speed of the WECS varies in a stepped manner throughout the test, resulting in changes in the
output power of the Permanent Magnet Synchronous Generator (PMSG). Specifically, fromt=1sectot =25
sec, the wind speed decreases from 12 m/s to 8 m/s, causing the PMSG output power to decrease from 6.3 kW to
1.9 kW. Then, from t = 2.5 sec to t = 4 sec, the wind speed increases to 10 m/s from 8 m/s, leading to the PMSG
output power increasing to 3.7 kW from 1.9 kW.

The power output of the Wind Energy Conversion System (WECS) is depicted by the magenta line. The red and
green lines represent the power fed to the battery and supercapacitor, respectively. At timet =4 sec and t = 6 sec,
the power output of the Permanent Magnet Synchronous Generator (PMSG) is further increased to 6.3 kW because
the wind speed has again reached 12 m/s. Consequently, the power fed to the battery also increases.
Simultaneously, the supercapacitor enters charging mode to alleviate the current stress on the battery.
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Fig. 3.9 Power Levels of Load, Battery, Wind, Solar System and Supercapacitor

CONCLUSION

The proposed maximum power point tracking techniques effectively extract optimum power solar wind renewable
energy sources. The proposed intelligent control strategy effectively handled the hybrid energy storage system
and maintain the DC bus voltage constant. The proposed intelligent control strategy successfully reduces the
current stress of the battery by supercapacitor in both charging and discharging mode hence it improves the life
of the battery. The power transfer in between hybrid energy storage system automatically handled by artificial
neural network-based controller. The fuzzy based inverter restricts the voltage output at desired level and reduce
the harmonics distortion within the range specified by IEEE 519 standard, hence improve the power quality. The
simulation results show that both individual and hybrid generation system are capable of meeting the load
requirements with hybrid energy storage system and keep the load voltage constant at specified limit during
symmetrical and unsymmetrical operating conditions.
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