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Abstract- The major problem in renewable energy system is that the variation in power generation from time to
time because of the intermittent nature of the renewable sources. In this paper presents a fault analysis,
classification, and mitigation technique for a hybrid grid-connected photovoltaic (PV) wind energy conversion
system (WECS) using Artificial Neural Network (ANN) based Dynamic Voltage Restorer (DVR). The proposed
system aims to improve the performance and reliability of the hybrid energy conversion system during fault
conditions. The study uses simulation to evaluate the effectiveness of the proposed fault analysis, classification,
and mitigation technique in detecting and mitigating various types of faults in the hybrid system, such as voltage
sag, voltage swell, symmetrical and asymmetrical faults. The results show that the proposed system is effective
in detecting and classifying the faults accurately and mitigating them using DVR. The ANN-based fault
classification algorithm provides high accuracy in identifying different types of faults, and the DVR is capable of
quickly restoring the system's voltage to its nominal level. The study concludes that the proposed fault analysis,
classification, and mitigation technique can significantly improve the reliability and performance of the hybrid
PV-WECS system during fault conditions.
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1. INTRODUCTION

Amidst the acute depletion of fossil fuels and escalating concerns over atmospheric pollution, there is a growing
global fascination with renewable energy sources such as photovoltaic (PV), wind, and hydro power. Solar and
wind energy, in particular, are abundantly available worldwide. However, the intermittent nature of these
renewable resources necessitates innovative solutions for consistent power generation. To address this challenge,
the concept of Hybrid Renewable Energy Systems (HRES) has gained prominence. HRES involves the
combination of two or more energy sources with a storage system to enhance efficiency and reduce the cost of
energy production, especially in remote locations. Unlike single-source systems, remote hybrid systems
demonstrate superior performance. Managing the fluctuations in generated power is crucial, and literature reveals
various HRES types operating in grid-connected or stand-alone modes.

In the realm of HRES, energy management is typically achieved using a Proportional-Integral (PI) controller. This
controller regulates a buck-boost bi-directional converter for battery charging and discharging, incorporating a
current control strategy to maintain power balance. The conventional control strategy relies on mathematical
modeling of the system. Hybrid systems emerge as effective solutions for electrical energy generation, especially
in remote or micro-generation settings linked to a weak AC grid. By combining conventional and renewable
energy sources through a DC bus, these systems offer versatility. In isolated areas, integrating electro-chemical
storage with hybrid systems can eliminate the need for diesel generators.

This study focuses on a hybrid generation system that combines PV and wind turbines with storage batteries to
overcome periods of insufficient generation and facilitate system control. Various system topologies are available,
depending on the interface converters between sources and the interconnection technique. The investigation
includes energy losses in power conditioning converters, optimal control, and energy management.

The primary objective of this work is to explore the proposed system is effective in detecting and classifying the
faults accurately and mitigating them using DVR. The ANN-based fault classification algorithm provides high
accuracy in identifying different types of faults, and the DVR is capable of quickly restoring the system's voltage
to its nominal level. The study concludes that the proposed fault analysis, classification, and mitigation technique
can significantly improve the reliability and performance of the hybrid P\V-WECS system during fault conditions.

2. DESCRIPTION OF PROPOSED CONFIGURATION AND MODELING OF THE
HRES
The Simulink model of the proposed grid connected wind PV energy conversion system is shown in the fig. 2.1.

The model consists of 2MW of PV system and 2MW of wind system. The system voltage is 440V rms and grid
side voltage is around 63KV RMS. The 100KW load is connected with the ANN — based DVR system which is
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used to mitigate the power quality issues occurs during faulty conditions. An additional load of 50KW is
connected with the system with the help of circuit breaker to analysis the system dynamic performance.
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Fig. 2.1 Simulink model of the proposed grid connected wind PV energy conversion system with artificial
neural network-based DVR

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.
Rgp and Ry are the intrinsic shunt and series resistances of the cell, respectively. Usually the value of Ry, is very
large and that of Ry 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. 2.2.

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/m?,
T: operating temperature (K), I.: solar irradiation (W/m2).

Module reverse saturation current I5: I.s = Is. /[exp (qVyc /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.

iph (1) V¥ R, v

o

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:

T13 xEgo (1 1
fo = T[] o0 [F52 (5 - 7] M
Here: T,: nominal temperature = 298.15 K, Ego: band gap energy of the semiconductor = 1.1 eV The current

output of PV module is:

A% Rs
/Ne X S/N
I=NPXIph—NpXIOX[exp<SnX7VtP = 1| = I (2)
Kk XT VXNP/NS+IXR5

With Vt = T and Ish = R
sh

Here: Np: number of PV modules connected in parallel, Rg: series resistance (Q2), Rsh: shunt resistance (Q2), V;:
diode thermal voltage (V).
Table-2.1 Electrical characteristics data of Sun Power SPR-305E-WHT-U Module

Name Sun Power SPR-305E-WHT-U
Rated power (Vmp) 305.226 W
Voltage at maximum power (Vmp) 54.7V
Current at maximum power (Imp) 5.58 A
Open circuit voltage (Voc) 64.2V
Short circuit current (Isc) 5.96 A
Total Series-connected modules per string 11
Total Parallel strings 3
Maximum system voltage 700 V
Range of operation temperature —40 °C to 80 °C

2.2 Wind System Modeling

The aim of the torque controller is to optimize the efficiency of capturing wind energy in a wide range of wind
velocities, which retains the power generated by the machine as the optimal expressed value. It can be seen from
the block diagram shown in Fig. 2.4. For any wind speed, the MPPT tool impose a torque reference accomplished
of extracting maximum power. The curve T, is expressed by:

Topt = Kopt *O‘)gpt
@)

Where

3

I
Kopt = OS*p A* = *CP—max (4)
}\’opt
K Reference
opt Torque ; Wy
X i P Controller > ng;l{sl?:;rgy >
Generator Torque
o) |«
Fig. 2.4 The Block diagram of Optimal Torque control MPPT Method
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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_t(j:L_(Vd_Rst'd"‘qu'mq)’ ©)
d

di 1 i .

dr:q :L_(Vq_Rsth-i_(Dqumd_mWPM)’ ©
d

. 1 di, . -

1, :R_(Ld dtd _(DLquq +Rc|md)' 0

C

) 1 di,, : -

Iy :R_(LQT—HDLd'md+03\VPM+Rclmq)’ ©

iy =iy =iy, ©)

g =l =g v

where igiqare the djaxes currents, V'y Vgare the dgaxes voltages,i'.qicq are the dqaxes iron losses currents,
img,imqare the dqaxes magnetizing currents, Lq Lyare the djaxes 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[t//PM g +(Ly — Lyl g ] (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.

t
J
0

First order
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Fig. 2.5 Battery Equivalent Circuit of the Block Models
For the nickel-cadmium and nickel-metal-hydride battery types, the model uses these equations:

. . s _ _ Q .. . -1 (Exp (s)
Discharge Model (i* > 0) f; (it,i + i, Exp) = By —K.o=.i* —K.o=. it + Laplace (Sel © 0)
Q

Exp(s) 1
K'|it| +0.1.Q° )

Charge Model (i* <0) f, (it,i *,i, Exp) = E, — Sel5) " 5
In the equations:

Here, Eg,iS 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™
3. SIMULATION RESULTS AND DISCUSSION

This system presents, following different Simulink studies designed to investigate the applications of the proposed
control strategy with hybrid generation system in stand-alone power generation mode.

i —K.—L jt+ Laplace‘l(
Q —it
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Case-1: Simulation response at constant wind speed, constant load and varying irradiance
In this case, wind speed, temperature and load are kept constant at speed of 12m/s and 25°C, SOKW respectively

but irradiance is kept varying. The simulation results during asymmetrical fault, symmetrical fault are discussed
below.
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Fig. 3.1 Simulation results at constant irradiance and temperature of 1000w/m? & 25°C, respectively,
Waveform of irradiance and temperature.

As shown in fig. 3.1, stair-case profile of irradiance is used for whole simulation time. The irradiance changes
from 900w/m2 to 400w/m2 to 600w/m2 to 800w/m2 to 1000w/m2 between time duration of; t=0 to t=0.6sec,
t=0.6 to t=1.2sec, t=1.2 to t=1.8sec, t=1.8 to t=2.2sec, & t=2.2 to t=2.5sec respectively. Temperature and load are
kept constant for whole simulation time.

As shown in fig. 3.2, PV array voltage changes from 1157V to 514.2V to 771.3V to 1028V to 1284V and PV
array current changes from 164.3A to 73.01A to 109.5A to 146.1A to 181.8A between time duration of; t=0 to
t=0.6sec, t=0.6 to t=1.2sec, t=1.2 to t=1.8sec, t=1.8 to t=2.2sec, & t=2.2 to t=2.5sec respectively.
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Fig. 3.2 Simulation results at constant irradiance and temperature of 1000w/m? & 25°C, respectively,
Waveform of PV voltage and PV current.
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Fig. 3.3 Simulation results at constant irradiance and temperature of 1000w/m? & 25°C, respectively,
Waveform of PV power.
As shown in fig. 3.3, PV array power changes from 155200W to 30640W to 68950W to 122600W to 192100W

between time duration of; t=0 to t=0.6sec, t=0.6 to t=1.2sec, t=1.2 to t=1.8sec, t=1.8 to t=2.2sec, & t=2.2 to
t=2.5sec respectively.
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PV Array Power & irradiation
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Fig. 3.4 Simulation results at constant irradiance and temperature of 1000w/m? & 25°C, respectively,
Waveform of PV output power & irradiance.

In fig. 3.4, PV output power (in KW) is shown compared to irradiance where both changes according to change
in irradiance.
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Fig. 3.5 Simulation results at constant wind speed i.e., 12m/s and load respectively, Waveform of input
wind speed and Rotor speed
In fig. 3.5 Input wind speed is constant at 12m/s and PMSG rotor speed is constant at 4450RPM for whole
simulation time.
Fig. 3.6 shows the output power of PMSG and PMSG Electromagnetic & Mechanical torque where they are
constant at 194200W and 681N-m respectively, for whole simulation time.
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Fig. 3.6 Simulation results at constant wind speed and load, respectively, Waveform of PMSG Output
Power and PMSG Electromagnetic Torque Te & Mechanical Torque Tm
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Fig. 3.7 Simulation results at constant wind speed i.e., 12m/s and load respectively, Waveform of (a) MSG
phase-phase voltage (b) PMSG phase current Ipn

In fig. 3.7 (a) we can observe that Phase-to-phase voltage is constant at 1520V & in fig. 3.8 (b) phase current of
PMSG is also constant for whole simulation time.
In fig. 3.8 the PMSG output power (in KW) is shown w.r.t. wind speed where both are constant throughout the
simulation time.
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Fig. 3.8 Simulation results at constant wind speed i.e., 12m/s and load respectively, Waveform of PMSG
output power and wind speed.

Phase to Phase Voltage of Load
1000 T T T

Vab

5

o
o

Amplitude (Volt)
o

-5

o
o

-1000 : ‘ :
0 0.5 1 15

Time (sec)

(@)

DOI Number: https://doi.org/10.30780/ specialissue-1ISET-2024/049 pg. 297
Paper Id: IJTRS-ISET-24-049 WWW.ijtrs.com, www.ijtrs.org
All Right Reserved @ IJTRS



g\

7/ - . . :

¢ International Journal of Technical Research & Science ISSN:2454-2024
1TJ T RS

Phase Current of Load
T T

?im’VVW“VM'?“VH“VWhﬁifﬂwf‘ﬂh'W“
E Noaa——————

Fig. 3.9 Simulation results at constant irradiance of 1000 w/m?, constant temperature of 25°C & wind
speed 12m/s respectively, Waveform of (a) phase-phase voltage of load (b) phase current of load
In fig. 3.9 (a) & (b) we can observe that Phase-to-phase voltage and phase current of load are constant for whole
simulation time.
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Fig. 3.10 Simulation results at constant irradiance of 1000 w/m?, constant temperature of 25°C & wind
speed 12m/s respectively, waveform of phase-to-phase RMS voltage of load and RMS phase current of
Load
In fig. 3.10 both RMS phase voltage and RMS phase current are constant throughout the simulation time at 430V

and 128.5A respectively.
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Fig. 3.11 Simulation results at constant irradiance of 1000 w/m2, constant temperature of 25°C & wind
speed 12m/s respectively, Waveform of (a) phase-phase voltage of grid (b) phase current of grid
Fig. 3.11 (a) and (b) shows the grid side voltages and current respectively, which are constant for whole simulation

time at 52000V & 2.3A respectively.
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Case 2: Simulation results during asymmetrical fault at constant wind speed, constant load and varying

irradiance

The simulation results for Line-to-Line fault are shown in the following figures.
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Fig. 3.12 Simulation results at constant irradiance and temperature of 1000w/m2 & 25°C, respectively,
Waveform of irradiance and temperature
As shown in fig. 3.12, PV array power is shown w.r.t. irradiance. Where PV power changes from 155.2KW to
30.64KW to 68.95KW to 122.6KW to 192.1KW and irradiance changes from 900w/m2 to 400w/m2 to 600w/m2
to 800w/m2 to 1000w/m2 between time duration of; t=0 to t=0.6sec, t=0.6 to t=1.2sec, t=1.2 to t=1.8sec, t=1.8 to

t=2.2sec, & t=2.2 to t=2.5sec respectively.

Fig. 3.13 shows the PMSG output power plot with respect to input wind speed which is constant at 12m/s
throughout the time period, but output power is constant from t=0.5sec to t=1.2sec at 200KW, after that it
decreases during line-to-line fault and again increases to reach the initial constant value at time t=1.3sec, and

remain constant for remaining time period.
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Fig. 3.13 Simulation results at constant wind speed i.e., 12m/s and load respectively, waveform of PMSG

output power and wind speed
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Fig. 3.14 Simulation results at constant irradiance of 1000 w/m?, constant temperature of 25°C & wind
speed 12m/s respectively, waveform of (a) phase-to-phase voltage of generation side & (b) zoom-in
window of phase-to-phase voltage of generation side during line-to-line fault
According to fig. 3.14 (a) phase-to-phase voltage of generation side is constant till time t=1.2sec, after that it
decreases a little due to line-to-line fault, then at t=1.3sec system gains stability and voltage again becomes

constant to its initial value, which can be clearly observed in the zoom in window shown in fig. 3.14 (b).
According to fig. 3.15 (a) phase current of generation side is constant till t=1.2sec, after that it increases due to
line-to-line fault, then at t=1.3sec system gains stability and current again becomes constant to its initial value,

which can be clearly observed in the zoom in window shown in fig. 3.15 (b).
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Fig. 3.15 Simulation results at constant irradiance of 1000 w/m?, constant temperature of 25°C & wind
speed 12m/s respectively, waveform of (a) phase current of generation side & (b) zoom-in window of
phase current of generation side during line-to-line fault
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Fig. 3.16 Simulation results at constant irradiance of 1000 w/m?, constant temperature of 25°C & wind
speed 12m/s respectively, waveform of (a) phase-to-phase voltage of load side & (b) zoom-in window of
phase-to-phase voltage of load side during line-to-line fault
Even during the line-to-line fault in the system, the phase-to-phase voltage of load is constant throughout the
simulation time, because of the ANN tuned DVR used in the network which compensate the effect of distortions
in generation side voltage to load side voltage, as shown in fig. 3.16 (a). This can also be observed in the zoom in

window provided in fig. 3.16 (b) for phase voltage of load.
In fig. 3.17 (a) phase current of load is constant, it experiences a slight distortion from time t=1.2 sec to t=1.3sec
which can be clearly observed in the zoom in window provided in fig. 3.17 (b).
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Fig. 3.17 Simulation results at constant irradiance of 1000 w/m?, constant temperature of 25°C & wind
speed 12m/s respectively, waveform of (a) phase current of load side & (b) zoom-in window of phase
current of load side during line-to-line fault
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Fig. 3.18 Simulation results at constant irradiance of 1000 w/m?, constant temperature of 25°C & wind
speed 12m/s respectively, waveform of phase-to-phase RMS voltage of load and RMS phase current of
load
In fig. 3.18 both RMS phase voltage and RMS phase current of load are constant throughout the simulation time

at 430V and 128.5A respectively, experience slight changes when line-to-line ground fault occurs i.e., from time
t=1.2sec to t=1.3sec.
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Fig. 3.19 Simulation results at constant irradiance of 1000 w/m2, constant temperature of 25°C & wind
speed 12m/s respectively, Waveform of (a) phase-phase voltage of grid (b) phase current of grid during
line-to-line fault
While system experience a line-to-line fault, the grid voltage does not get affected because grid is isolated from
generating system by a transformer, but phase current of grid increases during the time t=1.2sec to t=1.3sec as

shown in fig 3.19 (a) & (b).

In fig. 3.20 (a), we can clearly observe the distortions created by line-to-line fault which caused the Phase-to-
phase voltage of generation side to decrease, but in the load side phase-to-phase voltage does not get affected due
to asymmetrical fault as shown in fig. 3.20 (b), because ANN tuned DVR is used in the system which isolates the
load while line-to-line fault occurs in the system.
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Fig. 3.20 Simulation results at constant irradiance of 1000 w/m?, constant temperature of 25°C & wind
speed 12m/s respectively, waveform of (a) phase to phase voltage of generation side (b) phase to phase
voltage of load side voltage & (c) injected phase-to-phase voltage in PU
In fig. 3.20 (c) we can clearly observe that at the time of fault ANN tuned DVR inject phase voltages in load while

isolating it from generation side, which assures continues phase voltage supply to the load without distortions.

In fig. 3.21 (a) and fig. 3.21 (b) phase current of generation side and phase current of load side is shown in per
unit system.
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Fig. 3.21 Simulation results at constant irradiance of 1000 w/m2, constant temperature of 25°C & wind
speed 12m/s respectively, waveform of (a) phase current of generation side (b) phase current of load side
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CONCLUSION

This paper aims to enhance the power quality of a hybrid microgrid system by addressing voltage sag and swell
issues and reducing total harmonic distortion under both symmetrical and asymmetrical conditions. The primary
focus is on implementing an Artificial Neural Network (ANN) based control strategy to improve voltage
regulation at the DC bus (maintained within £3.01V, meeting the +5% standard). In comparison to conventional
control strategies, the proposed ANN-based control for the Hybrid Energy Storage System (HESS) demonstrates
superior responsiveness to load and generation changes, resulting in smoother power delivery and extending
battery life by minimizing instantaneous current stress. The utilization of an intelligent Fuzzy Logic Controller
(FLC) in the Voltage Source Inverter (VSI) ensures that the voltage output adheres to the desired level, effectively
reducing harmonics distortion within the limits defined by the IEEE 519 standard. The outcomes indicate the
effectiveness of the proposed system in accurately detecting and classifying faults, with Dynamic Voltage Restorer
(DVR) successfully mitigating these faults. The ANN-based fault classification algorithm exhibits high accuracy
in identifying various fault types, and the DVR promptly restores the system's voltage to its nominal level. In
conclusion, the integrated fault analysis, classification, and mitigation technique significantly enhance the
reliability and performance of the hybrid Photovoltaic-Wind Energy Conversion System (PV-WECS) during fault
conditions.
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