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Abstract - The two most promising energy sources that are readily available in our nation are solar and wind, which help to
protect the environment while simultaneously boosting the nation s economic well-being. The design and operation of a grid-
connected hybrid energy source utilizing solar, wind and battery is demonstrated in this work. The proposed work was
incorporated with the SEPIC converter due to its high voltage gain and efficiency with reduced ripple current, which is regulated
by the PI controller. Moreover, the PWM generator is employed to produce pulses for the operation of the SEPIC converter.
Three-phase VS| is utilized to convert the DC link voltage to AC to distribute power to the grid system. An AC output voltage is
produced by a wind energy system based on a Doubly Fed Induction Generator (DFIG); through the use of a PWM rectifier, AC
voltage is converted to DC effectively. The additional energy obtained from the hybrid PV/wind system is efficiently stored in the
battery system, and an integrated battery converter allows the battery to be charged and discharged according to the battery
needs. In the event of power unavailable from the wind and PV, the stored energy in the battery is utilized to distribute power to
the grid system. The overall proposed system is applied in MATLAB/Simulink to validate the prominence of developed work, and
it is contrasted with the other conventional topologies. By utilizing the developed SEPIC converter, low THD of 2.83%, high

efficiency of 93.8% and high voltage gain of 1:8.9 are attained.

Keywords - 3 VSI, Battery system, HRES, MATLAB/Simulink, PI controller, PV/wind, SEPIC converter.

1. Introduction

With the current surge in energy demand and the shift to
a low-carbon economy, innovative technology and services in
the energy sector are more important than ever [1]. The two
biggest global problems are extremes in temperature and
greenhouse radiation. RES is undoubtedly going to be
extremely important in the pursuit of a carbon-free society [2,
3].

Variable RES like solar energy, wind energy, and tidal
energy are utilized as a remedy to minimize the harmful
consequences of the reasons mentioned above because of their
sustainability, cleanliness, and environmental friendliness [4,
5]. The present objective is to reduce emissions due to more
dispersed generation and the power industry’s growing
importance. Due to environmental harm and growing fossil
fuel consumption, eco-friendly RES have become more
widespread [6].

OOE)

The HRES, which blends several RES, is becoming more
and more well-liked. In order to combat climate change,
photovoltaic and wind renewable systems are essential in
laying the path towards sustainable development and energy
conservation [7, 8]. With regard to wind and photovoltaic
power generation, the proposed approach is complementary to
the HRES concept. For wind power production, DFIG based
WECS is the most favourable solution [9].

This is because, in comparison to other energy conversion
systems on the market, it provides a number of unique
advantages. The primary concern is the dynamic response of
DFIG to transients in grid voltage [10, 11]. Predicting the
dynamic behaviour of PV power systems is difficult due to
their nonlinear structure and reliance on external factors like
sun irradiance and ambient temperature [12]. In solar power
generation systems, a converter is required to convert the low-
voltage PV system and high-voltage DC connection [13].
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Boost [14], Buck, Boost [15], and Cuk [16] are the
converters that are most frequently used in photovoltaic
applications. These converters have low-order systems, high
efficiency, and simplicity due to their Boost and Buck
topologies. However, its limited output voltage flexibility
limits its use, whereas the Boost converter only raises the
voltage, the Buck converter decreases it, and it has high
voltage stress [17, 18].

The Cuk converter steps up and down the voltage while
producing a continuous input current [19]. However, the
system’s performance is limited by ripple current at the input
and a high implementation complexity [20]. The suggested
work created a SEPIC converter for PV voltage boosting in
order to address the deficiency. In order to address the
transient problems and produce a stabilized AC output
voltage, the suggested solution uses a PI controller. For PV-
wind systems to produce continuous electricity, especially
when functioning as a stand-alone system, storage units
(batteries) must be integrated in order to offset the intermittent
nature of energy produced, which is utilized in this work.

2. Literature Review

Ahmad Aziz al Alahmadi et al. (2021) have developed
RES based PID controllers for grid systems. This controller
shows the stabilized power with high performance. However,
poor settling time and overshoot issues are obtained by
utilizing this control topology.

Octavian Cornea et al. (2020) have proposed a switched
inductor hybrid converter for the HRES system. The converter
provides a higher voltage conversion ratio and minimized
ripple currents. Nevertheless, this technique faces challenges
like power consumption, conduction losses and poor stability.

Mostafa et al. (2022) have implemented three port
converters for PV and battery systems. The efficiency of the
converter has remained high even in varying operating
conditions. Despite this, the developed converter has high
switching stress owing to the high component count.

Elham Amiri et al. (2020) presented a high boost-up
multi-input converter for an HRES-fed grid system. High
efficiency with high voltage gain is attained due to soft
switching conditions, and it does not require additional
components. However, it has higher magnetic losses due to the
addition of a coupled inductor. In order to overcome the above
stated challenges, the contributions of this paper are
exemplified below,

e A hybrid RES with a battery system is employed to
constantly deliver electricity to the grid.

The SEPIC converter is implemented to boost the low
voltage obtained from the PV system.

Additional energy that occurs from the hybrid RES
system is effectively stored in the battery system.

3. Proposed Modelling

An environmentally friendly and sustainable electric
power generation that is self-sufficient through the use of
HRES, such as solar and wind. When the HRES power supply
is insufficient, the developed system energizes the grid with
its stored excess energy, providing a continuous power supply
regardless of the weather. The grid-connected system’s
balanced power flow is guaranteed by the converter and
control method integration. The proposed work integrated
with the SEPIC converter and Pl controller to increase the
voltage attained from the PV system, and the controller makes
it easier to manage the SEPIC while enhancing the transient
response effectively.
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Fig. 1 HRES with energy management system
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SEPIC converter is used to improve the low output of PV
to match a needed supply for the grid system, which is
controlled by the PI controller. On the other hand, the PWM
rectifier is used to convert the AC supply from the DFIG based
wind system, and the PI controller manages it. Subsequently,
HRES output is fed to the DC link, and three-phase VSI is
utilized to transform the DC supply into AC to deliver power
to the grid system. Furthermore, the battery system is
employed to store additional energy attained from the hybrid
RES system, and the battery converter is employed to charge
or discharge according to battery needs. During peak time,
stored energy in the battery offers power back to the grid
system. Thereby, adequate power is delivered to the grid.

3.1. Modelling of PV System
PV systems generate clean energy by absorbing sunlight
and converting it into electricity. The circuit of one-diode
equivalent is represented in Figure 2. The primary current
equation is given as follows:
1

(v+Rg.D)
R

p

(qv)
I = Ipvcell — locen [exp% -

)]

1=1pv—10[e°’:—§i'”—1]— @)

Where, q specifies electron charge, V,, indicates thermal
voltage, I,, denotes the photocurrent, T indicates the
temperature of a cell, R, represents the series resistance, I,
indicates the cell saturation of dark current, o< illustrates the
ideality factor, and R, shunt resistance.

MW 3

RS

IPV‘
| Ye s

Fig. 2 Equivalent circuit of PV system

PV current is influenced by radiation, temperature, and
the number of arrays in the PV panel. Equation (2)
consequently turns into,
1

Where, N indicates a series of connected cells.

(v+Rs.I)q
«kT.Ns

_ (v+Rg.I)

I=1,,—1I [exp R
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The SEPIC converter is used to improve the voltage
received from PV, as explained below.
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3.2. Modelling of SEPIC Converter

Depending on the duty cycle, the SEPIC, which is seen in
Figure 3, functions as a boost or buck DC converter. The duty
cycle of MOSFET is changed to increase or reduce the output
voltage of the SEPIC converter. SEPIC uses energy exchange
between the inductors and capacitors to transform a voltage
from one source to another.

Switch S;, which is usually a transistor, regulates the
quantity of energy transferred. This converter contains a
switch S;, two capacitor(C,, Cp,), 2 inductor (L, L) and a
diode D, respectively.

La Ca D
——— >
|| A
V- C==v v

OX>»Oor

Fig. 3 Proposed SEPIC converter circuit diagram

Considering average voltages, the following expression
can be expressed:

Vin = Via +Vea + Vi 4
Given that V,, the average voltage is equal to V;,,,

Via = Vip ®)
The sum of the average currents is as follows.

Ipy =1Ipq = 1I1p (€)

Mode 1 (ON state): When switch S; is ON, current in the
inductor(L,, orl,,) increases during the current in the
inductor L, orl,,, becomes more negative. The input source
is the source of the currentI,,. Thus, instantaneous voltage
V.. is equal to V;,, and voltage V,,, is equal to V,, when S; is
closed. Subsequently, the opening of capacitors C, and D
results in an increase in the amount of energy stored in L, and
a magnitude of current inl;,.

Mode 2 (OFF state): The diode functions forward biassed
when the switch is in the off position, and the output receives
energy from the inductor L,. when it charges the capacitor C,
as specified in Figure 4(b).
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Fig. 4 Modes of operation (a) Mode 1, and (b) Mode 2.
r 1 — Given that the ripple current flowing through
Ton Tore Ton Tore inductorsL,,L, is equal,
>t
VLb Emmm T LL llllvo AILzloutxMXALO% (9)
in(min)
P
| The value of the inductor is computed as,
L1 SEEEEEn l..ll.l_ll.vin
F 3 : : : : Vin(min
Imax .IIIIIIEIIII A aIlIII:\ EEEEEEEEES La=Lb= =A1L(xfsv3XDmax (10)
: # Al,
I. IIIIH‘IIIIIII IIIII;I-IIII EEEEEREEREN . . .
N - H . . >t The output capacitor is given as,
L2 - - L] Ll
‘ - . - - ToutXDmax
| EEEEEgEEEn EEEEEEAgEEEEEEEEEE CbZ— (11)
- - . :# Al Vripplexo.5x fsw
. > Consequently, the duty cycle range, inductorsL,,L;, and
susas .-_.. sunesn b capacitorsCy,, C, are determined using the formulas mentioned
— above.
>t 3.3. DFIG Based Wind System Modelling
3.3.1. Modelling of Wind Turbine
A collection of devices utilized to transform wind energy
>t into electrical power is called a wind turbine. The wind
turbine’s mechanical output power is provided by,

Fig. 5 Waveform for the SEPIC converter

3.2.1. Analysis of SEPIC converter
The following formulas constitute the basis of the SEPIC
converter design.

The highest duty cycle is specified as,

Ve Vp
D — out+ 7
max Vin(min)+Vout+VD ( )
The minimum duty cycle is shown as,
Ve Vp
D = out+ 8
min Vin(max)*Vout+VD ( )
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P, = % prR?C,(a, B)1,> (12)
@
a=_ R (13)

Where, C, represents power coefficient function, a
specifies tip speed ratio, p refers to the air density, S indicates
blade pitch angle,v,, denotes wind speed andw,indicates the
angular speed of the rotor.

3.3.2. Modelling of DFIG

A DFIG is comprised of a series of windings that attach
to a three phase transformer or a three phase shielded winding
within the stator. Its stator is equipped with slip rings that are
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connected to a grid through shielded windings or three phase
transformers.

Iqs RS - + LS Rr + - Lr Iqr
W W —T——
wsq)ds (0.)5_ wr)q)dr
v, L, ? Var
Ids RS - + LS Rr + - Lr | ar
W W —TT——
OPs (ms- OJr)(qu
\Y ds Lm Vdr

Fig. 6 DFIG based DQ frame reference theory

The subsequent equation gives the d—q reference of a
DFIG:

[ Vas = Rglyg + <Pds Was — WsPys
{l Vas = R Iqs += 7 Pas — WsPar 14)
| Var = Rylgy + - Par — (W5 — 0:) Py
Var = Relgr + - Par — (W5 — 0 )@y

The following equation states the rotor flux and stator,

(Pas = Lelgs + Lyl gy
{(pqS = Lglgs + Lyl gy

Par = L [dr +L Ids
\@gr = Ly + Lynlgs

(15)

The following equation illustrates the torque equation of
DFIG,
T, (16)

3 L
m = EPL_T (q)dslqr - ¢qslqr

The following equation defines the rotor active power,

P =2 Varlar = Vrlor) (17)

Moreover, the DFIG generated power is AC, which is
turned into DC by adopting a PWM rectifier. Subsequently,
the output from the wind energy and converter is delivered to
the DC link. Three phase inverter is utilized for transforming
DC into AC for distributing power to the grid system, and it is
regulated with the assistance of a PI controller, as discussed
below.
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3.4. Modelling of PI controller

The PI controller, in this context, is to regulate an output
of VSI to maintain desired performance despite disturbances
or variations in load.

The following equation is defined as voltage error V,
Vin) =V+sn)-Vin-1) (18)
M =In-1D+K,[V(n) -=V(n-1D]+KV(n) (19

The reference grid currents direct as well as quadrature
axis modules are given as,

e Proportion
+
+
r(t) u(t) y()
— ——p Plant  ——
+
b Integral
Fig. 7 Structure of PI controller
K *
Iy = (Kp + ?) * (Vpe = Vie) (20)
K *
Iq = (Kp + ?) * (Q grid an’d) (21)
Where, V*pcindicates DC link voltage, Vp.shows

measured DC link voltage, K,is the proportional gain,
K;denotes integral gain, Q,4is measured grid reactive and
Q" yriq"EPresents reference grid reactive power. The battery

system is employed to store additional power from the HRES
and provide backup during an insufficient supply from the
HRES system to the grid.

3.4.1. Modelling of Bidirectional Battery Converter

A bidirectional battery converter has two modes of
operation: charging and discharging. In charging mode, the
converter modifies the DC source’s power. Furthermore, this
procedure involves raising or lowering voltage to correspond
with the battery requirements to supply the appropriate voltage
and current levels required by the battery.

(Vpc— Vpat)Pbuck
AILf

Lbuck (22)

(1- —Dpuck)Vbatt
8LbuckAVbattf2

Cbuck (23)
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o

Discharging Mode

high efficiency and voltage gain with reduced ripple current.
The overall implemented work is applied in
MATLAB/Simulink to validate the effectiveness of the
proposed system. Furthermore, a developed topology is
compared with other conventional converter approaches to
show the prominence of the developed work and parameter
specification is represented in Table 1, which is defined
below.

Table 1. Parameter specification

Charge PV and DFIG
Controller .
Charging Mode ~ =——— Parameters Ratings
Fig. 8 Diagram of bidirectional battery converter Open Circuit Voltage 12v
] ] o Peak Power 10Kw
In discharging mode, the battery supplies its stored energy Series Connected Solar
back to the DC source, which oversees the energy transfer to panel 36
ensure that the battery discharges efficiently. rane
Short Circuit Current 8.3A
\4 a D 00S]
Lboost = “;T?t (24)
No. of Turbine 1
|4 D 00S]
Chonst = :CA Vz; Cft (25) . Yoltage 575V
0 Switching Frequency 10kHz
Therefore, the battery system attains better performance, Power 10kW
and finally, the continual power supply is adequately delivered SEPIC Converter
to the grid system. Switching Frequency 10kHz
4. Results and Discussion CaCy 4. TuF
This study offers a hybrid PV and wind system with a Lo Ly 1mH
SEPIC converter for grid application. SEPIC converter gives
Solar Panel Temperature Waveform Solar Panel Irradiation Waveform
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F 10r g
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Solar Panel Voltage Waveform Solar Panel Current Waveform
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— 200 l
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Fig. 9 Solar panel waveform
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Converter Output Voltage Waveform

Converter Output Current Waveform
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(@ (b)
Fig. 10 Converter waveform (a) Voltage, and (b) Current.
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Fig. 11 (a) DFIG output voltage, and (b) PWM rectifier voltage waveform.
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Fig. 12 Battery waveform (a) Voltage, (b) Current, and (c) SOC.
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Solar panel waveform for implemented work is
demonstrated in Figure 9, which analyzed that the temperature
of the solar panel varies at certain periods of time, and it gets
continually maintained at 35C after 0.3s as specified in Figure
9(a). Likewise, Figure 9(b) specifies that the irradiation of
solar panels gets stabilized at 1000 (w/Sg.m) after 0.3s.
Furthermore, the solar panel voltage oscillates before 0.3s, and
it is continuously preserved at 140V after 0.3s, as specified in
Figure 9(c).

The solar panel current shown in Figure 9(d) is evident
that the current oscillates for a certain period of time, and after
0.4s, it is continually preserved at 20A. The SEPIC converter
waveform is specified in Figure 10, which maintains the
voltage continuously at 600V after oscillating for a certain

period of time, as specified in Figure 10(a). Also, the converter
current isrepresented in Figure 10 (b), which fluctuated highly
initially and was constantly maintained at 7A after 0.5s. The
waveform for the DFIG and PWM rectifier output voltage
waveform is shown in Figure 11. From Figure 11(a), it is
evident that the DFIG voltage is constantly maintained at
510V after 0.4s. Furthermore, the PWM rectifier output DC
voltage fluctuated highly in the initial period. After 0.25s,
output DC voltage is constantly sustained at 600V, as
represented in Figure 11 (b). The battery waveform for the
implemented work is exemplified in Figure 12, which shows
that the battery voltage is continually stabilized at 25V, as
stated in Figure 12(a). Likewise, the current oscillated and was
constantly maintained at 3A, as indicated in Figure 12 (b). As
represented in Figure 12(c), the SOC is constantly preserved
at 75% in this work correspondingly.

Grid Voltage Waveform

Grid Voltage and Current In Phase Waveform

Current (A)

Grid Current Waveform

Time (s)

(b)

500 T

T

50

Voltage (V), Current (A)

Time ()

(©

Fig. 13 Grid Waveform

Real Power Waveform
10000 T T T T T
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4
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Fig. 14 (a) Real, and (b) Reactive power waveform.
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Fundamental (50Hz) = 10.05, THS = 2.83%
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o
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Frequency (Hz)

o
)
1]

current are continuously preserved at 400V to -400V and 0A,
respectively.

Figure 14 shows the waveforms for both real and reactive
power. It is seen that the proposed system achieves stable real
and reactive power, leading to improved system performance,
as shown in Figure 14(a) and (b), respectively.

Figure 15 demonstrates the THD waveform for the
developed work from the analysis that the proposed SEPIC
converter achieves a THD value of 2.83%.

Table 2. Efficiency comparison

Fig. 15 THD waveform Converters Efficiency (%)
Grid voltage and current waveform are represented in Boost [21] 91.2
Figure 13. As specified in Figure 13(a), grid voltage gets Buck-Boost [22] 92.4
continuously preserved at 400 to -400V. Similarly, the grid Cuk [19] 38
current is maintained stable at 11 to -11A, as exemplified in
Figure 13(b). As stated in Figure 13(c), grid voltage and SEPIC 93.8
Comparison of Efficiency Comparison of Voltage Gain
Proposed SEPIC | ) Proposed SEPIC | )
ook cukf )
BUCK-BOOST | ) BUCK-BOOST | P
BOOST | P BOOST( J
84 86 88 90 92 94 0 2 4 6 8 10
Efficiency (%) Voltage Gain (%)
(@) (b)

Fig. 16 Comparison of converter (a) Efficiency, and (b) Voltage gain.

The efficiency and voltage gain comparison with other
conventional converters is represented in Figure 16. It is clear
from Figure 16(a) and Table 2 that the developed SEPIC
converter outperforms other topologies like Boost, Buck-
Boost, and Cuk converter, achieving a high efficiency of
93.8%. Likewise, the SEPIC Converter is compared with the
existing techniques to determine better voltage gain. As
represented in Figure 16(b) and Table 3, the proposed
converter obtains a higher voltage gain of 1:8.9 than the
previous approaches.

Table 3. Comparison of voltage gain

Converters Voltage Gain (%)
Boost [21] 1:6.5
Buck-Boost [22] 1:6.7
CUK [23] 1:4.9
Proposed Converter 1:8.9

The developed converter has a low THD value of 2.83%
when compared to the other topologies, as demonstrated by
the efficiency comparison graph of Figure 17 between the
proposed SEPIC converter and other conventional converters
such as Boost, Buck-boost, and Cuk converter.

Comparison of THD
Proposed SEPIC [ I
CUK | l
BUCK-BOOST | il
BOOST | P
0 1 2 3 4 5
THD Value (%)

Fig. 17 Comparison of THD value
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5. Conclusion

In this work, an efficient grid integrated hybrid PV and
wind energy based DFIG system with battery storage using a
SEPIC converter is proposed. The low output of the PV
system is effectively raised with high efficiency with the aid
of the SEPIC converter, which is also effectively regulated by
the PI controller. Furthermore, by adopting the battery system,
extra energy obtained from the hybrid PV/wind system is
effectively stored, and an integrated battery converter enables

the battery to be charged and discharged in accordance with
the battery’s needs. Stored energy is utilized during the
lagging period of energy from the hybrid RES system. An
entire system is implemented in MATLAB/Simulink to
demonstrate the importance of developed work, and it is
compared with other existing topologies to show the proposed
system’s performance. The comparison results illustrate that
the proposed SEPIC converter achieved a low THD of 2.83%,
high efficiency of 93.8% and high voltage gain of 1:8.9,

respectively.
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