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Abstract:- The escalating popularity of solar energy, propelled by environmental consciousness,
government initiatives, and its inherent accessibility underscores a pivotal shift towards sustainable
power sources. However, the seamless integration of solar energy into the utility grid remains a
formidable challenge for researchers. This complexity arises from multifaceted factors encompassing
electrical apparatus, DC/AC conversions, diverse voltage levels, adherence to complex grid codes, and
the imperative for precision in modeling techniques. In response to these challenges, this research paper
propounds a dynamic model designed to mitigate the integration issues between photovoltaic (PV)
systems and the grid. The model comprises of solar PV array, VSC (Voltage Source Inverter), DC-DC
boost converter, transformer, LCL filter, and associated control circuitry. One of the significant
contributions involves designing and implementing a modified SEPIC boost converter for the system.
Through MATLAB simulations, the study showcases substantial enhancement in both efficiency and
overall performance when compared to the conventional dc-dc boost converter.

Keywords: Modified SEPIC converter, dc-dc boost converter, Overall performance, and high
efficiency, Photovoltaic (PV) system.

1. Introduction

The continuous utilization of non-renewable energy resources like oil as well as coal
contributes significantly to environmental issues like pollution and climate variation. In
disparity, renewable energy sources which as solar & wind power offer promising solutions
to mitigate these challenges and are also abundantly available in nature. In a country like
India, solar energy derived from photovoltaic systems stands out as a viable future energy
source, it not only addresses the challenges of increased energy demands but also contributes
to mitigating global warming. The merits of PV energy include: it’s free from reliance on
fuel, pollution-free, noise-free, and abundantly available in nature with an extensive lifespan
[1-10].

However, integrating solar energy into the electric grid is not that simple, requires specific
steps to be carefully considered. Conventional DC-DC boost converters are employed with
the system to elevate the voltage levels but encounter limitations such as low efficiency, large
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conduction loss, and higher gain of voltage [11]. The design along with control of the dc-dc
boost converter must account for changes in sun irradiance and temperature to ensure a
constant voltage supply to the load. The SEPIC (Single Ended Primary Inductor Converter)
is also used to amplify the voltage, the capability of handling non-inverting voltage
conversions, ensuring consistent output voltage even during fluctuating input sets it apart
from conventional DC-DC boost converters. The main PV array component is a solar cell,
essentially a p-n junction semiconductor material. When the light from the sun hits this
junction, it generates electricity. The generation of electricity directly depends on the rate of
photo-current. However, there is some resistance in the electron’s path as it flows through
the PV array [12-13]. Hence the PV array output continuously varies with changes in sun
irradiance and temperature. Therefore, it becomes essential to ensure a constant voltage
supply to the load through careful design & control of the DC-DC boost converter. [14]. To
achieve high efficiency, the DC-DC boost converter design is a major consideration in PV
array grid-connected systems [15]. Advanced converters like modified SEPIC converters
have demonstrated superior adaptability to reduce voltage oscillations and maintain low
current ripple, resulting in high efficiency even when the PV array receives dynamic
irradiance [16-19].

2. Objectives

The schematic diagram represented by Fig. 1 displays the essential components of grid grid-
connected PV array system. These components comprise a DC-DC boost converter, a PV array,
a filter, a transformer, and the grid itself. To ensure optimal efficiency and minimal distortion
in DC voltage conversion, it is important to accurately model different components of the
system and understand their characteristics and dynamic performance. Conventional DC-DC
boost converters which are buck, boost & buck-boost typically require high duty cycle to
generate higher output voltages leading to high switching voltage stress and increased ripple in
the inductor currents, which adversely impact both conversion efficiency and voltage gain [20-
21]. Hence, designing a suitable DC-DC boost converter is necessary that can effectively
control output voltage, like a modified SEPIC converter that minimizes voltage stress during
switching and provides higher conversion efficiency by employing advanced techniques for
stable output under varying conditions.
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Fig. 1 Schematic diagram of grid-connected array with a conventional boost converter

a. PV array
The PV array’s mathematical model is constructed using a single diode equal circuit that

represents the PV cell behavior as represented in the Fig. 2.

ll’h IDl lsh
\ 4

D Rsn Vpy

Fig. 2 Equivalent circuit of a single PV cell.

Eq (1) defines the output current of a PV cell as the difference between photon current and
diode current. The practical cell also includes series and shunt resistance which can be seen in

Fig. 2.
Ipy = Iph —Iq — Isp (1)

q(va+RSI)

lg=1Ig(e mkT——1)  (2)
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By putting (2) and (3) in (1), Ipy can be given as:

q(Vpy+Rsl)
IPV = Iph —_ IS (e :;1‘;('1‘ — 1) — M (4)
Rsn
The photovoltaic cell’s output power Ppy has been provided by:
Ppy = Vpylpy ®)

e PV Cell Characteristics
Integrating equations (1)-(5), a mathematical model for the PV array has been developed,
considering the number of series & parallel cells along with their associated resistive losses.

................................

Vo~ 0.8-0.9 Ve
I ~ 0.85-0.95 |

Current lpv,
Power Ppv

Volts
Voltage Vpv

Fig. 3 Current, Power, and Voltage characteristics of PV cell

b. DC-DC Boost Converter
The circuit depicted in Fig. 4 is specially designed for continuous conduction mode, operating
in a cyclic manner between two separate loops. During the “ON” state of the switch, the

inductor current increases, storing energy within it. Simultaneously, capacitor C discharges
through the load resistor R, following a specific relationship:

diy,

LE:VPV (6)
Wac _ Vac
¢ at R (7)
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Fig. 4 Conventional DC-DC boost converter

On the other hand, when we turn “OFF” the switch, the inductor initiates the transferring of its
energy to the load leading to discharge. Simultaneously, the voltage across the output capacitor
rises. These changes could be mathematically described using the following equations:

y

L=t = Vpy = Vac (8)
Ve . Vac

Car b= % ©)

The duty cycle in a boost converter determines how long the switch remains ON relative to the
overall period of switching. A longer “ON” time results in improved energy stored in the
inductor, leading to a greater energy transfer to the capacitor during the “OFF” period.
Consequently, a higher capacitor output voltage enhances the conversion efficiency. Therefore,
adjusting the duty cycle enables control over the conversion effectiveness of the boost
converter and could be derived from the ratio of “the output & input voltage.

Duty cycle, d = Zpv=Yac (10)

Vac

c. Modified SEPIC Converter
The modified SEPIC converter is designed by integrating the components of a conventional
SEPIC converter, a conventional DC-DC boost converter, and a” diode-capacitor circuit. The
modified SEPIC converter provides high efficiency, minimal current oscillation, reduced
voltage stress during switching, and significantly reduced conduction losses [19].
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Fig. 6 Circuit diagram of proposed modified SEPIC converter.

e Vpy denotes the input voltage that is 273V

e V,. denotes the output voltage that is 500V

o f denotes the fundamental frequency that is 5 x 103Hz

e D denotes the duty cycle for “the modified SEPIC converter

e d denotes the duty cycle for a conventional DC-DC boost converter”
e AV. denotes voltage ripple on the capacitor C1, Cz, C3

e AlL, denotes the ripple current on the inductor L1, L

e L4, Lo denotes the inductance of a modified SEPIC converter
e (1, Cy, Cadenotes the capacitance of a modified SEPIC converter
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The addition of a diode-capacitor circuit, low-voltage MOSFETS, and low resistance helps to
decrease the switching stress across MOSFETSs and diodes. By reducing switching stress, the
conversion effectiveness of the suggested model is increased. Therefore, the suggested model
is suitable for renewable energy-based systems operating on lower input dc voltage. The circuit
topology in Fig. 6 showcases the proposed converter design, which includes various
components like a dc voltage source V. , a primary switch S, 3 diodes (D, D,, and D3), 3
capacitors (C;, C,, and C3), 2 inductors (L,and L), output diodeD,, & output capacitor C,.
During the conduction phase, the voltage is transferred from the capacitor C,to the inductorL,,
increases the gain of voltage of a suggested modified SEPIC converter model in comparison to
the conventional dc-dc boost converter [22].

= Parameter Calculation for Proposed Model Tablel.0

Parameters to be Conventional Converter [22] Modified Converter [21]
calculated
4 2V4.— 3V
Duty cycle d=1_2P p = 2ldc PV
Vdc zvdc + VPV
_ Vyd L= VpyD
Inductors L= Airfs 27 Dipaf
VcZ(l — D)
Ly=—7+—F—
Aipof s
— C1=Cy = Cy= %
Capacitors C=—v_ 17227 B T AV, f,
Ry f,
PV

e Calculated parameters value Table 2.0

Calculated Parameters Parameter’s Value
Duty Cycle D=0.1

Li=19 x 10°%H

Inductors L, =254 x 103H
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C;=3.3 x 10°°F
C,=3.3 x 10°°F

Capacitors
C;=3.3 x 10°¢F

d. Three Phase Inverter
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Fig. 7 Three-phase inverter.

3 single-phase inverter switches make up a 3-phase inverter, which is utilized for converting
the converter's DC output voltage to an AC voltage. These switches are controlled in such a
coordinated manner that every switch operates at every 60-degree point of the fundamental
output waveform. As a result, forms a six-step line-to-line output waveform. In order to remove
harmonics with multiples of three, the output waveform has a 0-step voltage among the square
waveform positive along negative sections. Furthermore, by applying the SPWM technique to
six-step waveform the waveform’s overall shape is preserved

1. Control Mechanism of Proposed System

e MPPT Control Mechanism
From the power-voltage curve of the PV cell, it can be concluded that there exists an optimal
operating point at which max power could be delivered to the load. This point needs to be
regulated at regular intervals as the operating point varies with the difference in solar irradiation
along with cell temp [23]. The control mechanism of the operating point has been depicted in
the Fig. 8.
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Fig. 8 MPPT control mechanism for Modified SEPIC converter.

e Incremental Conductance Method
DC-DC boost converter & MPPT algorithm both play a crucial part in enhancing the overall
PV array performance. The IC method involves two sensors, one for measuring the voltage and
the other for measuring the PV array current output [24], which are used to enhance the
efficiency of the PV array. Differentiating Equation (5) w.r.t voltage yields the following
equation:

dPpy _ dlpy

Wy Vpy X (dev) (11)
dPpy _ dipy

Woy I + Vpy X (dev) (12)

The above equation satisfies the condition of max power point tracking, substituting the
condition in EqQ. 11, the equation becomes:

=G (13)

avpy Vey
Fig. 9 can be better understood by the following equations

At “MPP:
dipy - _ Ip_V (14)
dvVpy Vpy
Left of MPP:
dVpy Vpv
Right of MPP
dipy . _ Iy,
avpy Vpy
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The equation ;’/ﬂ > — ‘I/P—V signifies the PV module incremental conductance on the left side,
PV PV

. ol I .
while the right side dvﬂ < - VP—V represents the instantaneous conductance”. Furthermore, at
PV PV

v — _ 22y the PV array will operate at the maximum power.
aVpy Vpy

At MPP
dipy
— =0
P left side of MPP d\lF” right side of MPP

>0

Wy

or!
‘lfw PV

Fig. 9 Incremental conduction realization

AVey

0

e Inverter Control Mechanism
A 3-phase, 3-level inverter is designed using IGBT switches. The advantage of using IGBT
semiconductor switches lies in their compact size and reduced switching losses when compared
to other power electronic devices. The Voltage source converter (VSC) not only governs the

DC bus voltage but also ensures a unity power factor. The control mechanism for the three-
phase inverter is described in Figure 10 [26].

e DC Voltage Control
The DC link capacitor plays an essential part in mitigating power losses at inverter IGBT
switches, thereby providing real power. Therefore, the voltage at the DC link capacitor reduces
gradually. To maintain stable voltage at the capacitor, the inverter absorbs a slight amount of
the active power. This principle has been explored in various research studies [27-28].
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Fig. 10 Three-phase inverter control mechanism.

e Phase-locked loop technique
To regulate the output voltage in power electronics systems, “the phase-locked loop (PLL)
technique is generally utilized to synthesize the system’s phase and frequency. The pulse width
modulation (PWM) approach is used in conjunction with PLL. The g component of the PCC
(Point of Common Coupling) voltage in the” dq-frame could be stated by the following
equations:

Voce—q = V sin (wt + 6 — 6) (17)

To decouple the control of active along with reactive power, the regulation of V,.._, is set to
zero. The choice is rooted in the fact that active power control correlates with the real part of
the output voltage, aligning with the voltage of a grid. While reactive power control
corresponds to the imaginary part of the output voltage, which is 90 degrees out of phase with
grid voltage. By regulating V,.._, to zero, the output voltage retains only the in-phase
component having a grid voltage, crucial for active power control, while eliminating the out-
of-phase component. This enables precise control over reactive power alone. In the provided
equation ¥ signifies the amplitude of the PCC phase voltage, w represents the frequency of
system, and 6, denotes the AC system’s initial phase angle.

® Current control
Dq frame’s inverter currents are given by the equations provided below [28] [31]:
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di . .
Lyt = Lrw()ig — Reig + Va = Vpee-a (18)
di . ,
Lfd_: = —Lrw(t)iag — Reiq + Vg = Voce—q (19)

Where Vjc_qq represents “point of common coupling voltages (PCC), iy signifies the inverter
current, V;, denotes the voltage at inverter’s AC side in the dg-frame. In this context, a
proportional-integral (P1) controller is implemented for each and every current component. The
equations for active along with reactive power outputs of inverter in the dg-frame” have been
provided by the following eq:

P(®) =3 (Vy(Dia(®) + Va®ig(® (20)

Q(E) =2 (~Va®ig(®) + Vo (®ig(®)) (21)

Because of the PLL operation V; =V & V; = 0.

The current controllers of the inverter receive reference values from the outer loops, which are
determined by the operation mode and control objectives. The regulation of i; is responsible
for controlling the inverter's active power output, whereas the regulation of i, governs the
control of reactive power output.

1. RESULTS AND DISCUSSIONS
The present study conducts a comparative examination of the conventional and modified
SEPIC boost converters, through the adept application of the Tustin/Backward Euler method
within the MATLAB/SIMULINK environment. The simulations were executed, focusing on a
PV array operating under standard test conditions, specifically at 25°C with an intended
radiation of 1000 W/m? for a duration of 0.4 seconds. The scope of work extended to the
Modified Single-Ended Primary Inductor Converter design based on the parameters outlined
in theTable 1 and then the calculated values provided in Table 2. This design facilitated a
comparative analysis, under identical standard test conditions.

The results encapsulated in Fig. 11-21, unveil the comparative dynamics of PV output voltage
Vpy, PV output power Ppy,, converter voltage V., grid voltage V,, grid current I, , total
harmonic distortion (THD) analysis & the grid power (P) with respect to time. This research
affords a detailed understanding of the distinctive performance characteristics exhibited by the
two converter configurations.
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1. COMPARATIVE ANALYSIS OF CONVENTIONAL AND PROPOSED SYSTEM
Fig. 11 illustrates that from 0 to 0.1 seconds, the PV power output Pp;, of the conventional
converter exhibits ripples, while the modified SEPIC converter produces a smoother output.
Furthermore, between 0.1 and 0.4 seconds, the modified SEPIC converter consistently
outperforms the conventional boost converter in the terms of output power, highlighting the
effectiveness of the modification in enhancing performance and stability. These observations
provide valuable insights into optimizing photovoltaic energy conversion systems

Power Ppv (KW) vs time plot:

120
100 | _ Conventional Boost Converter
G ®
80 - Modified SEPIC Boost Converter
® ]

B
o
T

Power Ppv (kW)
3

[
[=}

o

0 0.1 0.2 0.3 0.4

time (seconds])
Fig. 11 Comparative analysis of PV Power.

In Fig. 12, the time period of 0-0.1seconds unveils that the “PV output voltage has ripples and
transient voltage fluctuations in the case of a conventional DC-DC boost converter, conversely,
the PV output” voltage from a modified SEPIC converter maintains a smooth profile and shows
improved voltage regulation. Moreover, during the subsequent period from 0.1 to 0.4 seconds,
the modified SEPIC converter PV output voltage is greater in comparison to that of traditional
boost converter.

Voltage Vpv (V] vs time plot:

0 0.1 0.2 0.3 0.4

time (seconds)
Fig. 12 Comparative analysis of PV output voltage.
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In the “Fig. 13, it could be found that the designed converter exhibits achievement of voltage
boosting to the desired level compared to the convention boost converter. Furthermore, the
modified SEPIC” converter DC output voltage attains stability at an earlier instance as
compared to the conventional converter, thereby contributing significantly to the effectiveness
&stability of the total photovoltaic energy conversion system.

Voltage Vdc (V) vs time plot:

600

Voltage Vdc (V)
N W B w
8 8 8 8

2

0 0.1 0.2 0.3 0.4
time (seconds)

Fig. 13 Comparative analysis of converter’s output voltage.

Analysis of Fig.s 14 and 15 reveals a notable consistency in grid voltage V, between the
conventional and modified SEPIC boost converters. The uniformity arises from the constant
output voltage maintained by a three-phase inverter when supplied with DC voltage.

«10* Grid Voltage Va (V) vs time plot:

f' THHFEFRY
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0 0.1 0.2 0.3
time (seconds)

Grid Voltage Va (V)
o

Fig. 14 Grid voltage output in case of conventional boost converter.
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«10* Grid Voltage Va (V) vs time plot:
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Fig. 15 Grid voltage output in case of modified SEPIC boost converter

Fig. 16 represents a comparison of the grid current I, , it can be observed that a higher current
is fed into the grid in the case of a modified SEPIC boost converter.

Grid Current la (A) vs time plot:

Grid Current la (A)
o

0 0.1 0.2 0.3 0.4
time (seconds)

Fig. 16 Comparative analysis of grid current.

Figures 17 and 18 disclose a divergence in voltage characteristics at the interface between the
converter and inverter, especially focusing on voltage distortion. The proposed converter
exhibits a substantially lower distortion level AV,;. = 2.5V in difference to the conventional
boost converter, where the distortion level is AV,;. = 5.1 V. In the case of a modified SEPIC
converter, the reduced distortion contributes to an augmented performance of a 3-phase
inverter. The mitigated distortion not only signifies improved signal but also the impact
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SEPIC converter design on inverter performance resulting in a smoother and more efficient
pOwWer conversion process.

Voltage Vdc (V) vs time plot:
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Fig. 17 Voltage distortion in case of conventional boost converter.

Voltage Vdc (V) vs time plot:
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Fig. 18 Voltage distortion in case of modified SEPIC boost converter.

In Fig. 19, grid power (P) and efficiency comparison show that the power in the case of the
modified SEPIC converter becomes stable prior and provides higher efficiency in contrast to
the conventional boost converter. In time period 0.1-0.4, it could be found that the effectiveness
of the conventional boost converter is 93.5% whereas, the effectiveness of the system with the
suggested converter is 96.2%. In essence, the finding underscores the efficacy of the modified
SEPIC converter in mitigating operational challenges and enhancing efficiency, thereby

positioning it as a better option for grid-connected PV array systems, particularly during
transient operation conditions
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Grid efficiency (kW) vs time plot:
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Fig. 19 Comparative analysis of converter’s efficiency.

Figs. 20 and 21 present a comparative evaluation of the THD calculated on the grid side,
providing critical insights into the harmonic content of both the conventional and modified
converters. The analysis reveals an identical THD value of 0.33% for both converters. This
consistent THD outcome suggests uniformity in the harmonic distortion characteristics on the
grid side, irrespective of the converter configuration. The uniformity in THD values contributes
valuable insights into the harmonic mitigation potential of modified SEPIC converters, offering
a promising outlook for their application in grid-connected photovoltaic systems with a focus
on harmonic reduction and grid code compliance.

Fundamental (60Hz) = 1.988e+04 , THD=10.33%

= =
—_ o
T

Mag (%% of Fundamental)
o
=

0 200 400 600 800 1000
Frequency (Hz)

Fig 20. THD in the case of the conventional boost converter.
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Fundamental (60Hz) = 1.988e+04 , THD=0.33%
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Fig. 21 Total harmonic distortion in case of modified SEPIC boost converter.

Furthermore, the performance of both converters can be analyzed on the basis of the calculated
parameters provided in the given table

Table 3.0
Serial No. Parameters Conventional converter SEPIC converter
1. Variation in PV output voltage 110 volts 40 volts
PPV
2. Variation in the converter’s 5.1 volts 2.5 volts
output voltage distortion V.
3. Variation in efficiency 93.5% 96.2%
4, Harmonic distortion (THD) 0.33% 0.33%

2. CONCLUSIONS
Moreover, with comprehensive modeling of the power circuit and its associated control
circuitry within the grid-connected PV systems, this study draws several key conclusions:
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1. Designed parameters for the modified SEPIC converter are specified as follows:
Duty cycle (D): 0.1
Inductor L, : 1.9 x 1073H
Inductor L, : 25.4 X 1073H
Capacitors Cy, C, and C3: 3.3 X 107°H

2. The efficiency of the grid connected to the system of PV employing the conventional
boost converter is measured at 93.5%, conversely, the same system when equipped with
the designed boost converter, demonstrates an efficiency of 96.2%.

3. The system’s voltage profile during the transient period with the proposed “modified
SEPIC converter is improved compared to the system’s voltage profile with the
conventional DC-DC boost converter”.

The THD of the voltage being fed to the utility grid is 0.33%, which is the same in the case of
both converters.
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