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Abstract

Solar energy is becoming increasingly popular due to environmental concerns, government policies and its
free availability. However, integrating solar energy into the utility grid presents a significant challenge for
researchers due to various factors such as complex electrical equipment, DC/AC conversions, multiple
voltage levels, complex grid codes, and the need for accurate modeling techniques. Additionally, improving
the performance of solar energy is also important to keep up with other energy production resources. In this
paper, a dynamic model of a PV system connected to the grid is presented, which includes a PV array, DC-
DC boost converter, voltage source inverter (VSC), transformer, filter, and associated control circuitry. The
study also involves the design and implementation of a Modified SEPIC Boost Converter for the system.
Simulation results demonstrate improved efficiency and performance of the modified converter compared to
the conventional DC-DC boost converter.

Keywords— DC-DC Converter Modified SEPIC topology, low current ripple and high efficiency, on
Photovoltaic Applications component.

1. INTRODUCTION

The use of non-renewable energy sources like oil, coal, and other fossil fuels contributes to pollution
and climate change, whereas renewable energy sources like solar and wind are considered a solution to
mitigate these negative effects. Photovoltaic-based renewable energy is gaining attention as a future energy
source because of its ability to solve the problems caused by global warming and the increasing energy
consumption. The advantages of photovoltaic energy include being fuel-free, pollution-free, and noise-free,
and having a lifespan of up to 20 years, which reduces maintenance costs [1-10]. Before integrating
photovoltaic power generation into the grid system, several steps must be taken. Conventional boost
converters are typically used to step up the voltage, but they have limitations such as low efficiency, large
conduction loss, and high voltage gain [11]. The design and 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
Single-Ended Primary Inductor Converter (SEPIC) is also commonly used to step up the DC voltage level,
but the switching voltage stress is higher than that of the Boost converter. The building block of the PV
array is the solar cell, which is a p-n semiconductor junction. A photovoltaic source is a current source that
depends on the rate of photo-current. Some resistance exists in the path of the electron and is connected in
series with the circuit [12-13]. The voltage, current, and power available from a photovoltaic continuously
change with variations in sun irradiance and temperature. Therefore, the design and control of the dc-dc
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boost converter must ensure a constant voltage supply to the load [14]. To achieve high efficiency, the
design of the dc-dc boost converter is a major consideration in renewable power applications [15]. Modified
SEPIC boost converters have been shown to reduce voltage oscillations and maintain low current ripple,
resulting in high efficiency even when the PV array receives dynamic irradiance [16-19].

2. SYSTEM CONFIGURATION

Fig. 1 shows block diagram of components of a grid-connected PV array system include a PV array,
a DC-DC hoost converter, a three-phase inverter, a filter, a transformer, and the grid itself.
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FIG.1. Schematic diagram of Grid connected PV array system with conventional DC-DC boost converter

To ensure better efficiency and minimal distortion in DC voltage during energy conversion, it is important to
accurately model the different components of the system and understand their characteristics and dynamic
performance. Conventional DC-DC boost converters, such as boost converters, buck converters, and buck-boost
converters, typically require high duty cycles to generate high output voltage, leading to high switching voltage
stress and inductor current ripple, which negatively impact conversion efficiency and voltage gain [20-21].
Therefore, it is necessary to design a suitable DC-DC boost converter that can effectively control the output
voltage, such as the modified SEPIC converter, to improve conversion efficiency.

A. PV Array

The mathematical model of PV array is modeled by considering a single diode equivalent circuit of a PV cell
shown in Fig. 2.
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FIG. 2. Equivalent circuit of a PV cell

Equation (1) expresses the output current of an ideal photovoltaic cell as the difference between photon current
and diode current. However, a practical PV cell includes series and shunt resistance in addition to the ideal cell.
This practical cell can be represented using an equivalent circuit model as shown in fig. 2.

The current of the PV cell is given by the equations given as;

Ipy = Iph — Iy — Iy (1)
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By putting (2) and (3) in (1), Ipy can be given as:
a(Vpy+Rsl)
Iy = Ly — I (e e 1) _ Vey+iRs @)
Rsn
The output power P, of the photovoltaic cell is given by:
Ppy = Vpylpy 5)
Where,
e [; denotes the diode current
e [,, denotes the photon current
e [, denotes the cell current
e [ denotes the saturation current of diode
e g denotes the electrical charge
e m denotes the ideality factor
e T denotes the cell temperature in Kelvin
e K denotes the Boltzmann constant
e Uy denotes the terminal voltage of the array
e R, denotes the series resistance
e R, denotes the shunt resistance
® Characteristics of PV cell
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FIG 3. Characteristics of PV cell

The mathematical model for the PV array is developed by incorporating equations (1) to (5), considering the
number of series and parallel cells and its corresponding losses in terms of resistances.

B. DC-DC Boost Converter
The circuit depicted in Fig. 4 is designed to function in a continuous conduction mode, which means that it
operates in a cyclical manner between two loops. When the switch is in the "ON" state, the inductor current

increases, and energy is stored in it. Simultaneously, the capacitor C discharges through the load resistor R,
following a specific relationship:
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FIG. 4. Circuit diagram of conventional DC-DC boost converter

On the other hand, when the switch is turned off, the stored energy in the inductor is supplied to the load.
During this time, the inductor current decreases, and the output capacitor voltage increases. These changes can
be described using the following equations:

diy,

L a Vey — Ve (8)

AVac _ . _ M
C e u R 9)

In a conventional boost converter, the voltage across the inductor increases when the switch is on and it
decreases when the switch is off, resulting in the charging of the output capacitor through the diode. The
inductor current does not fall to zero in continuous conduction mode. The duty cycle of the converter is
controlled by the MPPT controller. The duty cycle equation for the conventional boost converter can be
expressed as:

Duty cycle, d = Yev—Vac (10)

Vac
® Modified SEPIC converter

The modified SEPIC converter is created by integrating the conventional SEPIC converter with a DC-DC
boost converter and a diode-capacitor circuit [19].
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FIG. 5. Schematic diagram of grid connected PV array system with modified SEPIC converter

The modified SEPIC converter is designed by combining a conventional SEPIC converter with a DC-DC
boost converter and a diode-capacitor circuit. This converter is suitable for PV systems and provides high
efficiency, low current ripple, low switching voltage stress, and low conduction losses. By introducing a
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diode-capacitor circuit in series and using low voltage rating MOSFET and low resistance, the voltage stress
across MOSFET and diodes is reduced, increasing the conversion efficiency of the proposed model. The
proposed converter topology is appropriate for renewable energy-based applications with low input DC
voltage. The circuit topology of the proposed converter is shown in Fig. 6, which includes a DC voltage
source V,., main switch S, three diodes D,, D,, and D5, three capacitors C;, C,, and C;, two inductors L;and
L,, output diode Dy, and output capacitor C,. To increase the static voltage gain, the diode-capacitor based
SEPIC converter is proposed with a combination of a boost converter. The diode-capacitor elements help
reduce stress on the switch, and the capacitor is charged with the output voltage of the converter. The voltage
from the capacitor C, is applied to the inductor L, during the conduction period of power switch S, which

increases the voltage gain [22], compared to a conventional DC-DC boost converter.
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FIG. 6. Circuit diagram for modified SEPIC converter

® Parameter calculations of Modified SEPIC converter

Table no. 1:
Parameters Conventional Modified
Boost SEPIC Boost
converter[22] Converter[21]
Duty cycle d=1- Vpy D
Vac _ 2V 4. —3Vpy
2V4c+ Vpy
Vacd VpyD
Ly =—f L, =—
Inductors Ai;f Aij1fs
VCZ(]‘ - D)
Ly=—"-—7"—
AlLZfs
- d C,=C,=C3
Capacitors Vac Iqc
R vV fs =
PV AV fs
o Vpy denotes the input voltage that is 273V
o Vi 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 modified SEPIC converter
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o d denotes the duty cycle for conventional DC-DC boost converter
o AV, denotes the voltage ripple on capacitor C;, C,, Cs

e Ai;;, denotes the ripple current on inductor L,, L,
e L,,L, denotesthe inductance of modified SEPIC converter
e (,,C,, C5 denotes the capacitance of modified SEPIC converter

C. Three - Phase Inverter

A three-phase inverter comprises three single-phase inverter switches. The switches are controlled in a
coordinated manner to ensure that one switch operates at each 60-degree point of the fundamental output
waveform, resulting in a line-to-line output waveform with six steps. The six-step waveform has a zero-
voltage step between the positive and negative sections of the square-wave, which eliminates the harmonics
that are multiples of three. By applying SPWM techniques to six-step waveforms, the waveform's overall
shape, or envelope, is preserved, resulting in the cancellation of the 3rd harmonic and its multiples.
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FIG. 7. Circuit diagram of three phase inverter

D. Control Techniques
® MPPT control mechanism for converter

The power-voltage curve of a solar panel indicates that there exists an optimal operating point at which
the maximum power can be delivered to the load.

Vpwv

MPPT CONTROL
Ipv ; durty cycle

CONVENTIONALY
MODIFIED SEPIC
CONVERTER

FIG. 8. MPPT Control structure diagram of conventional/modified SEPIC converter

This operating point varies with changes in solar irradiation and cell temperature and needs to be regulated
[23]. The control structure diagram for regulating the operating point is shown in Fig. 8.

® Incremental conductance

The incremental conductance method involves the use of two sensors, one to measure the voltage and the other
to measure the current output of the PV array [24]. The effectiveness of the overall PV system is influenced by
both the DC-DC converter utilized and the MPPT algorithm employed, as both of these factors can enhance the
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performance of the PV array [25]. Differentiating equation (5) with respect to voltage yields the following

equation:

dPpy __
avpy

dPpy
dVpy

The condition for maximum power point tracking is that the slope

py X

=1+ Vpy x (Z2vy

) (11)
- (12)
At MPP
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FIG. 9. Incremental conduction realization

this condition in (11), the equation becomes:

dlpy _ IP_V)

dVpy

The relation is given by the following equations:

At MPP:

dlpy _
dvpy

Left of MPP:

dlpy
aVpy

Right of MPP:

dlpy
aVpy

Vpy

_ Ipv

Vpy

_ Iy

Vpy

_ Iy

Vpy

dPpy
dvpy

should be equal to zero. Substituting

(13)

(14)

(15)

(16)

Where Ip, and Vpy, are PV array output current and voltage respectively. The left-hand side of this equation
represents the incremental conductance of the PV module, while the right-hand side represents the
instantaneous conductance. The solar array will operate at the maximum power point when the ratio of the
change in output conductance is equal to the negative output conductance. The performance of the PV system
depends on the type of DC-DC converter used and the algorithm used for tracking the MPPT.
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® Control mechanism for three phase inverter

A three-phase three-level system is designed using IGBT switches to link the inverter to the network.
The use of IGBT semiconductor is preferred because of its smaller size and lower switching losses compared to
other power electronic devices. VSC regulates the DC bus voltage and also maintains a unity power factor.
Figure 10 illustrates the control mechanism for the three-phase inverter. [26].

® DC link voltage control

The DC link capacitor plays an important role in compensating for power losses in the inverter IGBT
switches, thereby providing real power. As a result, the voltage of the DC link capacitor decreases gradually
over time. In order to maintain the capacitor voltage at a stable level, the inverter must absorb a small amount of
active power. This concept has been discussed in several studies [27-28].

Vde THREE PHASE
INVERTER

- TRANSFORMER

filter

dq ﬂ 3 PLL
Vabc

PLL control

Vdc

current control

dq K—o
Iq abc

FIG. 10. Control mechanism for three phase inverter

® Phase locked loop

To control the output voltage in a power electronic system, the phase locked loop (PLL) technique is
commonly used to synthesize the system's phase and frequency. The PWM technique is used in conjunction
with PLL to achieve this. The g component of the Point of Common Coupling (PCC) voltage in the d gq-frame
[29] can be expressed as follows:

Voceeq =V sin (wt + 6, — 6) 17

To decouple the active and reactive power controls, V,.._, is regulated to zero. This is because the active
power control is related to the real part of the output voltage, which is in-phase with the grid voltage, and the
reactive power control is related to the imaginary part of the output voltage, which is 90 degrees out of phase
with the grid voltage. By regulating to zero, the output voltage will have only the in-phase component with the
grid voltage, which is necessary for active power control, and the out-of-phase component will be eliminated,
making it possible to control only the reactive power. In the given equation 7 denotes the amplitude of PCC
phase voltage, w is the system frequency and 8, is initial phase angle of the AC system.
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® Current control

The inverter current in dg- frame are given by equations [31], [28]:

di . .

L=t = Lrw()ig = Rpig + Vg~ Vpee-a (18)
di . .

Le =% = —Lrw()ig = Reiq + Vg = Vpeeeq (19

Where Vy,.._qq denotes PCC voltages, i4q is inverter current, Vg, is the voltage at AC side of the inverter in
dg-frame, respectively. A PI controller is used for each current component [30]. The active and reactive power
outputs of the inverter in dg-frame are given by the equations:

P(6) = 2(Vy(Dig(t) + Va(©)ig(t) (20)

Q) =2 (=Va®ig(®) + V()ia()) (21)

Due to PLL operation V; = V and V, = 0.

The current controllers of the inverter receive reference values from outer loops, which are based on the
operation mode and control objectives. The active power output of the inverter is controlled by regulating i,
while the reactive power output is regulated by i,.

3. RESULTS AND DISCUSSIONS

The equations for both conventional and modified boost converters have been solved using the
Tustin/Backward Euler method in MATLAB/SIMULINK. The simulation has been carried out for the PV
array under standard test conditions (25°C, 1000 W/m~2) for a duration of 0.4 seconds. The same model has
been simulated for the modified SEPIC boost converter, which was designed based on the parameters given in
Table 1 and values provided in Table 2, under the same standard test conditions and time.

4. COMPARATIVE ANALYSIS OF CONVENTIONAL AND MODIFIED SEPIC BOOST
CONVERTER

In Figure 11, it can be observed that the grid power P, in the case of the modified SEPIC converter, becomes
stable prior to the output power in the case of the conventional boost converter. Additionally, the output power
of the modified SEPIC converter is higher than that of the conventional converter. Furthermore, the efficiency
comparison of the power of the grid-connected system with conventional and modified SEPIC converters is
shown in Figure. It can be easily observed that during the time period of 0.2-0.4 seconds, the designed
converter has a higher efficiency of 96.2%. This is because changes in temperature or irradiance affect the
design of the conventional boost converter, which generates ripples in the DC output voltage. On the other
hand, the influence of capacitors, diodes, and inductances keeps the output of the modified SEPIC converter
smooth, with low voltage ripple and high efficiency [22-30].
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FIG. 11. Comparative analysis of grid power P with conventional and modified SEPIC converter
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Figures 12 and 13 shows the calculation of Total Harmonic Distortion (THD) on the grid side for both
conventional and modified SEPIC converters. It can be observed from the figures that the THD calculated for
both converters is the same, i.e., 0.33%.
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FIG. 12. THD in case of Conventional boost converter

Fundamental (60Hz) = 1.988e+04 , THD= 0.33%
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FIG. 13. THD in case of modified SEPIC converter
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Alternatively, the performance of conventional and modified SEPIC boost converter is summarized in
following table:

Table no. 1:
S.no Performance Conventio Modified
parameters nal  boost SEPIC
converter boost
converter
1. Efficiency, n_ 93.5% 96.2%
2. THD 0.33% 0.33%

5. CONCLUSIONS

In addition to the detailed modeling of the power circuit and associated control circuitry of the grid-connected
PV system, the main conclusions of this work are:

® The efficiency of the grid-connected PV system with the conventional boost converter is 93.5%, while the
efficiency of the same system with the designed boost converter is 96.2%.

® The voltage profile of the system during the transient period with the proposed modified SEPIC converter
is improved compared to the voltage profile of the system with the conventional DC-DC boost converter.

® The total harmonic distortion (THD) of the voltage being fed to the utility grid is 0.33%, which is the same
for the system with both converters.
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