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Abstract: DC-DC converters are critical for energy management in positive energy districts (PEDs)
because they allow for efficient conversion between different voltage levels, enabling the integration
of various renewable energy sources, energy storage systems, and loads. The demand for high-
voltage gain DC-DC converters in photovoltaic power systems has surged in recent times. Despite
the numerous converter topologies reported, there is a focused effort to streamline components,
particularly switching devices, passive elements, and overall converter losses. This paper introduces
the single switching impedance network (SSIN)-based converter as a unique DC-DC converter
topology, designed in both one-stage and double-stage configurations for photovoltaic applications.
One of the main characteristics of the SSIN converter is that it needs just one switch and three
capacitors for the n-stage. A comparative analysis with conventional boost converter topology
demonstrates the SSIN-based converter’s capability to achieve a desirable output voltage that closely
approximates an ideal sine waveform. Furthermore, the application of advanced control strategies to
the proposed converter highlights its superior performance and robustness in maintaining output
voltage stability under varying conditions. These characteristics make the SSIN-based converter
particularly well-suited for PED applications, where efficiency, reliability, and the seamless integration
of renewable energy sources are crucial.

Keywords: non-isolated DC-DC converter; high DC voltage gain; photovoltaic (PV); maximum
power point tracking (MPPT); positive energy districts (PEDs)

1. Introduction

Due to population development and industrialization, there is a huge increase in the
need for electrical energy, and fossil fuels continue to be the most popular energy source
despite their role in global warming [1]. To address the challenges posed by the increasing
energy demand and the environmental impact of fossil fuels, the concept of positive
energy districts (PEDs) has emerged as a transformative solution [2]. PEDs are urban
areas designed to produce more energy than they consume by leveraging local renewable
energy sources, smart grids, and energy storage systems [3]. By prioritizing sustainability,
PEDs aim to contribute to the global energy transition by reducing carbon emissions,
enhancing energy efficiency, and promoting decentralized energy management [4]. One
of the critical technologies enabling energy optimization in PEDs is the DC-DC converter.
DC-DC converters play a fundamental role in managing the energy generated from various
renewable sources, such as solar photovoltaic (PV) panels, and coordinating energy storage
systems, like batteries. By efficiently converting DC voltages to match the needs of different
energy components within the district, these converters help minimize energy losses
and enhance overall system efficiency. Nevertheless, the utilization of fossil fuels poses
environmental concerns, making alternative sources like solar energy increasingly attractive
due to its inherent noise-free and environmentally friendly characteristics [5]; this is while
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the efficiency of photovoltaic (PV) panels is significantly influenced by factors such as sun
exposure, temperature variations, and shadow fluctuations [6].

This study’s objective is fully consistent with the positive energy district (PED) concept,
which seeks to achieve a positive energy balance. A conventional solar energy harvesting
system comprises key components, such as a photovoltaic (PV) array, a maximum power
point tracking (MPPT) controller, as well as a DC-DC converter, a battery, a load (AC/DC),
and an inverter, as illustrated in Figure 1 [7]. To cater to the voltage requirements of the
load, intermediate circuits, such as DC-DC converters, are crucial for transforming the
low direct current (DC) output voltage from a solar photovoltaic (PV) energy-producing
system into a voltage that is appropriate for use [8]. Some of the rectifiers’ problems, such
as harmonics, are passed on to the DC-DC converters. Implementing active power filters
solves this issue [9]. The power converters also include a controller that is set up to manage
the switching of the many switching units [10]. Peripheral pulse-width modulated (PWM)
boost converters have facilitated the development of switched-mode DC-DC converters
aimed at producing output DC voltages greater than the input DC voltage. These setups use
magnetic field storage components, like inductors, or electric field storage components, like
capacitors, with active or passive switching elements to temporarily store and distribute
energy from the input [11,12].
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Figure 1. Conventional solar energy harvesting system.

In response to the drawbacks of conventional PWM boost converters, considerable
efforts have been devoted to alleviating these limitations through non-isolated high step-up
DC-DC converters (NHSDCs) [13]. These converters can be categorized into isolated
and non-isolated types. Isolated converters, featuring electrical separation between input
and output using transformers, offer protection against high-power flows [14]. However,
they come with drawbacks, such as transformer core saturation, increased component
count, and lower efficiency, particularly within applications requiring low and medium
power [15,16]. Conversely, non-isolated DC-DC converters, lacking a transformer, boast
fewer components, reduced energy loss, and a smaller overall size [17]. Utilizing strate-
gies like interleave boost (IB), coupled inductor (CI), switched capacitor (SC), cascaded
boost (CB), switched inductor (SI), and voltage multiplier (VM), a number of non-isolated
topologies have surfaced in recent years to achieve high step-up voltage gains [18]. These
topologies change the duty ratio in an effort to get high-voltage gains [19].

Earlier, the switch voltage stress in DC-DC boost converters was equivalent to the
output voltage, necessitating the use of high-rating switches. This requirement significantly
increased conduction losses and restricted the achievable voltage gain. To overcome these
limitations, researchers introduced advanced non-isolated DC-DC converters with higher
voltage gains, expressed by the relation (1 + 8)/ (1 — 6), where 4 represents the duty ratio
of the switch [20]. These converters allow for improved performance by reducing switch
stress and enhancing energy conversion efficiency. However, despite these advancements,
there remains a substantial scope for further improvements, particularly in developing
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high step-up DC-DC converters with better efficiency, higher voltage gain, and reduced
component count.

In response to these challenges, Kumaravel Sundaramoorthy et al. [21] proposed a
novel single switching impedance network (SSIN)-based converter. This topology offers the
advantage of structural scalability, allowing for an extension with multiple stages (n-stage),
which increases the number of diodes and inductors by 3(1 + n) and 1 + n, respectively. The
key innovative aspects of this paper include:

1.  New Topology: The SSIN converter topology is unique, offering a design that achieves
higher or more efficient voltage conversion with a single switch, potentially simplify-
ing circuitry and reducing cost.

2. Dual-Mode Operation Analysis: The study covers both continuous and discontinuous
conduction modes, providing a comprehensive understanding of the converter’s
operation across different load conditions.

3. Impact of Parasitic Elements: By analyzing how parasitic elements affect the con-
verter’s DC voltage gain and efficiency, the paper addresses real-world performance
considerations, enhancing the converter’s practical applicability.

However, while this work introduces a valuable contribution to converter design,
it does not explicitly address key challenges, such as stability in grid-connected systems
or the integration of MPPT controllers under fault conditions. Our study builds upon
this foundation by simulating a grid-connected PV system that incorporates MPPT and
a three-level inverter for enhanced energy management. Furthermore, we introduce and
analyze the system’s response to short-circuit faults to assess the converter’s stability and
suitability for real-world renewable energy systems. The ability to integrate MPPT and
maintain system stability during fault conditions is critical for optimizing the performance
of grid-connected PV systems. This becomes especially important in the context of PEDs,
where energy efficiency, reliability, and seamless integration with renewable energy sources
are paramount.

By simulating a grid-connected PV system that incorporates MPPT and a 3-level
inverter for improved energy management, and introducing and analyzing the system’s
response to two short-circuit faults, this study aims to evaluate the converter’s stability and
its suitability for real-world renewable energy systems. The ability to integrate MPPT and
maintain system stability in fault conditions is crucial for optimizing the performance of
grid-connected PV systems, particularly in the context of PEDs, where energy efficiency
and reliability are paramount.

The application of advanced control strategies to the proposed converter highlights
its superior performance and robustness in maintaining output voltage stability under
varying conditions. In the context of the converter proposed for optimizing photovoltaic
systems, control strategies refer to the methodologies and algorithms deployed to regulate
and optimize the converter’s operation. These strategies are designed to achieve critical
objectives, such as maximizing energy conversion efficiency, maintaining stability in output
voltage or current despite fluctuations in photovoltaic input (e.g., shading or varying solar
irradiance), and dynamically tracking the MPPT to ensure optimal energy extraction under
all conditions. Additionally, advanced control approaches ensure robust performance by
adapting to environmental variations like temperature changes, minimizing output ripple
to enhance reliability, and safeguarding connected loads. Techniques such as feedback
loops, PID controllers, model predictive control (MPC), and artificial intelligence (e.g.,
neural networks for MPPT optimization) are employed to implement these strategies
effectively. These advanced control methods enable the converter to efficiently manage
energy flow in photovoltaic systems, making them particularly suitable for integration into
PEDs where reliability, efficiency, and seamless integration with renewable energy sources
are crucial.

The format of this document is as follows: After a brief overview of PV systems and
converter topology in Section 1, Section 2 describes how to operate the recommended
SSIN converter. The SSIN converter’s design element is presented in Section 3. Section 4



Designs 2024, 8, 130

40f18

presents the comparative simulation results, which highlight the superiority of the proposed
converter and Section 5 describes the discussion and comparison. The article is concluded
in Section 6.

2. Functioning of the Converter

The operation of the proposed one-stage converter, depicted in Figure 2, involves the
interaction of several components: a single semiconductor switch, six diodes, two inductors
(L; and L), and three capacitors (Cy, Cp, and an additional one). When the switch S is
turned on, inductors L1 and L, are charged by the input source. The energy stored in the
inductors is transferred to the cross-connected capacitors C; and C, when the switch is
turned off. These capacitors act as a voltage doubler, thereby enhancing the voltage boost
achieved by the converter. This design facilitates efficient energy conversion and voltage
amplification.
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Figure 2. Topology of the converter with one-stage.

To understand the fundamental working concept of one-stage high step-up DC-DC
converter, the following procedures are given [21]:
As shown in Figure 3a, in Mode 1, this operating mode appears when:

Figure 3. Equivalent circuit of proposed converter: (a) Mode 1; (b) Mode 2.
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Switch S On: For the interval 0 < t < §Ts, the switch S is closed.

Diodes Forward Biased: Dy, D3, and Dg.

Diodes Reverse Biased: D5, Dy, and Ds.

Inductors Charging: Input voltage Vi, charges L; and L, in parallel.

Energy Supply: Capacitors C; and C; supply energy to the output capacitor C, and
the load.

Voltage Across Inductors: Viy.

The output voltage of the load is the summation of the voltages provided by the
voltage between the cross-connected capacitors as Vo = V1 + Veo.

As shown in Figure 3b, in Mode 2, this operating mode appears when:

Switch S Off: For 6Ts < t < (1 — 9) Ts, the switch S is open.

Diodes Forward Biased: D;, Dy, and Ds.

Diodes Reverse Biased: Dy, D3, and Dg.

Inductors Discharging: L; and L, discharge energy into capacitors C1 and C2, which
are cross connected, in series. The inductors L1 and L2 release their stored energy into the
cross-connected capacitors in a series configuration.

Voltage Across Capacitors: At steady-state, Vo1 = Vo = Vout/2.

As illustrated in Figure 3b, the voltage between inductors L1 and L, is given by (1)
when the output voltage is equal to the capacitor voltage:

2Vin — Vout

Viin=V = 1

1)
The average voltage of the inductor is zero according to the volt-second balance of the
inductor L1, as stated:
2V, — V.
Vin 5+ in out
4
By solving Equation (3), the DC voltage gain for the converter operating in continuous
conduction mode (CCM) is derived as follows:

(1-6)=0 )

Vout o 1+46

=2
Vv, 16 ©)

3. Design Components of Converter

The suggested converter design is made up of various essential parts, each playing
a crucial role in its operation. Here is a detailed breakdown of these components that is
given by [21]:
3.1. Inductors

The current ripple (AiL) of the inductors L; and L, during the switch S’s on-state is
calculated as,

) V; . V:
Aijg = “L6Ts; Aipp = —L6T, (4)
Ly L

From the aforementioned equations of the current ripple, the deduced inductance
values for the inductors L1 and L2 are provided as,

V.0 V.0
L1 > o, > 2
t= fsQiry 2= fsAiro

As stated in (6), the average currents flowing through the inductors L1 and L2 are.

(5)

2k, 20
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3.2. Capacitors

When the switch S is in the off-state, or mode 2, the capacitors C; and C, are charged.
When the switch S is in the on position, the capacitor Cy is charged. The expression
provided in Equation (4) represents the energy stored in the capacitors.

Qc1 = GAVe = IL715Ts
Qc2 = CAVe = BT, @)
Qco = CoAVp = Ip(1 —6)dTs

where I;, and Iout show, respectively, the average input and output currents. Equation (8)
provides the expressions for these average currents.

1+96 Vi
Iiy = 2(1_5) Io; Io = lggt (8)

Equations (6) and (7) yield the final equations for the capacitance values of the capaci-
tors Cq, Cp, and Cy, which are as follows:

‘SVout
C1 2 TR foave
Vit
G2 2GR, fAvG )
Vout (1—6)
Co 2> Rof:AVco

where AV is the voltage ripple over the capacitor.

3.3. Semiconductor Devices

The switch’s current and voltage stresses are indicated by the variables Vg and Is, and

are listed below.
Vs 1496

Vie, 1-90 (19
Is,rms = 41\/_3{50 (11)
The following are the diodes” RMS current and voltage stress expressions.
\\]/?: - \\fo - (1i5) (12)
Ip1,rms = IpsrMs = (21\/8?) (13)
-t
Vi
V’: =1 (15)
Ip2,rRMS = 2\(/117_55)10 (16)

where Vp1, Vpy, Vb3, Vps, Vps, and Vpg represent the voltage stress on diodes Dy, Dy, D3,
Dy, D5, and Dg, respectively, and Ipg, Ipp, Ips, Ips, Ips, and Ipg denote the current stress on
diodes Dy, D2, D3, D4, D5, and Dy, respectively.
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4. Simulation Result
4.1. Comparison of Converter Performance

In this section, the simulation results for boost converters as a various type of non-
isolated converters for solar PV panels integrated through VDC micro grids are presented
and compared.

The simulated circuit of the high step-up DC-DC converter in one stage, based on the
converter specification given in Table 1, is shown in Figure 4.

Table 1. Component specification.

Parameter Specifications
Input voltage 24V
Inductors 200 uH
Capacitors 100 pF
Switching frequency 5KHZ
Switch IGBT

ek

W—TWHW @T—'_T‘Et"_
b
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|
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Figure 4. One-stage high step-up DC-DC converter.

For Vin = 24 and duty cycle (5 = 0.5), it was calculated that the gain of this converter
will result in an output voltage of 144. The output voltage plot of this converter is depicted
in Figure 5. This output voltage typically reflects how well the converter regulates the
voltage level after converting it from the input source, and it also indicates the converter’s
efficiency in maintaining a stable output.

350 asl—1 &

300 144 .05 o
— 143.05 |
250 NN VI J—
o 102 104
«
o
5

200
150 ,L f;\/
J

0 2 4 6 8 10 12 14 16 18
Time (seconds)

Figure 5. Output voltage of one-stage converter.

The simulated circuit of the high volDC-DC converter is shown in Figure 6.
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Figure 6. High volDC-DC converter.

The output voltage of the double-stage high step-up DC-DC converter is shown in
Figure 7, which also indicates the converter’s efficiency in maintaining a stable output.
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Figure 7. Output voltage of double-stage converter.

The comparative DC voltage gain for different configurations from previous works [22-30]
are shown in Figure 8. In comparison to other documented converters, the suggested SSIN
converter in its double-stage configuration offers a significantly higher voltage gain, as illus-
trated in the figure. This improvement is particularly evident at higher duty cycles, where
the voltage gain increases substantially due to the optimized design of the converter. The
double-stage architecture effectively combines the benefits of enhanced energy transfer and
reduced losses, allowing the converter to achieve superior performance under demanding
operating conditions.

400 4

350 o Double-stage
~=o—One-stage
300 ~—o-—Interleaved
Double-boost

——ZVS

o Conventional Boost

Voltage gain
1]
g

Duty ratio

Figure 8. Comparative DC voltage gain for double-stage (suggested), One-stage [21], Interleaved [22-25],
Double-boost [26,27], ZVS [15,28-30] and Conventional Boost.
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At higher duty cycles, the system leverages the extended range of energy conversion,
enabling greater output voltage levels without compromising efficiency. This feature makes
the SSIN converter particularly suitable for applications requiring high-voltage gains,
such as photovoltaic systems and other renewable energy integrations, where achieving
maximum power extraction and system scalability are critical.

In Table 2, five different boost topologies were compared. As can be seen, the n-stage
(n =1.2) has a reasonable complexity and a high-voltage gain, making it a good candidate to
use with low voltage DC sources, such as ultra-capacitors, solar PV, fuel cells, and batteries.

Table 2. Boost converters comparison.

Converters No. of No. of No. of No. of Topology Control Voltage
switch Diode Capacitor Inductor Complexity Complexity Gain
Conventional boost 1 1 1 1 low low low
Interleaved [22] 3 3 1 3 medium high high
Double boost [15] 1 3 3 2 low low low
Zero switching [29] 2 1 2 2 medium high medium
SSIN one-stage 1 6 3 2 low low medium
SSIN double-stage 1 9 3 3 medium low high

4.2. Grid-Connected PV System for Feeding Electrical Energy into the PED

In this paper, a PED-connected PV system was considered. The PV solar array in a
grid-connected PV system, sometimes referred to as a “grid-tied” solar system, is “tied” to
the local mains’ electricity grid and supplies electrical energy to the PED. The configuration
of the solar PV system under study fed to either the PED or the grid, as shown in Figure 9.

Grid

PV module %

DC-DC transformer
converter

DC-AC

Inverter _@

Figure 9. Grid-connected PV system which feeds electrical energy into the PED.

As shown in Figure 10, the photovoltaic (PV) system connected to the one-stage high
step-up DC-DC converter with MPPT, was integrated into a grid-connected system using
a 3-level inverter. MPPT is implemented in the DC-DC boost converter by means of a
state-flow implementation using the incremental conductance technique as previously
demonstrated in [31,32].

In the PED-connected PV system under study, 66 strings of five series modules con-
nected in parallel are present, and a high DC-DC step-up boost converter increases the DC
voltage from the PV maximum natural voltage, ranging from 273 V to 500 V.

The incremental conductance approach was used to implement MPPT in this DC-DC
converter. The MPPT controller changes the switching duty cycle to produce the voltage
required for extracting the greatest power. Figure 11 shows the results of a solar radiation
experiment conducted to examine the DC side of the system. In this figure, the radiation
changed, and in t = 0.4 s, the MPPT is active. As can be seen, the voltage increased to the
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PV maximum natural voltage of 273 V, and the maximum power according to radiation
was extracted.

Boost Converter -:

Control (MPP’
|
I
I

| One-stage converter (suggested) I

||Irradiance |

1| (W/m2) 1

I I
K

=

Utility
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T T
300 f
[
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2o, \
Bo1 -
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I
&
g 800|
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1
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Figure 11. PV output power, voltage, duty cycle voltage, and radiation.

Figure 12 shows the current of the first inductor of the high DC-DC step-up boost
converter, and it represents the current flowing through the inductor connected to the
converter’s input stage. This current is crucial because it affects the converter’s performance,
efficiency, and stability.

As stated before, the output of the high step-up boost converter was connected to
voltage source inverter. The input voltage of the inverter was considered to be 500 v.
Consequently, 500 v should be the output voltage of the high DC-DC step-up boost
converter. The output voltage of the high DC-DC step-up boost converter is shown in
Figure 13. This figure illustrates the voltage level achieved by the converter after it had
increased (or “boosted”) the input voltage.
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Figure 12. Input inductor current in proposed converter.
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Time (seconds)

Figure 13. Output voltage of DC-DC boost converter.

The voltage source inverter generates alternative current (AC) voltage at 50 Hz. In
order to inject this voltage into the grid, a three-phase transformer increases the voltage to
a three-phase, line-to-line 25 kV distribution network voltage level. Figure 14 shows the
AC output phase voltage and the current of the transformer, and it refers to the electrical
parameters produced at the transformer’s secondary winding after it has transferred energy
from the primary winding. Understanding these parameters is crucial for evaluating the
transformer’s performance and its suitability for various applications.
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Figure 14. Output voltage and current of transformer.

In Figure 15, a photovoltaic (PV) system is connected to the double-stage high step-
up DC-DC converter that incorporates maximum power point tracking (MPPT). This
integrated system is designed to be PED-connected and utilizes a 3-level inverter.

In Figure 16, the graph displays the current flowing through the first inductor of the
high DC-DC step-up boost converter. The results confirm the low input inductor current
of converter.
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Figure 15. PED-connected PV system with double-stage DC-DC converter.
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Figure 16. Input inductor current.

Figure 17 shows the output voltage of the double-stage boost converter and it’s
increased voltage level, produced at the converter’s output, which is higher than the input
voltage. This output voltage is a key indicator of the converter’s ability to step up voltage
to meet specific requirements.

0 05 1 15 2 25 3 a5
Time (seconds)

Figure 17. Output voltage of DC-DC boost converter.

Figure 18 illustrates the AC output phase voltage and the current of the transformer
using the double-stage configuration, highlighting their sinusoidal nature. This demon-
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strates that the proposed approach maintains a low total harmonic distortion (THD) at
the point of common coupling (PCC), ensuring compliance with power quality standards.
The sinusoidal form of the voltage and current, achieved through advanced modulation
techniques and optimized control strategies, minimizes harmonic content, thereby prevent-
ing any significant increase in THD at the PCC. This highlights the effectiveness of the
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Figure 18. Output voltage and current of transformer.

To analyze the impact of grid disturbances on the PV system, two short-circuit fault
scenarios were applied to the one-stage converter.

Scenario 1: A single line-to-ground fault was applied at t = 2.5 s and cleared after
100 ms. During this fault, the system experienced a temporary voltage dip, but the MPPT
algorithm quickly adjusted the duty cycle to restore the system’s operating point. This
demonstrated the system’s capability to maintain voltage stability and output power
recovery despite transient disturbances.

Scenario 2: A three-phase short-circuit fault at t = 3 s, a more severe three-phase short-
circuit fault, was introduced and cleared after 100 ms. Despite the significant disruption
caused by this fault, the MPPT algorithm effectively re-adjusted the duty cycle, enabling
the PV system to return to stable operation. The system maintained output power and
voltage stability, underscoring its resilience under more critical fault conditions.

In order to consider the power grid on the PV system, two short circuit faults were
applied to the one-stage converter. The first fault type was a single line-to-ground, which
was applied at t = 2.5 s and cleared after 100 ms; the second one was att =3 s, and a
three-phase short circuit fault was introduced and cleared after 100 ms. Figure 19 illustrates
the output characteristics of the PV system under these fault scenarios. The results validate
that the proposed configuration ensures operational reliability by maintaining stable per-
formance during faults, highlighting its robustness and fault-tolerant design for real-world
applications. This resilience is critical for ensuring the integration of PV systems into power
grids with minimal disruption to performance.

Figure 20 illustrates the DC link voltage under fault conditions, demonstrating the
system’s stability even after severe faults. The results show that the DC link voltage remains
unaffected during the single line-to-ground fault, maintaining its nominal value without
any noticeable deviation. However, during the three-phase short-circuit fault, the DC link
voltage temporarily increases due to the abrupt energy imbalance in the system.
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Figure 19. PV output power, voltage, duty cycle voltage, and radiation after short circuit faults.

1500

0 05 1 15 2 25 3 35
Time (seconds)

Figure 20. Output voltage of converter after short circuit faults.

This transient rise in voltage highlights the importance of designing the DC link
capacitor to withstand higher voltage stresses under contingency scenarios, particularly
during severe faults like three-phase short circuits. Ensuring that the capacitor can handle
these elevated voltage levels is critical for maintaining the overall reliability and durability
of the system under fault conditions.

Figure 21 depicts the output voltage and current of the transformer following short-
circuit faults. The results show that the output current experiences a sharp spike imme-
diately after the fault, as expected due to the abrupt disturbance. However, the system’s
robust control mechanisms quickly mitigate this spike, bringing the current back to its
nominal levels within a short duration, thereby preserving system stability.
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Figure 21. Output voltage and current of transformer after short circuit faults.
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Similarly, the output voltage exhibits transient fluctuations during the fault, partic-
ularly following the short circuit. These fluctuations are effectively damped as the fault
is cleared, with the voltage gradually stabilizing to its nominal value. This response high-
lights the robustness and resilience of the system’s design, demonstrating its capability to
handle sudden and severe disruptions while ensuring reliable and stable operations under
adverse conditions.

5. Discussion and Comparison

The simulation results presented in this study demonstrate the performance and
effectiveness of various non-isolated high step-up DC-DC converters, with a particular
focus on their integration into a grid-connected PV system for PEDs. The primary goal was
to compare different converter topologies and evaluate their suitability for low-voltage DC
sources like solar PV panels in LVDC microgrids. The results offer key insights into the
behavior of one-stage and double-stage high step-up converters, as well as their interaction
with grid-connected systems under fault conditions. The voltage gain of the one-stage and
double-stage converters was calculated as 2(1 + 8)/(1 — 6) and 2(1 + 28)/(1 — ), respectively.
For a duty cycle of 6 = 0.5, the one-stage converter produced an output voltage of 144 V,
with an input of 24 V, and the double-stage converter exhibited a higher gain, delivering
even greater output voltages. The performance of these converters under different load
conditions suggests that the double-stage configuration provides a significantly higher
voltage gain while maintaining a reasonable level of complexity.

The comparative DC voltage gain for different converter topologies, highlights the
trade-offs between complexity and performance. While conventional boost converters
offer simplicity in design and control, their voltage gain is limited, making them less
suitable for high-gain applications in PEDs. On the other hand, the SSIN-based converters,
particularly the double-stage configuration, achieve superior voltage gains while keeping
the component count and control complexity at a manageable level. This makes the double-
stage SSIN converter a strong candidate for applications requiring high-voltage step-up
with minimal energy losses, such as in PV systems and battery storage in PEDs.

According to the study; it is evident that while interleaved and zero-switching convert-
ers offer high-voltage gains, they come with higher control complexity and an increased
number of components. The SSIN-based converters, particularly the one-stage and double-
stage configurations, stand out for their balance between topology complexity and voltage
gain. The single-switch design in both stages ensures that switching losses are minimized,
thereby enhancing overall efficiency. This is especially beneficial in systems like PEDs,
where energy efficiency and stability are paramount. The results from the grid-connected
PV system simulations with MPPT, further emphasize the robustness and flexibility of the
proposed SSIN-based converters. The ability of the one-stage and double-stage converters
to maintain voltage stability and system efficiency under varying solar radiation and fault
conditions showcases their reliability.

When subjected to line-to-ground and three-phase short-circuit faults, the system
remained stable, with minimal impact on PV output power and voltage. The sharp rise
in output current after the faults, followed by the rapid stabilization of both voltage and
current, underscores the effectiveness of the system’s control mechanisms in managing
sudden disruptions. This resilience is crucial for grid-connected systems in PEDs, where an
uninterrupted power supply is essential for maintaining the energy balance of the district.

This behavior underscores the efficiency of the SSIN converter’s control mechanisms in
maintaining stability during fault conditions, which is essential for systems integrated into
Positive Energy Districts (PEDs), where uninterrupted power supply and energy balance
are critical. Unlike previous works such as Kumaravel Sundaramoorthy et al. [21], which
focused on the converter’s design and performance under normal conditions, our analysis
emphasizes the converter’s ability to handle fault conditions and maintain system stability,
a critical factor for real-world grid-connected systems. It should be noted that stability
analysis and energy efficiency under fault conditions were not specifically addressed in [21],
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whereas our study has provided an in-depth evaluation of these aspects. Our findings
indicate that the SSIN converter performs reliably under fault disturbances, making it an
excellent candidate for high-efficiency, fault-tolerant applications. This aligns with the
need for robust energy systems in PEDs, as highlighted in the literature on fault-tolerant
converter designs and their importance for grid stability, such as the studies by Gouveia
et al. [24] and Zhang et al. [25].

6. Conclusions

This paper addresses the growing need for efficient power conversion in positive en-
ergy districts, which rely on the integration of renewable energy sources like photovoltaics,
energy storage systems, and smart grids. PEDs require advanced DC-DC converters to
manage energy flows efficiently, as renewable sources typically generate energy in DC form.
High-performance DC-DC converters ensure minimal energy losses during conversion,
optimizing the district’s overall energy production and consumption. In this context, the
development of novel converter topologies is essential to maximize energy efficiency and
system reliability.

Novel one-stage and double-stage SSIN converters are proposed, with the DC voltage
gain of the suggested converters derived analytically. The gain was determined to be
2(1+68)/(1 — b) for the one-stage converter and 2(1 + 26)/(1 — o) for the double-stage con-
verter. An innovative approach was adopted by modifying the one-stage and double-stage
methodologies to simulate a PV power system. This system integrates maximum power
point tracking within a grid-connected system using a 3-level inverter. The incremental con-
ductance method was employed in the state flow implementation of MPPT in the DC-DC
boost converter. To evaluate the PV system’s interaction with the power grid, two short-
circuit faults were applied. The results indicate that, following both line-to-ground and
three-phase faults, the current increases; however, the system remains stable even under
severe fault conditions. Furthermore, the use of a single semiconductor switch in the SSIN
topology, regardless of the number of stages, was found to enhance the converter’s overall
efficiency. This makes it an excellent candidate for integrating low-voltage DC sources,
such as batteries and fuel cells, particularly in applications like PEDs. The converter can
also be adapted for use with other inverter types, such as the S3 inverter.

Author Contributions: In the process of preparing this manuscript, T.H. was responsible for executing
the methodology, managing data curation, conducting software-based simulations, and drafting
the original written content. On the other hand, H.J K. undertook the tasks of editing, validation,
visualization, handling resources, and funding acquisition, as well as contributing to editing and
supervision. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Data Availability Statement: Some data are contained within the article.

Conflicts of Interest: The authors declare no conflicts of interest.

1. Meshael, H.; Elkhateb, A.; Best, R. High Gain Isolated Switched-Boost DC-DC Converter for PV Application. In Proceedings of
the 2023 IEEE International Conference on Environment and Electrical Engineering and 2023 IEEE Industrial and Commercial
Power Systems Europe (EEEIC/1&CPS Europe), Madrid, Spain, 6-9 June 2023; pp. 1-6.

2. Castillo-Calzadilla, T.; Oroya-Villalta, J.; Borges, C.E. Energy Management System for a Residential Positive Energy District Based
on Fuzzy Logic Approach (RESTORATIVE). Smart Cities 2024, 7, 1802-1835. [CrossRef]

3.  Kitsopoulou, A.; Pallantzas, D.; Bellos, E.; Tzivanidis, C. Mapping the Potential of Zero-Energy Building in Greece Using Roof
Photovoltaics. Designs 2024, 8, 68. [CrossRef]

4. Ali, M.F,; Sarker, N.K,; Hossain, M.A.; Alam, M.S.; Sanvi, A.H.; Syam Sifat, S.I. Techno-economic feasibility study of a 1.5 MW
grid-connected solar power plant in Bangladesh. Designs 2023, 7, 140. [CrossRef]

5. Jafari Kaleybar, H.; Hafezi, H.; Brenna, M.; Faranda, R.S. Smart AC-DC Coupled Hybrid Railway Microgrids Integrated with
Renewable Energy Sources: Current and Next Generation Architectures. Energies 2024, 17, 1179. [CrossRef]


https://doi.org/10.3390/smartcities7040070
https://doi.org/10.3390/designs8040068
https://doi.org/10.3390/designs7060140
https://doi.org/10.3390/en17051179

Designs 2024, 8, 130 17 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Espinoza-Trejo, D.R.; Castro, L.M.; Barcenas, E.; Sanchez, ].P. Data-Driven Switch Fault Diagnosis for DC/DC Boost Converters in
Photovoltaic Applications. IEEE Trans. Ind. Electron. 2024, 71, 1631-1640. [CrossRef]

Sutikno, T.; Samosir, A.S.; Aprilianto, R.A.; Purnama, H.S.; Arsadiando, W.; Padmanaban, S. Advanced DC-DC converter
topologies for solar energy harvesting applications: A review. Clean Energy 2023, 7, 555-570. [CrossRef]

Ahmadi, M.; Kaleybar, H.].; Brenna, M.; Castelli-Dezza, F.; Carmeli, M.S. DC Railway Micro Grid Adopting Renewable Energy and
EV Fast Charging Station. In Proceedings of the 2021 IEEE International Conference on Environment and Electrical Engineering
and 2021 IEEE Industrial and Commercial Power Systems Europe (EEEIC/1&CPS Europe), Bari, Italy, 7-10 September 2021;
pp. 1-6. [CrossRef]

Castillo-Calzadilla, T.; Cuesta, M.A.; Quesada, C.; Olivares-Rodriguez, C.; Macarulla, A.M.; Legarda, ].; Borges, C.E. Is a massive
deployment of renewable-based low voltage direct current microgrids feasible? Converters, protections, controllers, and social
approach. Energy Rep. 2022, 8, 12302-12326. [CrossRef]

Zhou, Z.; Liu, J.; Motwani, ] K.; Dong, D.; Burgos, R. Power Converter. U.S. Patent 20240275286, 29 August 2024. Available online:
https:/ /www.freepatentsonline.com/y2024/0275286.html (accessed on 29 August 2024).

Hashemi, T.; Mahboobi Esfanjani, R.; Jafari Kaleybar, H. Composite Switched Lyapunov Function-Based Control of DC-DC
Converters for Renewable Energy Applications. Electronics 2023, 13, 84. [CrossRef]

Sutikno, T.; Purnama, H.S.; Widodo, N.S.; Padmanaban, S.; Sahid, M.R. A review on non-isolated low-power DC-DC converter
topologies with high output gain for solar photovoltaic system applications. Clean Energy 2022, 6, 557-572. [CrossRef]
Tarzamni, H.; Gohari, H.S.; Sabahi, M.; Kyyr4, ]. Non-isolated high step-up dc-dc converters: Comparative review and metrics
applicability. IEEE Trans. Power Electron. 2024, 39, 582-625. [CrossRef]

Raghavendra, K.V.G.; Zeb, K.; Muthusamy, A.; Krishna, T.N.V.; Kumar, S.V.P,; Kim, D.H.; Kim, M.S.; Cho, H.G.; Kim, HJ. A
comprehensive review of DC-DC converter topologies and modulation strategies with recent advances in solar photovoltaic
systems. Electronics 2019, 9, 31. [CrossRef]

Kumar, K.H.; Rao, G.V.S.K. A review of various dc-dc converter topologies for photovoltaic applications. In Proceedings of the
2021 6th International Conference on Communication and Electronics Systems (ICCES), Coimbatre, India, 8-10 July 2021.
Suryadevara, R.; Parsa, L. Full-bridge ZCS-converter-based high-gain modular DC-DC converter for PV integration with
medium-voltage DC grids. IEEE Trans. Energy Convers. 2018, 34, 302-312. [CrossRef]

Jotham Jeremy, L.; Ooi, C.A.; Teh, J. Non-isolated conventional DC-DC converter comparison for a photovoltaic system: A review.
J. Renew. Sustain. Energy 2020, 12, 013502. [CrossRef]

Schmitz, L.; Martins, D.C.; Coelho, R.E. Comprehensive conception of high step-up DC-DC converters with coupled inductor and
voltage multipliers techniques. IEEE Trans. Circuits Syst. I Regul. Pap. 2020, 67, 2140-2151. [CrossRef]

Meshael, H.; Elkhateb, A.; Best, R. Topologies and Design Characteristics of Isolated High Step-Up DC-DC Converters for
Photovoltaic Systems. Electronics 2023, 12, 3913. [CrossRef]

Li, Q.; Huangfu, Y,; Xu, L.; Wei, ].; Ma, R.; Zhao, D.; Gao, F. An improved floating interleaved boost converter with the zero-ripple
input current for fuel cell applications. IEEE Trans. Energy Convers. 2019, 34, 2168-2179. [CrossRef]

Shanthi, T.; Prabha, S.U.; Sundaramoorthy, K. Non-isolated n-stage high step-up DC-DC converter for low voltage DC source
integration. IEEE Trans. Energy Convers. 2021, 36, 1625-1634. [CrossRef]

Nahar, S.; Uddin, M.B. Analysis the performance of interleaved boost converter. In Proceedings of the 4th International Conference
on Electrical Engineering and Information & Communication Technology (iCEEiCT), Dhaka, Bangladesh, 13-15 September 2018.
e Silva Aquino, R.N.A.L.; Tofoli, F.L.; Praca, P.P.; Oliveira, D.D.S,, Jr.; Barreto, L.H.S.C. Soft switching high-voltage gain dc—dc
interleaved boost converter. IET Power Electron. 2015, 8, 120-129. [CrossRef]

Ahmed, N.A.; Alajmi, B.N.; Abdelsalam, I.; Marei, M.I. Soft switching multiphase interleaved boost converter with high voltage
gain for EV applications. IEEE Access 2022, 10, 27698-27716. [CrossRef]

Rahimi, T.; Hosseini, S.H.; Sabahi, M.; Abapour, M.; Gharehpetian, G.B. Three-phase soft-switching-based interleaved boost
converter with high reliability. IET Power Electron. 2017, 10, 377-386. [CrossRef]

Li, K.; Hu, Y.; Ioinovici, A. Generation of the large DC gain step-up nonisolated converters in conjunction with renewable energy
sources starting from a proposed geometric structure. IEEE Trans. Power Electron. 2016, 32, 5323-5340. [CrossRef]

Wang, F. A novel quadratic boost converter with low current and voltage stress on power switch for fuel-cell system applications.
Renew. Energy 2018, 115, 836-845. [CrossRef]

Biswas, P.; Halder, D.; Halder, T. A Zero Voltage Switching (ZVS) Boost Converter Suitable for Power Factor Correction. In
Proceedings of the 14th IEEE India Council International Conference (INDICON), Roorkee, India, 15-17 December 2017.
Moschopoulos, G.; Jain, P; Joos, G. A novel zero-voltage switched PWM boost converter. In Proceedings of the PESC’95-Power
Electronics Specialist Conference, Atlanta, GA, USA, 18-22 June 1995.

Kaleybar, HJ.; Brenna, M.; Llaneza, LM.G.; Zanineli, D. Interleaved Four Quadrant Converter-Based Active Traction Substation
for Recuperating Regenerative Braking Energy in DC Railway Line. In Proceedings of the 2024 International Symposium
on Power Electronics, Electrical Drives, Automation and Motion (SPEEDAM), Napoli, Italy, 19-21 June 2024; pp. 1099-1104.
[CrossRef]


https://doi.org/10.1109/TIE.2023.3262888
https://doi.org/10.1093/ce/zkad003
https://doi.org/10.1109/EEEIC/ICPSEurope51590.2021.9584729
https://doi.org/10.1016/j.egyr.2022.09.067
https://www.freepatentsonline.com/y2024/0275286.html
https://doi.org/10.3390/electronics13010084
https://doi.org/10.1093/ce/zkac037
https://doi.org/10.1109/TPEL.2023.3264172
https://doi.org/10.3390/electronics9010031
https://doi.org/10.1109/TEC.2018.2878964
https://doi.org/10.1063/1.5095811
https://doi.org/10.1109/TCSI.2020.2973154
https://doi.org/10.3390/electronics12183913
https://doi.org/10.1109/TEC.2019.2936416
https://doi.org/10.1109/TEC.2021.3050421
https://doi.org/10.1049/iet-pel.2014.0275
https://doi.org/10.1109/ACCESS.2022.3157050
https://doi.org/10.1049/iet-pel.2016.0211
https://doi.org/10.1109/TPEL.2016.2609501
https://doi.org/10.1016/j.renene.2017.08.032
https://doi.org/10.1109/SPEEDAM61530.2024.10609217

Designs 2024, 8, 130 18 of 18

31. Banu, L.V, Istrate, M. Modelling of maximum power point tracking algorithm for PV systems. In Proceedings of the 2012
International Conference and Exposition on Electrical and Power Engineering (EPE), Iasi, Romania, 25-27 October 2012.

32. Darvishpour, Y.; Mousavi Gazafrudi, S.M.; Jafari Kaleybar, H.; Brenna, M. Integration of Rooftop Solar PV on Trains: Comparative
Analysis of MPPT Methods for Auxiliary Power Supply of Locomotives in Milan. Electronics 2024, 13, 3537. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/electronics13173537

	Introduction 
	Functioning of the Converter 
	Design Components of Converter 
	Inductors 
	Capacitors 
	Semiconductor Devices 

	Simulation Result 
	Comparison of Converter Performance 
	Grid-Connected PV System for Feeding Electrical Energy into the PED 

	Discussion and Comparison 
	Conclusions 
	References

