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Abstract: The rapid growth of renewable energy sources and the increasing demand for efficient power conversion have spurred
significant advancements in grid-connected inverter technology. Among these, transformerless grid-connected inverters have
emerged as a prominent solution due to their compact size, reduced cost, and enhanced efficiency. This review paper provides a
comprehensive analysis of transformerless grid-connected inverters, focusing on their operational principles, key topologies,
benefits, challenges, and potential future developments. Through a systematic exploration of recent research and industry
trends, this paper aims to offer a comprehensive understanding of the state-of-the-art in transformerless grid-connected inverter
technology.

Keywords: Transformerless inverters, grid-connected inverters, renewable energy, power conversion, topologies, efficiency,
challenges, future prospects.

L. INTRODUCTION
In recent years, the increasing global demand for clean and sustainable energy sources has led to a significant upsurge in the
integration of renewable energy systems into the power grid. Solar photovoltaic (PV) and wind power installations, in particular,
have witnessed remarkable growth due to advancements in technology and favourable regulatory policies. As these renewable
energy sources generate direct current (DC), efficient conversion to alternating current (AC) is essential for seamless integration
with the grid as shown in fig.1. Transformerless grid-connected inverters have emerged as a pioneering solution in this context,
offering compactness, cost-effectiveness, and enhanced efficiency compared to their transformer-based counterparts [1].
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Fig.1 Energy source integration with MLI
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To prevent electrical shocks and other risks, isolation transformers have long been used in grid-connected inverters to isolate the
DC input from the AC output. However, these transformers increase the system's weight, cost, and losses. However, grid-connected
inverters that do not need isolation transformers are possible thanks to cutting-edge circuit topologies and control methods. The
absence of these components results in a decrease in size, weight, and cost, making them competitive in many grid-connected uses.
This review paper aims to provide a comprehensive overview of transformerless grid-connected inverters, delving into their
operational principles, various topologies, benefits, challenges, and the potential future directions in this rapidly evolving field [2]
[3]. By synthesizing recent research findings, industry developments, and technological trends, this paper seeks to offer a holistic
understanding of the advancements and challenges associated with transformerless grid-connected inverter technology. Moreover, it
aims to shed light on the critical role that these inverters play in enabling the seamless integration of renewable energy sources into
the modern power grid.

In the subsequent sections, the paper will explore the operational principles that underlie transformerless grid-connected inverters,
presenting an array of innovative circuit topologies that have been developed to achieve efficient power conversion. The benefits of
these inverters, including reduced size, improved efficiency, and enhanced power density, will be examined in detail [4].
Challenges such as safety concerns, leakage current issues, and grid interaction will also be discussed, along with potential
mitigation strategies.

Furthermore, the paper will explore the future prospects and research directions of transformerless grid-connected inverters,
considering the ongoing advancements in semiconductor technology, control strategies, and emerging wide-bandgap devices. As
the global energy landscape continues to shift towards sustainable and decentralized solutions, transformerless grid-connected
inverters are poised to play a pivotal role in facilitating the seamless integration of renewable energy into the grid.

1. LITERATURE SURVEY
The transformerless cascaded multilevel inverter used by Rajasekar Selvamuthukumaran et al., which uses a hybrid multicarrier
pulse width modulation (H -MCPWM) method, is effective in reducing leakage current. Leakage current may be drastically
decreased using the modulation approach without the need for any additional components. The proposed H-MCPWM method
provides reduced leakage current in the transformerless PV inverter system since it uses fewer carriers and is easy to install as a
modulation technique. [5]. Phani Kumar Chamarthi et al. have described and verified the 3-CHB inverter architecture for the PV-
fed grid-connected system through computation and experimentation. The suggested modulation approach for the 3-CHB MLI
architecture greatly decreased leakage current. It was also established that the reduced leakage current (VDE012601-01) was
generally acceptable [6]. In order to give the proposed inverter desirable characteristics like high efficiency and boosting capability
during single stage operation, N. Vosoughi et al. presented a series-parallel switching conversion of the integrated switched-
capacitor module in a packed unit. Using a common grounding method has the added benefit of reducing leakage current. [7]. A
five-level common ground transformerless inverter for PV systems is recommended by Felipe Bovolini Grigoletto. Its output
harmonic content is lower. The suggested inverter delivers a maximum dc-voltage utilisation and can manage reactive power, in
contrast to half-bridge-based topologies. [8].
G. Veera Bharath et al. introduced multiple transformerless switched capacitor (TSCS5LI) topologies for photovoltaic (PV)
applications. Maintaining constant grid frequency voltage at PV parasitic capacitors, the four inverter topologies in the proposed
family (H8, H8-UPF, H10, and H10-UPF) are able to decrease leakage current even when switch terminal capacitances are
included. [9]. Reza Barzegarkhoo and coworkers have shown a unique five-level grid-connected inverter that does not need a
transformer. The leakage current problem may be addressed by using the recommended topology, which has a common-grounded
layout. Because of its two-fold voltage-boost capabilities and well-balanced active and passive components, it is well-suited for use
in PV string applications. The following method for regulating the injected current involves a phase-locked-circuit (PCC). [10].
N. Vosoughi et al. have introduced a novel method for a grid-connected inverter, which eliminates the need for a single-phase
transformer. The series-parallel switching conversion utilising the integrated switched-capacitor module in a compact unit
demonstrated several attractive characteristics, including an impressive overall efficiency exceeding 97%, the capability to perform
dual boosting within a single stage, and the near elimination of leakage current through the implementation of the common
grounding technique. The use of a peak current controller technology is employed for the purpose of activating the gates of power
switches and effectively regulating both the active and reactive powers [11]. Xiaogiang Guo et al. conducted an investigation on the
relationship between leakage current, common-mode voltage, and differential mode voltage. The issue is resolved by the
implementation of a novel three-phase cascaded H5 grid-connected inverter and its corresponding modulation scheme [12].
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Reza Barzegarkhoo and colleagues used the SC approach to introduce a novel CG-based TL-inverter structure. Higher voltage gain
and output voltage levels can be generated using the converters. [13]. It is more difficult to solve the switching angles due to the
asymmetric selective harmonics elimination (SHE) equation that is produced by the asymmetric multilevel inverter (AMLIS) in the
cascaded H-bridge (CHB), according to K. yang et al. Results demonstrate the accuracy of this unified SHE approach for CHB
AMLIs [14].

I1l.  CONVENTIONAL TOPOLOGIES AND ARCHITECTURE
Multilevel inverters (MLIs) are suitable for high-voltage applications due to their ability to generate output voltage waveforms with
enhanced harmonics spectrum and reach greater voltage levels while adhering to the maximum device rating limitations. The user's
text is not sufficient to be rewritten in an academic manner. Please provide more by appropriately configuring power switching
semiconductor devices and voltage sources, it is possible to generate a multilayer output.
Multilevel inverters (MLI) may be classified into following three overarching categories:
1) Diode-Clamped (neutral-point-clamped)
2) Flying Capacitor
3) Cascaded H-Bridge.

A. Diode -Clamped (Neutral Point Clamped)

Three power electronic switches and two DC voltage sources make up a three-level inverter, also referred to as a neutral-point-
clamped (NPC) or diode-clamped MLI. The DC voltage sources are connected in series with a midpoint neutral point, and the
switches are connected in a three-phase bridge configuration. Five voltage levels, including zero, positive, negative, and two
intermediate voltage levels, can be produced with this design here fig.2 shows a diode-clamped (Neutral point clamped) multilevel
inverter.
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Fig.2 Diode-clamped (Neutral point clamped)

1) Limitations
e For higher level generation, large number of capacitors and clamping diodes are required.
e Voltage balancing is difficult.

2) Applications
e Low- medium voltage
e Ac motor drive applications and PV.
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B. Flying Capacitor MLI

Flying capacitor MLI generates voltage levels using capacitors rather than DC voltage sources. It is made up of a centre point and a
series of capacitors, each of which is connected to two power electronic switches shown in fig.3. Comparatively speaking, this
topology can generate more voltage levels than the diode-clamped MLI.

1) Limitations
e Involves large number of capacitors to get higher levels
e The structure becomes bulky & expensive for high power application.

2) Applications
e Low-medium voltage
e Drives application

C. Cascaded H-Bridge MLI

Multiple H-bridge cells are connected in series to form a cascading H-bridge MLI. Four power electronic switches and a DC voltage
source make up each H-bridge cell shown in fig.4. The number of cells can be raised to achieve larger power levels, and this
topology can generate a wide range of voltage levels.

The advantages of MLI over typical two-level inverters are lower harmonic distortion, less electromagnetic interference, lower
voltage stress on the switches, and increased efficiency. However, MLIs require sophisticated control algorithms to ensure optimal
performance and are more expensive and complex than two-level inverters.

1) Limitations
e  More number of semiconductor switches are involved.
e Requires a number of isolated dc sources.

2) Applications

e Medium — high voltage
e Drives, electric vehicle
e Renewable energy
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Fig.3 Flying Capacitor MLIs
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Fig.4 Cascaded H-Bridge MLIs

V. BENEFITS AND CHALLENGES OF TRANSFORMERLESS GRID- CONNECTED INVERTERS.
A transformerless grid-connected inverter is a type of inverter used in photovoltaic (PV) systems that eliminates the need for a
traditional transformer for grid integration. Instead of using a transformer to match the voltage levels, transformerless inverters
directly convert the DC power generated by the PV panels into AC power for grid injection or consumption.
While transformerless grid-connected inverters offer various advantages, they also have some potential disadvantages and
considerations that need to be taken into account. Here are a few disadvantages of transformerless grid-connected inverters.
It is important to address these disadvantages through proper design, implementation, and adherence to safety standards and
regulations. Transformerless grid-connected inverters require careful consideration of grounding techniques, leakage current
mitigation methods, insulation monitoring, and control strategies to ensure safe and reliable operation. Consulting with experts and
following best practices is essential when implementing transformerless grid-connected inverters in PV system. Table.1l is
describing the benefits and limitation of grid-connected inverters.

Table.1 Benefits and Limitation of Grid-Connected Inverters

S.No. Benefits Limitation
1 Increased Efficiency Increased Risk of leakage current
2 Reduced size and weight Lack of Ground Fault Protection
3 Cost saving Challenging voltage level matching
4 Enhanced response time Limited voltage boosting capability.
5 Simplified design and maintenance Grid Compatibility and power quality

concerns

6 High frequency operation Sensitive to Grid disturbances
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No. of . No. of o

Type of Total no. of on state | Output Filter Vin(V) Boosting Output Leakage Repqrted Ov.er.aII system

components . feature Current | Efficiency% | efficiency%
Converter switches Levels

S|D|C|L Lfl Lf2 Cf
;5][16' 510|103 3mH | 3mH | 0.47uF | 400 | No 3 g:r':) 98.5(0.5kw) | 0.95*0.985=993.5
OHs[17] |6 |0 |2 |0 |3 4mH | 4mH | 6.6uF | 400 | No 3 g:r':) 97.2(1kw) | 0.95%0.972=9%92.3
Ts?][l& 612203 3mH | 3mH | 0.47uF | 400 | No 3 g:r’:) 97.4(1kw) | 0.95%0.974=%92.5
HERIC |62 |10 |2 3mH |3mH |22uF [400 | No 3 g:r':) 97(1kw) 0.95%0.97=9692.1
Active
NPC [20] 602 |0]2 NA NA NA 800 No 3 NA 97.34(10kw) | 0.95*0.973=%92.4
;'i’iZVR 5151202 1.8mH | 1.8mH | 2uF | 400 | No 3 g:r':) 94.88(2.8kw) | 0.95%0.948=9690.13
Ezr]SCh”y 502 01]1]3 NA | NA |NA 400 | No 3 zero | NA NA
[23] 5|02 |0 |2 8mH 0.8mH | 0.34uF | 400 No 3 zero 95.20(0.5kw) | 0.95*0.95=%90.25
[24] 412 (12]0|2 4mH 2mH 2.2uF | 400 No 3 zero 97.50(0.5kw) | 0.95*0.975=%92.62
[25] 21012 |1]1 1mH 1mH 2.2uF | 400 No 2 zero 96.00(0.2kw) | 0.95*0.975=%91.2
[26] 510 (2|12 0.3mH 3.3uF | 100 Yes 3 zero 92.50(0.2kw) | 92.50%
[27] Non-

5/0|1|0 /|3 3mH 3mH 2.2uF | 400 No 3 Zero 98.00(1kw) 0.95*0.98=%93.1
[28] Non-

63 ]2|0]3 1mH 1mH 2.2uF | 400 No 3 Zero 98.5(0.6kw) | 0.95*0.98=%93.57
[29] Non- 98.4

6(6|1]0]3 2mH 2mH 2.2uF | 400 No 3 Zero (0.51kw) 0.95*0.984=%93.48

MODULATION TECHNIQUES USED IN ML-GCI
The four kinds of ML-MFGCI modulation techniques are (i) SPWM, (ii) Hysteresis, (iii) Selective Harmonic Elimination, and (iv)
SVPWM as shown in fig. 5.

Modulation Technique of ML-GCl in PV Systems

!
v ! I !

SPWM Hysteresis SHE SVPWM

PS-PWM LS-PWM

| !

PD-PWM POD-PWM  APOD-PWM

Fig.5 Classification of ML-GCI based on modulation techniques.
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A. Sinusoidal Pulse Width Modulation (SPWM)
Power dissipation is one of the most crucial difficulties in high power PV systems, where a sinusoidal reference voltage waveform is
compared with a triangular carrier waveform to generate gate signals for the inverter switches. To reduce switching losses, the
fundamental frequency SPWM control approach was suggested. The phase shifted (PS) control technique is used for horizontal
arrangements, while the multi-carrier SPWM control methods are classified as level shifted (LS-PWM), which includes phase
disposition (PD-PWM), phase opposition disposition (POD-PWM), and alternative phase opposition disposition (APOD-PWM),
and have been used to improve the performance of multilevel inverters. In actuality, PS-PWM is only useful for cascaded H-bridges
and flying capacitors, whereas PD-PWM is more useful for NPC and is more useful for cascaded H-bridges and flying capacitors.
Fig. 5 provides illustrations of each of the aforementioned multi-carrier SPWM control techniques.
Ref [30] created a better phase disposition PWM (PD-PWM) for use with an ML-GCI in a PV system. This novel modulation
approach is based on selective virtual loop mapping (SVLM), which permits dynamic capacitor voltage balancing without an extra
compensation signal. First, virtual submodules (VSMs) are established, and then the loop mapping relationships between the VSMs
and the actual submodules are modified to provide the desired voltage balance between the capacitors in the upper and lower arms.
Due to the fact that this method merely determines the MIN and MAX capacitor voltage's index and does not need sorting voltages
from highest to lowest, it is well-suited for a modular multilevel converter with numerous submodules in one arm. When compared
to carrier PS-PWM, this technique facilitates the management of circulating current, is simpler to apply in FGPAs, and provides far
stronger dynamic regulation capabilities.

@) (b)

-~ //\\ &

N\

\J

v

v

(c) (d) |
Fig.5 Multi-carrier SPWM controls strategies: (a) PD, (b) POD, (c) APOD, (d) PS.
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B. Hysteresis Technique

The switching signals are calculated by comparing the current error signal with a hysteresis band of constant width. This approach
is very stable, has fast dynamics, and can restrict current automatically. Some drawbacks of this method include the formation of
fluctuating modulation frequencies for active power filters, the complexity of constructing the input filters to active power filters,
and the possibility for the generation of undesirable resonance on utility grids [30]. Using active power filters in systems with
isolated neutrals is problematic because of the unfavourable effects of phase current interactions and current coupling on filter
performance. There have been several suggested solutions to the underlying issue.

C. Selective Harmonic Elimination PWM (SHE-PWM)

The SHE-PWM approach is predicated on the removal of certain harmonic orders and relies on fundamental frequency switching.
The idea behind this technique is to eliminate the fundamental component and obtain the fourier coefficient or harmonic
components of the predefined switching waveform with unknown switching angles, all while maintaining the fundamental
component at the desired reference amplitude [30]. The low switching frequency required by three-level inverters to reduce
semiconductor losses makes SHE a promising option.

D. Space Vector PWM(SVPWM)

Determine the suitable switching state and their duty cycle in accordance with a specific modulation scheme is the goal of space
vector modulation (SVM). The six sectors of the SVM's complex operating plane are divided into turn-on and turn-off switching
states in the power circuits [30]. The turn-on time for each switch is calculated by locating two consecutive switching-state vectors
using the reference vector. SVM has a poor response time because of the intrinsic calculation delay even if digital control techniques
have superior dependability and flawless anti-jamming. It is advised that deadbeat control be improved upon and that the reactive
system components be slightly oversized in order to address this problem.

VI.  CONCLUSION

In this article from the fundamental AC-DC and DC-DC converters that underpin energy conversion to the sophisticated multilevel
inverters and advanced modulation techniques enhancing power quality, the topologies and architectures in power electronics
showcase an intricate tapestry of innovation. These diverse solutions cater to a wide spectrum of needs, from motor drives and
industrial automation to renewable energy systems and grid stabilization.

In conclusion, the realm of power electronics stands as a cornerstone of the modern energy landscape, bridging the gap between
generation and consumption. Its diverse topologies, intelligent control strategies, and adaptable architectures play an instrumental
role in shaping the energy systems of tomorrow. As the world marches toward a more sustainable and interconnected future, the
fusion of power electronics with visionary thinking is poised to reshape the very foundation of how we harness and utilize electrical
power.

VII. FUTURE SCOPE

The future of transformerless grid-connected inverters holds great promise as these innovative devices continue to shape the
integration of renewable energy sources and the advancement of power electronics technology. Ongoing research aims to enhance
the efficiency of transformerless inverters through optimized circuit topologies, reduced switching losses, and the utilization of
advanced semiconductor materials like wide-bandgap devices (SiC and GaN). The following key areas represent the future scope
for transformerless grid-connected inverters: Efficiency Enhancement, Advanced Control Strategies, Higher Power Density, Voltage
Boosting Techniques, Harmonic Mitigation, Safety and Isolation.

In conclusion, the horizon for transformerless grid-connected inverters shines bright as ongoing endeavors focus on achieving
heightened efficiency, enriched control capabilities, and expanded applications. As the global drive towards cleaner energy
intensifies, transformerless inverters are poised to facilitate the seamless integration of renewable energy sources into the grid,
thereby propelling the transition to a more sustainable and resilient energy landscape.
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