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Abstract: Numerous reviews are available in the literature on PV inverter topologies. These reviews
have intensively investigated the available PV inverter topologies from their modulation techniques,
control strategies, cost, and performance aspects. However, their compliance with industrial stan-
dards has not been investigated in detail so far in the literature. There are various standards such as
North American standards (UL1741, IEEE1547, and CSA 22.2) and Australian and European safety
standards and grid codes, which include IEC 62109 and VDE. These standards provide detailed
guidelines and expectations to be fulfilled by a PV inverter topology. Adherence to these standards
is essential and crucial for the successful operation of PV inverters, be it a standalone or grid-tied
mode of operation. This paper investigates different PV inverter topologies from the aspect of their
adherence to different standards. Both standalone and grid-tied mode of operation-linked conditions
have been checked for different topologies. This investigation will help power engineers in selecting
suitable PV inverter topology for their specific applications.

Keywords: solar; inverter; converters; stand alone; grid connected mode; IEEE standards

1. Introduction

Transition towards renewable energy sources, particularly solar power, has gained
significant momentum in recent years [1,2]. Even higher percentages are expected in the
future as more countries implement policies, energy resource plans, and incentives towards
the adoption of renewable energy [3]. However, this transition to a larger penetration of
distributed energy resources such as solar photovoltaic systems brings about technical
challenges that must be addressed in order to ensure the stability, reliability, and power
quality of the existing distribution network. One way to address these challenges is through
the use of smart inverters.

Smart inverters can play a crucial role in the grid integration of PV systems by effec-
tively managing voltage and frequency, ensuring proper disconnection from the grid, and
preventing overgeneration [4–9]. By incorporating advanced control and communication
capabilities, smart inverters can dynamically respond to grid conditions and optimize the
integration of PV energy into existing electrical networks [10–12]. The conventional power
generation system gets strengthened with the support of robustly controlled PV inverters,
resulting in a smart power generation system. Incoming PV inverters may come up with
issues such as the problem of reactive power handling in conventional grids [13]. There
are solutions like the Automatic Generation Controller (AGC) and advanced controller
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techniques such as machine learning and data-driven schemes that can enable these PV
inverters to develop a smart power generation system [14,15]. PV inverters are critical
components in photovoltaic systems also as they control the flow of electricity between the
modules, battery, and loads. Future PV power converters need to address essential issues,
such as the smart and efficient integration of PV energy into existing electrical networks.

Among the various PV inverter topologies available, several have emerged as promi-
nent solutions, each with its own advantages and trade-offs. One such topology is the
Cascade H-Bridge Multilevel Voltage Source Inverter, which has garnered attention due
to its ability to generate high-quality output power [16]. This topology utilizes multiple
H-bridge converter cells connected in series, allowing for the creation of a stepped output
voltage waveform with a higher number of levels. This results in improved power quality,
reduced harmonic distortion, and lower thermal stress on the power semiconductor de-
vices [17]. An alternative approach is the PV array-based High-Frequency Link Inverter,
which proposes a single-staged design that directly converts the DC power from the PV
array into grid-synchronous AC power [18]. This architecture eliminates the need for
a separate DC-DC converter stage, improving efficiency and reducing system complex-
ity [19]. Moreover, a novel Symmetrical Cascade H-Bridge Multilevel Inverter topology
has been introduced, which aims to reduce the number of required switching devices while
maintaining the benefits of the multilevel approach. With the aim of reducing the size and
weight of PV inverters, a series of inverter topologies named transformerless configura-
tions have been proposed in the literature [20,21]. Conventional transformerless inverter
topologies have shoot-through and leakage current problems. A dual-buck half-bridge
inverter topology has produced a solution to both problems [22]. Alternatively, adding
auxiliary switches has also shown improved results for these two issues [23]. Many other
improved topologies are presented in literature with improved performances.

Compliance with safety and grid standards is crucial for PV inverter topologies due to
several key factors. Ensuring adherence to standards such as Underwriters Laboratories
(UL1741), International Electrotechnical Commission (IEC 62109), Institute of Electrical
and Electronics Engineers (IEEE 1547), Verband der Elektrotechnik (VDE), and VDE is
vital for maintaining the safety, reliability, and efficiency of PV systems. These standards
provide guidelines that help mitigate the risks of electrical hazards, fires, and equipment
failures, thereby protecting both users and the electrical grid. Regulatory compliance
is often a prerequisite for grid interconnection, enabling the seamless integration of PV
inverters into the utility infrastructure. Furthermore, meeting these standards supports grid
stability by ensuring that inverters can effectively manage voltage and frequency variations
and prevent unintentional islanding. Compliance also enhances market competitiveness,
as products certified to meet these rigorous standards are more likely to be trusted and
adopted globally, facilitating broader access to international markets. Overall, compliance
ensures that PV inverters operate safely, efficiently, and reliably, which is essential for the
widespread adoption and success of solar energy technologies.

This investigation focuses on the analysis and evaluation of different PV inverter
topologies from the perspective of different standards compliance. This includes evaluating
their efficiency, scalability, reliability, and overall performance in real-world grid-connected
applications. By gaining a comprehensive understanding of the technical and operational
characteristics of different PV inverter topologies, engineers and researchers can make
informed decisions when designing and implementing photovoltaic systems. This includes
evaluating their efficiency, scalability, reliability, and overall performance in real-world grid-
connected applications. By gaining a comprehensive understanding of the technical and
operational characteristics of different PV inverter topologies, engineers, and researchers
can make informed decisions when designing and implementing photovoltaic systems.



Energies 2024, 17, 3879 3 of 24

Furthermore, this investigation will consider the evolving nature of different standards
and how future revisions or updates may impact the design and deployment of PV inverter
technologies. By anticipating potential changes in standards, engineers can proactively de-
sign systems that not only meet current requirements but also have the flexibility to adapt to
future regulatory and technical developments in the field of renewable energy integration.

While existing review papers on PV inverter topologies provide comprehensive in-
sights into their design, functionality, and performance, there is a significant gap in the
literature concerning the evaluation of these topologies in terms of their compliance with
various international standards [21,24–35]. Standards such as IEEE 1547, UL 1741, and
IEC 62109 are critical as they dictate the safety, reliability, and grid compatibility of PV
inverters [36–38]. However, these standards frequently evolve, incorporating new require-
ments to enhance grid support functionalities, cyber security, and energy efficiency. A new
review paper that specifically examines PV inverter topologies through the lens of these
evolving standards is essential. This approach will not only help in identifying the most
compliant and future-proof inverter designs but also guide manufacturers and researchers
in developing innovations that meet or exceed regulatory expectations. Moreover, it will
assist policymakers and stakeholders in understanding the current landscape of PV in-
verter technology in relation to regulatory compliance, ensuring safer and more efficient
integration of renewable energy into the grid.

2. Different Standards on PV Inverter Performance

The development of standards is a meticulous and collaborative process involving
various stakeholders, including industry experts, manufacturers, regulatory authorities,
and standardization bodies. It typically begins with the identification of a need for a
new standard or the revision of an existing one. This need can arise from technological
advancements, emerging safety concerns, or new regulatory requirements. Once the need
is identified, a working group or technical committee is formed, comprising representatives
from relevant sectors. These committees are often organized by recognized standardization
organizations such as the International Electrotechnical Commission (IEC), the Institute of
Electrical and Electronics Engineers (IEEE), or Underwriters Laboratories (UL).

Standards are essential in the field of photovoltaic (PV) inverters for several reasons.
Firstly, they ensure safety, protecting both users and equipment from potential hazards
such as electrical shocks, fires, and equipment failures [39]. Standards like UL1741 and
IEC 62109 set stringent safety requirements that manufacturers must adhere to, thereby
minimizing risks and enhancing the overall reliability of PV systems [38,40–42]. Secondly,
standards facilitate interoperability and compatibility with the electrical grid. For instance,
IEEE 1547 outlines the necessary performance and operational criteria for interconnecting
distributed energy resources with the grid, ensuring that PV inverters do not disrupt grid
stability and can support essential grid functions like voltage regulation and frequency
control [43].

Moreover, standards play a crucial role in ensuring quality and reliability. Compliance
with standards like CSA C22.2 guarantees that PV inverters meet high-quality benchmarks
and are reliable over their expected operational lifespan [44,45]. This is important not only
for consumer confidence but also for the economic viability of PV systems, as it reduces
maintenance costs and downtime [46,47]. Additionally, standards are key to regulatory
compliance and market acceptance. In many regions, adherence to specific standards is a le-
gal requirement for grid connection, and products that meet these standards are more likely
to gain approval from utilities and regulatory bodies. This compliance facilitates smoother
market entry and acceptance, both domestically and internationally, and enhances the
competitiveness of products in the global market. A brief overview of all these standards
relevant to PV inverter technology is given in subsequent subsections.
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2.1. UL1741

The UL1741 standard, developed by Underwriters Laboratories (UL), is a critical
benchmark for the safety and performance of inverters, converters, controllers, and inter-
connection system equipment for use with distributed energy resources (DERs), including
photovoltaic (PV) systems. Established in response to the growing deployment of renew-
able energy technologies, UL1741 ensures that these systems can be safely and reliably
connected to the electrical grid.

The primary purpose of UL1741 is to provide a comprehensive set of safety require-
ments for the design and construction of grid-tied inverters and related equipment. This
standard addresses potential risks associated with electrical, mechanical, and environmen-
tal factors, thereby protecting both end-users and the broader electrical infrastructure. The
scope of UL1741 covers a wide range of equipment types, including standalone and utility-
interactive inverters, power converters, charge controllers, and interconnection system
equipment [48]. The specific protocols as set by UL1741 for PV inverters are as follows:

1. Enhanced Grid Support Functions

• Soft Start Ramp Rates: Inverters are to provide predictable, smooth power
production ramp rates when connecting to the grid.

• Power Factor Application: Inverters are to apply a specified power factor to
maintain grid stability.

• Reactive Power Control: Inverters have to manage grid voltage by providing
reactive power.

• Active Power Control: Inverters are required to regulate grid voltage and fre-
quency by controlling the power output.

2. Extended Operating Range: Inverters must stay connected during minor voltage
and frequency fluctuations, supporting the grid rather than disconnecting. This
is a significant shift from previous mandates that required inverters to disconnect
immediately upon detecting out-of-range voltage or frequency.

3. Ride-Through Capability: Inverters are required to ride through grid instability events,
maintaining their connection and supporting grid stability rather than tripping offline.
This capability, known as ride-through, ensures that renewables strengthen the grid
during instability rather than contributing to the problem.

4. Autonomous Operation: The new standards mandate that inverters operate au-
tonomously without a direct communication link to utility companies. Inverters
continuously monitor the grid locally and respond based on real-time conditions.

5. Shutdown Protocol for Safety: In case of a power outage, UL1741-SA requires inverters
to shut down to prevent back-feeding electricity into the grid, which could endanger
first responders and utility line workers.

As a conclusion, the UL1741 standard significantly enhances the role of inverters
in maintaining grid stability. By allowing inverters to remain connected during minor
fluctuations and mandating ride-through capabilities, the standard ensures that distributed
renewable energy resources can effectively support the grid. These advancements promote
a more resilient and reliable electrical grid, aligning renewable energy technologies with
the dynamic needs of modern power systems. Figure 1 presents the salient features of
UL1741 standards.
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Figure 1. Salient features of standard UL1741.

2.2. IEEE 1547

The IEEE 1547 standard is a foundational guideline established by the Institute of
Electrical and Electronics Engineers (IEEE) for the interconnection and interoperability of
distributed energy resources (DERs) with electric power systems. It provides comprehen-
sive criteria and requirements for the performance, operation, testing, and safety of DERs,
which include renewable energy sources like solar photovoltaics (PV), wind turbines, and
energy storage systems [49–51]. IEEE 1547 plays a crucial role in enhancing grid reliability,
promoting the integration of renewable energy, and supporting the transition to a more
sustainable and resilient energy infrastructure. The standard addresses key aspects such
as voltage regulation, frequency response, anti-islanding protection, and ride-through
capabilities, making it an essential reference for utilities, manufacturers, and installers
involved in the deployment of distributed energy technologies. The key objectives of the
IEEE 1547 Standards for Distributed Energy Resources Interconnection are as follows:

1. Interconnection and Interoperability: The primary goal of these standards is to es-
tablish uniform guidelines for the interconnection and interoperability of distributed
energy resources (DER) with electric power systems (EPS). This includes defining
requirements for performance, operation, testing, safety, maintenance, and secu-
rity considerations.

2. Supporting Grid Performance and Reliability: The standards aim to ensure that grid
performance and reliability levels are maintained or enhanced when integrating
DER with the grid. By providing engineering consensus on proper interconnec-
tion practices, these standards help maintain grid stability even with high levels of
DER penetration.

3. Facilitating Advanced DER Projects: The standards seek to reduce interconnection
approval time and costs for advanced DER projects. By streamlining the approval pro-
cess and providing clear guidelines, these standards support the efficient integration
of new technologies into the grid.

4. Enabling Future Grid Evolution: IEEE 1547 Standards is crucial for the evolution
of the electricity infrastructure. They provide a technological basis for updating
implementation rules and agreements to accommodate advanced grid support fea-
tures and customer interactive capabilities, ultimately contributing to grid reliability
and robustness.

5. Promoting Industry Collaboration: These standards foster collaboration between tech-
nology manufacturers, utilities, authorities having jurisdiction (AHJs), and other
stakeholders. By establishing a common framework, the standards facilitate ef-
fective communication and coordination among the different entities involved in
DER integration.
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IEEE 1547 Standards ensure the seamless integration of renewable energy sources with
the electricity grid by providing uniform requirements, addressing safety and performance
standards, supporting grid modernization, reducing approval time and costs, enhancing
grid awareness, and enabling high penetration of DER. The specific guidelines as set by
IEEE 1547 standards are as follows:

1. Voltage Regulation: The standard defines two performance categories for distributed
energy resources (DERs) with voltage regulation capabilities. Category A covers
the minimum performance capabilities needed for area electric power system (EPS)
voltage regulation, while Category B addresses advanced performance capabilities.
Additionally, the standard mandates voltage regulation capability for DERs, but the
performance is proposed to be at the utility’s discretion.

2. Power Quality: The standard addresses power quality concerns such as flicker, which
is defined as the subjective impression of fluctuating luminance caused by voltage
fluctuations. Assessment and measurement methods for flicker are defined in IEEE
1453 and IEC 61000-3-7

3. Ride-Through: The ride-through requirements are designed for distribution support
as well as bulk system reliability, based on California Rule 21 and Hawaii Rule 14H.
The standard specifies that Category II and III ride-through capabilities are sufficient
for bulk system reliability.

These specific technical guidelines reflect the standard’s focus on ensuring the in-
terconnection and interoperability of distributed energy resources with electric power
systems, addressing performance, operation, testing, safety, maintenance, and security
considerations. Figure 2 summarizes the features of IEEE 1547.

Figure 2. Salient features of standard IEEE 1547.

2.3. CSA 22.2

The CSA 22.2 standards, developed by the Canadian Standards Association (CSA),
encompass a series of safety and performance guidelines for electrical and electronic equip-
ment. These standards are crucial for ensuring that products, including photovoltaic (PV)
inverters and other distributed energy resources (DERs), meet stringent safety, reliability,
and performance criteria [45,52]. The key details of CSA 22.2 standards are as follows:



Energies 2024, 17, 3879 7 of 24

1. Scope and Applicability: The CSA C22.2 standards apply to a broad spectrum of
electrical equipment, including PV inverters, converters, controllers, and other inter-
connection system equipment used in DERs.

2. Safety Requirements

• Electrical Safety: Specifications for insulation, grounding, and protection against
overcurrent and electric shock hazards.

• Mechanical Safety: Requirements for mechanical integrity, including construction
of enclosures, protection against environmental factors (e.g., dust, moisture), and
robustness against physical impacts.

• Thermal Safety: Guidelines to manage heat dissipation and prevent overheating
and fire hazards.

3. Performance and Reliability:

• Quality Assurance: Standards to ensure the consistent quality and reliability of
equipment over its expected operational life.

• Functional Performance: Criteria for operational performance under various
environmental and grid conditions, including voltage and frequency variations.

4. Grid Interconnection:

• Interoperability: Ensuring compatibility with Canadian grid requirements and
other relevant standards, such as IEEE 1547 for DER interconnection.

• Anti-Islanding Protection: Requirements to prevent inverters from continuing to
power isolated sections of the grid, enhancing safety during grid disturbances.

The CSA C22.2 standards are integral to ensuring the safe, reliable, and efficient
operation of electrical equipment within Canada. By providing detailed safety, performance,
and interoperability guidelines, these standards help protect consumers, enhance product
quality, and support the integration of renewable energy systems into the national grid.
The key features are summarized in Figure 3.

Figure 3. Salient features of standard CSA 22.2.

2.4. IEC 62109

The IEC 62109 standards, established by the International Electrotechnical Commis-
sion (IEC), are critical guidelines specifically designed for ensuring the safety of power
conversion equipment used in photovoltaic (PV) systems, including PV inverters [38,53,54].
These standards are internationally recognized and provide a comprehensive framework
that addresses the unique safety and performance requirements of PV inverters, which are
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pivotal in converting direct current (DC) generated by solar panels into alternating current
(AC) for use in electrical grids and standalone applications.

The primary purpose of IEC 62109 is to safeguard both users and equipment by setting
rigorous safety benchmarks that PV inverters must meet. The standards are divided into
two main parts: IEC 62109-1 and IEC 62109-2.

• IEC 62109-1: General requirements for the design and construction of PV inverters to
ensure basic safety principles are met. This part covers electrical, mechanical, thermal,
and environmental aspects, ensuring that the inverters are robust and safe under
various operating conditions.

• IEC 62109-2: Specific requirements for particular types of inverters, addressing addi-
tional risks and safety measures that may apply to specific technologies or configura-
tions. The key safety requirements described by IEC standards are as follows:

1. Electrical Safety:

• Insulation and Grounding: Specifications for adequate insulation and grounding
to prevent electric shock hazards.

• Protection Against Overcurrent: Requirements for protective devices to prevent
damage from overcurrent conditions.

• Isolation: Standards for electrical isolation to safeguard users and maintain
system integrity.

2. Mechanical Safety:

• Construction: Guidelines for the physical construction of inverters, including
the durability of enclosures, protection against the ingress of solid objects and
liquids, and resistance to mechanical impacts.

• Mounting and Accessibility: Standards ensuring that inverters can be safely
installed, maintained, and accessed without risk to personnel.

3. Thermal Safety:

• Overheating Protection: Requirements for managing heat dissipation to pre-
vent overheating, including specifications for thermal management systems and
materials.

• Fire Safety: Guidelines to minimize the risk of fire, including the use of flame-
retardant materials and fire containment measures.

4. Environmental Safety:

• Weather Resistance: Standards for inverters to withstand various environmental
conditions, including temperature extremes, humidity, and exposure to UV
radiation.

• Durability: Requirements for long-term durability and reliability under normal
operating conditions and environmental stresses.

The IEC 62109 standards are essential for the global PV industry, providing a detailed
and robust framework to ensure the safety, reliability, and performance of PV inverters.
By adhering to these standards, manufacturers can ensure that their products are safe
for consumers and suitable for integration into diverse electrical systems worldwide.
Compliance with IEC 62109 not only enhances product safety and reliability but also
facilitates international market acceptance, supporting the broader adoption of solar energy
technologies. These features are demonstrated in Figure 4.
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Figure 4. Salient features of standard IEC 62109.

2.5. VDE

The VDE standards, developed by the Verband der Elektrotechnik Elektronik Infor-
mationstechnik (Association for Electrical, Electronic, and Information Technologies), are
pivotal in ensuring the safety, quality, and interoperability of photovoltaic (PV) inverters.
Recognized internationally, VDE standards address the comprehensive requirements for
the design, testing, and certification of PV inverters, ensuring they meet stringent safety and
performance criteria. These standards are critical for facilitating the seamless integration of
PV inverters into the electrical grid, promoting grid stability, and enhancing the reliability of
solar energy systems [55]. By adhering to VDE standards, manufacturers can guarantee that
their PV inverters comply with the latest technological and safety advancements, thereby
protecting users and contributing to the sustainable growth of the renewable energy sector.

The VDE standards encompass a series of directives covering various sub-areas of
electrical systems and equipment. These standards are categorized by the first two digits of
their four-digit numerical codes, each addressing specific aspects of electrical safety and
performance.

1. VDE 0100 Series:

• Focus: Installation of low-voltage systems.
• Content: General protective measures and requirements for electrical installa-

tions to ensure functionality and user safety.

2. VDE 0105-100:

• Focus: Operation of electrical installations.
• Content: Requirements for the proper operation and maintenance of electrical

installations.

3. VDE 0701-0702:

• Focus: Testing after repair and periodic testing of electrical equipment.
• Content: Regulations for safety testing of electrical devices post-repair or during

regular maintenance.

4. VDE 0500 Series:

• Focus: Electrical safety of machines and systems.
• Content: Ensures safety and regulates various converters such as transformers

and storage devices (batteries, accumulators).

5. VDE 0600 Series:

• Focus: Installation material of electronic devices.
• Content: Nominal specifications for standardized installation materials

like switches.
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The UL1741, IEEE 1547, CSA C22.2, IEC 62109, and VDE standards collectively provide
a comprehensive framework for ensuring the safety, reliability, and interoperability of
PV inverters within electrical systems. A comparative depiction of the features of these
standards is shown in Figure 5.

Figure 5. A comparative representation of different standards for PV inverter topologies.

Based on the above description, each standard imposes specific requirements and
presents unique challenges that must be addressed during the design and development of
PV inverters. UL1741 sets out requirements for grid support functions, ensuring that invert-
ers remain connected and operational during grid fluctuations. This standard mandates
that inverters autonomously manage grid disturbances without direct communication with
utility companies, using local measurements to respond to grid conditions. The challenges
associated with UL1741 include ensuring grid stability, developing advanced control al-
gorithms for autonomous operation, and balancing grid support with safety shutdowns
during severe disturbances.

IEEE 1547 focuses on the interconnection of distributed energy resources (DER) to the
grid, specifying technical requirements for voltage and frequency regulation and appropri-
ate responses to abnormal grid conditions. The challenges here involve harmonizing with
the latest revisions of the standard, integrating DERs with existing grid infrastructure, and
conducting rigorous testing to validate inverter performance under diverse and potentially
harsh grid conditions.

CSA C22.2 ensures that inverters meet stringent safety and performance standards
specific to Canada, encompassing electrical compatibility, construction, and design. Chal-
lenges include adapting inverter designs to meet regional requirements, achieving high
safety standards through thorough testing, and ensuring that materials and components
meet specified durability and performance standards.

IEC 62109 emphasizes the safety, reliability, and performance testing of inverters. This
globally recognized standard requires inverters to undergo extensive testing to verify their
performance and safety, ensuring they can operate reliably over their intended lifespan.
The challenges include meeting global standards that address diverse environments and
conditions, managing the resource-intensive testing process, and designing inverters that
maintain long-term reliability.

VDE standards, specific to the European market, focus on grid interoperability, voltage
and frequency regulation, and stringent safety and protection measures. Inverters must
seamlessly integrate and communicate with the European grid, providing sophisticated
grid support functions while ensuring safety. Challenges include ensuring interoperability
with other grid-connected devices, developing advanced grid support features, and meeting
VDE’s high safety standards through rigorous testing and robust design.
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In summary, understanding the specific requirements and challenges of each standard
is essential for developing compliant, reliable, and efficient PV inverters. Each standard
addresses different aspects of inverter performance, safety, and interoperability, reflecting
the diverse needs of regional and global markets. By meeting these standards, PV inverters
can ensure safe and effective integration into the grid, enhancing the reliability and stability
of renewable energy systems.

3. Review of Different PV Inverter Topologies

A PV (photovoltaic) inverter, also known as a solar inverter, is an essential component
in a solar power system. It converts the direct current (DC) electricity generated by
solar panels into alternating current (AC) electricity, which is the standard used by most
household appliances and the electrical grid. When selecting a PV inverter, several key
features are considered to ensure optimal performance and efficiency [56,57].

• Grid-connected/Stand-Alone Operation Capability: The ability to operate efficiently
in grid-connected or stand-alone modes as required.

• Isolation: Providing isolation between the input and output to ensure safety and
proper functioning of the system.

• Power Decoupling: The capability to decouple power flow between input and output
stages for better control and efficiency.

• Number of Processing Stages: The number of stages involved in power processing,
which can impact system complexity and efficiency.

• Dual Grounding Capability: Ability to support dual grounding for safety and compli-
ance with standards.

• Power Handling Capability: The capacity to handle the power requirements of the PV
system effectively.

• Components Count: Keeping the number of components at an optimal level to reduce
cost and complexity.

• Size: Optimal sizing of components and the overall system to meet space and installa-
tion requirements.

• Wide Range of Operation Capability: Ability to operate efficiently over a wide range
of operating conditions.

• Cooling Requirement: Efficient cooling mechanisms to maintain the temperature of
components within safe limits.

• Symmetrical Operation: Operating in a symmetrical manner in both half cycles to
minimize DC component injection into the grid/load.

• Filter Requirement on the AC Side: Incorporating necessary filters on the AC side to
meet grid standards and ensure power quality.

• Complexity Level of Control Strategy: Implementing control strategies that are effec-
tive yet manageable for the specific PV application.

In the literature, various types of PV inverter topologies have been developed to meet
the specific requirements of different PV systems. Some of the key types of PV inverter
topologies are mentioned below.

1. Single-stage inverters: These inverters offer simplicity and efficiency for specific
configurations in PV systems [58–60].

2. Multi-stage inverters: Including High-Frequency Transformer (HFT), these inverters
are suitable for applications requiring high voltage amplification [61–67].

3. Boost and buck-boost type topologies: These topologies can meet grid conditions in
terms of power quality without the need for additional AC side filters [68–71].

4. Two-stage inverters: Suitable for string configurations or medium power handling
capabilities in PV systems [72–75].

5. Line-frequency inverters: Appropriate for low-power applications such as AC module
configurations [76].
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6. High-switching frequency voltage source inverters (VSI): Suitable for low- and medium-
power PV systems like multi-string and string configurations .

7. Resonant switching topologies: Some single-stage topologies with resonant switching
offer better efficiency and a lower number of switches operating at PWM frequen-
cies [77,78].

These topologies are designed to address specific issues and requirements in various
types of PV systems, including central, string, multi-string, and AC module configurations.
Researchers have proposed and classified these topologies based on factors such as power
processing stages, isolation, power rating, output shape, voltage gain, grid interface type,
and switching characteristics. A detailed description of each of these topologies is presented
in subsequent subsections.

3.1. Single Stage Inverters

A single-stage inverter is a type of power converter that combines the DC-AC conver-
sion process into a single stage, offering simplicity and efficiency for specific configurations
in PV systems. The architecture of a single-stage inverter typically consists of a single
power conversion stage that directly converts the DC input from the PV source into AC
output for grid-connected or stand-alone applications. Components in a single-stage in-
verter may include power electronic switches (such as MOSFETs or IGBTs), control circuitry,
filtering elements, and possibly a transformer for isolation and voltage transformation. The
inverter operates by modulating the DC input to create an AC output waveform, usually
using pulse-width modulation (PWM) techniques. Single-stage inverters may incorporate
features like dual grounding capability, intrinsic boost capabilities, and compact design to
meet the specific requirements of PV systems.

The advantages of single-stage inverter topologies include a compact design, lower
component count, reduced size and weight, and lower cost. These topologies generally
offer good power decoupling and can be more efficient, making them suitable for specific
applications. Additionally, single-stage inverters are highly efficient and economical,
making them a good choice for certain applications. However, single-stage inverters
also have some disadvantages. They typically have restricted power handling capacity,
limited output power characteristics, and a narrow range of operation for DC sources. This
limitation can result in high peak current stresses on the main power switches, which can
restrict their power handling capability. Additionally, single-stage inverters may require a
high input capacitor for power decoupling, and they may not be suitable for applications
where high power and good performance for a wide range of input voltages are required.

3.2. Multi Stage Inverters

A multi-stage inverter is a type of power converter that involves multiple stages
of power conversion to achieve the desired output characteristics. The architecture of
a multi-stage inverter typically consists of two or more power conversion stages, each
performing specific functions such as voltage transformation, isolation, and output shaping,
as shown in Figure 6. Components in a multi-stage inverter may include multiple power
electronic switches, transformers, filters, and control circuitry for coordinating the operation
of each stage. The stages in a multi-stage inverter may include a DC-DC converter stage
for voltage regulation or boosting, followed by a DC-AC inverter stage for generating the
AC output waveform. Multi-stage inverters may incorporate features like high-frequency
transformers (HFT) for efficient voltage transformation, power decoupling elements for
improved control, and advanced control algorithms for optimizing performance.

The advantages of multi-stage inverter topologies include a wider voltage range of
operation, good power decoupling, the ability to handle high power, and good performance
for a wide range of input voltages. These topologies are suitable for geographic and
environmentally varying conditions and can offer high voltage amplification, making
them ideal for medium- and high-voltage/power solar PV systems. Additionally, multi-
stage inverters can decrease the burden on controller requirements as they allow for
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MPPT and voltage boosting at the primary stage, while inverting, power control, and
grid/load interfacing can be carried out with later-stage converters. However, multi-stage
inverters also have some disadvantages. They typically increase the cost, size, and volume
of the system due to the additional power processing stages. Additionally, they may
require additional components and have a higher level of complexity in control strategies.
Furthermore, multi-stage inverters may suffer from higher losses and cooling requirements
compared to single-stage inverters, and they may not be as compact in size or have as low
a component count.

Figure 6. Multi-stage pv inverter topology.

3.3. Boost and Buck-Boost Type Topologies

Boost and buck-boost type inverter topologies are commonly used in power conversion
applications, including solar PV systems. The boost-type inverter is a DC-AC converter
that can increase the output voltage level compared to the input voltage level. In a boost
inverter, the DC input voltage is boosted to a higher level before being converted into AC
output. The boost inverter typically consists of a boost DC-DC converter stage followed by
a DC-AC inverter stage. The boost DC-DC converter stage uses an inductor and a switch
(such as a MOSFET or IGBT) to store and release energy, boosting the input voltage. The
boosted DC voltage is then fed into the DC-AC inverter stage, where it is converted into
AC output using pulse-width modulation (PWM) techniques. The architecture of a boost
inverter includes components such as the boost converter circuit, inverter circuit, control
circuitry, and filtering elements.

The buck-boost type inverter is a versatile DC-DC converter that can either step up
or step down the input voltage level. In a buck-boost inverter, the output voltage can be
higher or lower than the input voltage, depending on the configuration. The buck-boost
inverter topology combines the functions of both buck (step-down) and boost (step-up)
converters in a single circuit. The buck-boost inverter typically consists of an inductor,
switches, capacitors, and control circuitry to regulate the output voltage. By controlling
the switching of the components, the buck-boost inverter can adjust the output voltage
level to meet the desired requirements. The architecture of a buck-boost inverter includes
components such as the inductor, switches (MOSFETs or IGBTs), capacitors, control circuitry,
and filtering elements.

Boost and buck-boost type inverters offer several advantages for power conversion
applications. They provide voltage flexibility, allowing adjustment of the output voltage to
meet specific needs. These inverters achieve high efficiency in converting DC to AC power
and are versatile due to their ability to step up or step down voltage. Additionally, their
compact design makes them suitable for space-constrained applications. In conclusion, their
voltage flexibility, efficiency, versatility, and compact design make boost and buck-boost
inverters crucial in solar PV systems and other power electronics applications.

3.4. Two Stage Inverters

The two-stage inverter topology is a power conversion system that consists of two
distinct stages of power conversion to achieve the desired output characteristics. The
architecture of a two-stage inverter typically includes two main stages: a DC-DC converter
stage and a DC-AC inverter stage. The DC-DC converter stage is responsible for converting
the input DC voltage to a different DC voltage level, which is then fed into the DC-
AC inverter stage. The DC-AC inverter stage converts the DC voltage from the DC-DC
converter into the AC output voltage, typically using pulse-width modulation (PWM)
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techniques. Components in a two-stage inverter may include power electronic switches
(such as MOSFETs or IGBTs), inductors, capacitors, control circuitry, and filtering elements.
The two-stage inverter topology allows for independent control and optimization of each
stage, enabling efficient power conversion and output regulation.

Two-stage inverters offer several advantages, including higher efficiency by dividing
the power conversion process, better voltage regulation and control for stable output, flexi-
bility in adapting to various input voltages and loads, modularity for easier maintenance
and scalability, and improved power quality with reduced harmonics. However, they also
present some disadvantages, such as increased complexity in design and operation, higher
costs due to additional components, larger physical size, and potential efficiency trade-offs
due to interactions between stages.

3.5. Line Frequency Inverters

The line frequency inverter topology is a power conversion scheme that utilizes a
line frequency inverter on the grid side to convert direct current (DC) from a photovoltaic
(PV) panel into alternating current (AC) for grid connection. This topology eliminates
the need for a DC link, resulting in improved reliability and higher efficiency due to the
reduction in the number of stages between the source and load. However, it suffers from
poor power decoupling and power quality for high ratio frequency conversion compared
to other topologies.

Advantages of the line frequency inverter topology include the utilization of a line
frequency inverter on the grid side, which reduces switching losses. It also offers electrical
isolation between the PV panel and the load/grid, resulting in high gain and fault-tolerant
capability of the system. However, this topology requires more components to achieve the
required voltage gain, which increases the overall price and reduces the system’s efficacy.
Disadvantages of the line frequency inverter topology include poor power decoupling
and power quality for high ratio frequency conversion compared to other topologies.
Additionally, it suffers from limitations in achieving the required voltage gain, which
can impact the overall efficiency and cost-effectiveness of the system. In summary, the
line frequency inverter topology offers advantages such as reduced switching losses and
electrical isolation between the PV panel and the load/grid, but it also has limitations in
terms of power decoupling and power quality for high ratio frequency conversion. A circuit
diagram of the line frequency inverter is provided in Figure 7.

Figure 7. Line frequency pv inverter topology.

3.6. High Switching Frequency Inverters

The high switching frequency inverter topology is a power conversion scheme that
operates at a high frequency to convert direct current (DC) from a photovoltaic (PV) panel
into alternating current (AC) for grid connection. This topology offers advantages such as
compactness, reduced high-frequency transformer size, and increased efficiency due to the
high-frequency switching. However, it also presents challenges such as increased losses
due to high-frequency operation and the need for complex control schemes.
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The architecture of the high switching frequency inverter topology as presented in
Figure 8, involves the use of high-frequency switching to enable the conversion of DC
to AC. This allows for a reduction in the size of the high-frequency transformer, making
the inverter design more compact. Additionally, the high-frequency operation enables
the inverter to achieve high efficiency, as it reduces the size, weight, and cost of passive
elements such as inductors, capacitors, and power electronic switches.

Figure 8. High switching frequency pv inverter topology.

Advantages of the high switching frequency inverter topology include compactness,
reduced high-frequency transformer size, and increased efficiency due to high-frequency
switching. These features make the inverter design more economical and suitable for
applications with space constraints. However, the high-frequency operation can also
lead to increased losses, requiring careful thermal management and cooling strategies.
Additionally, the complex control schemes required for high-frequency operation can add
to the overall system complexity.

In summary, the high switching frequency inverter topology offers advantages such as
compactness, reduced high-frequency transformer size, and increased efficiency. However,
it also presents challenges such as increased losses due to high-frequency operation and
the need for complex control schemes.

3.7. Resonant Switching Inverters

Resonant switching inverters utilize resonant circuits to achieve soft switching of
power electronic devices, reducing switching losses and improving efficiency. The archi-
tecture of a resonant switching inverter typically includes resonant circuits (such as LC
or LCL) in addition to the traditional power conversion stages. The resonant circuit is
designed to create a resonance effect that allows the power electronic switches to turn on or
off at zero voltage or zero current points, reducing switching losses. The resonant circuit
is typically connected in parallel with the power electronic switches, forming a resonant
tank that stores and releases energy during the switching transitions. A circuit view of a
resonant frequency PV inverter is given in Figure 9

Figure 9. Resonant frequency PV inverter topologies.
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Components in a resonant switching inverter may include power electronic switches
(such as MOSFETs or IGBTs), resonant inductors and capacitors, control circuitry, and
filtering elements.

Advantages of the resonant switching frequency inverter topology include reduced
switching losses, improved efficiency, and the ability to control the output side impedance
for optimal matching of source and load characteristics. Additionally, the LLC resonant
converter offers smaller circulating energy than other resonant converters, leading to
significantly increased efficiency in the PV system.

Disadvantages of this topology include the need for high-frequency operation to
achieve the required voltage gain, which can lead to increased circulating energy and lower
efficiency. Additionally, some resonant converters, such as the series resonant converter,
may suffer from output voltage regulation issues under light load conditions.

In summary, the resonant switching frequency inverter topology offers advantages
such as reduced switching losses, improved efficiency, and the ability to control output
side impedance. However, it also presents challenges such as the need for high-frequency
operation and potential issues with voltage regulation under light load conditions.

3.8. Emerging Trends in PV Inverter Topology and Control Strategies

In recent years, the field of PV inverter topologies has seen significant innovation
and the emergence of novel configurations aimed at improving efficiency, reliability, and
grid compatibility. One notable trend is the development of multilevel inverters, such as
neutral-point clamped (NPC) and flying capacitor (FC) inverters, which offer superior per-
formance in high-power applications by reducing the voltage stress on power devices and
improving the quality of the output waveform. These multilevel inverters are particularly
advantageous in large-scale solar farms and industrial applications where high efficiency
and low harmonic distortion are critical.

Another emerging trend is the integration of wide bandgap (WBG) semiconductor
devices, such as silicon carbide (SiC) and gallium nitride (GaN), into inverter designs. These
materials offer significant advantages over traditional silicon-based devices, including
higher switching frequencies, lower losses, and improved thermal performance. The use
of SiC and GaN devices enables the development of more compact and efficient inverters,
which are crucial for both residential and commercial solar applications. Additionally, the
enhanced thermal properties of WBG materials allow for higher power densities, further
reducing the size and cost of the inverters.

As inverter topologies evolve, so do the control strategies required to optimize their
performance and ensure compliance with stringent grid codes and standards. Advanced
control strategies are essential for maximizing the efficiency, reliability, and grid compatibil-
ity of modern inverters. One key area of development is model predictive control (MPC),
which uses mathematical models to predict the future behavior of the inverter and the
grid, allowing for real-time optimization of switching actions. MPC is particularly effective
in multilevel inverters, where the increased number of switching states can be leveraged
to achieve superior performance in terms of harmonic reduction and dynamic response.
Another important control strategy is the use of adaptive and self-learning algorithms.
These algorithms can adjust the inverter’s operating parameters in real-time based on
changing grid conditions and load demands. For example, adaptive control techniques
can optimize the power factor and harmonic compensation dynamically, ensuring that
the inverter operates at peak efficiency regardless of external conditions. Self-learning
algorithms, often based on machine learning techniques, can further enhance the inverter’s
performance by continuously improving the control strategy based on historical data and
real-time feedback. Furthermore, blockchain and IoT technologies are opening new av-
enues for inverter control and management. Blockchain can enable secure and transparent
peer-to-peer energy trading, while IoT devices can provide real-time monitoring and con-
trol of inverters, enhancing their reliability and efficiency. These technologies can also
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facilitate predictive maintenance, reducing downtime and extending the lifespan of the
inverters.

In conclusion, the continuous evolution of inverter topologies and control strategies
is driving significant improvements in the efficiency, reliability, and grid compatibility of
PV inverters. The integration of advanced materials, hybrid configurations, and smart
functionalities, combined with sophisticated control algorithms, is paving the way for more
resilient and adaptable solar power systems. As these technologies mature, they will be
crucial in the transition towards a more sustainable and decentralized energy future.

4. Investigation of Different PV Inverter Topologies for Standards Compliance

When considering the investigation of different PV inverter topologies for compliance
with various standards, it is essential to delve deeper into the specific requirements of
each standard. For instance, some standards may focus on grid-tied systems and require
strict adherence to voltage and frequency regulations, while others may emphasize safety
features such as ground fault protection and isolation requirements. When considering the
investigation of different PV inverter topologies for compliance with various standards, it
is essential to delve deeper into the specific requirements of each standard. For instance,
some standards may focus on grid-tied systems and require strict adherence to voltage and
frequency regulations, while others may emphasize safety features such as ground fault
protection and isolation requirements. As we explore various PV inverter topologies, it
is important to consider how each design aligns with the specific standards in terms of
efficiency, reliability, and overall performance. Additionally, the impact of these topologies
on power quality, response to grid disturbances, and ability to meet transient requirements
should be thoroughly analyzed to ensure compliance with the relevant standards.

This section presents a detailed comparison of the performance of each of the PV
inverter topology, with respect to the different requirements of the individual standards.
Figure 10 presents the compliance status of individual PV inverter topology, with respect
to each of the standards.

Figure 10. Compliance status of individual PV inverter topology, with respect to industry standards.

4.1. Quantified Compliance Methodology

In order to systematically evaluate and compare the compliance of different PV inverter
topologies with various standards (UL1741, IEEE 1547, CSA C22.2, IEC 62109, and VDE),
we introduce a quantified compliance methodology. This approach assigns weightage
to each compliance requirement and calculates the performance of each topology based
on these weights. Each compliance requirement is evaluated on a scale, and the scores
are summed to provide an overall compliance score for each topology. This quantified
approach allows for a more objective and comprehensive comparison, highlighting the
strengths and weaknesses of each topology in meeting the specified standards.
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This approach involves several key steps. First, weightages are assigned to each
compliance requirement based on their importance on a scale from 1 to 5. For example, grid
support functions for UL1741 are given a weightage of 5, interconnection requirements for
IEEE 1547 a weightage of 4, safety and performance for CSA C22.2 a weightage of 3, safety
and reliability for IEC 62109 a weightage of 4, and interoperability for VDE a weightage of
3. The justification for these weight assignments is as follows.

A hierarchical preference of operational states has been considered for the PV inverters
in this work. PV inverters are mostly employed in a grid-tied-mode microgrid system,
where they are supposed to operate in synchronism with the conventional grid. Therefore,
grid support function features have been given a maximum weightage of 5. Subsequently,
the capability to interconnect with a conventional grid has been given a weight value of 4.
IEC 62109 provides safety and security features of PV inverter in interconnected mode. So
it has been given a 4 weight. Following the hierarchy, the isolated mode safety, reliability,
and interoperability have been assigned the least weightage of 3.

Next, each PV inverter topology is evaluated against these compliance requirements
on a scale of 0 to 10. These scores reflect how well each topology meets the specific require-
ments of each standard. Then, to calculate the overall compliance score for each topology,
the evaluation score for each requirement is multiplied by the respective weightage to
obtain a weighted score. The weighted scores for each requirement are summed to provide
a total compliance score for each topology. This methodology allows for a detailed and
objective comparison of the various topologies, highlighting their strengths and weak-
nesses in meeting the standards. By quantifying compliance, we can present a clear and
comprehensive assessment that aids in understanding which topologies are best suited for
different regulatory environments.

A quantified assessment of the PV inverter topology adherence to different stan-
dards has been carried out, and the results are tabulated in Tables 1 and 2. Table 1
presents the weight assignment to each required or desired parameter as per different
standards, and Table 2 presents the evaluation of each of the topologies for the fulfillment of
these parameters.

Table 1. Evaluation Scores (on a scale of 0 to 10) for each topology against these requirements.

Topology
Grid Inter

Safety Reliability
Inter

Support Connection
(CSA C22.2) (IEC 62109)

Operability
(UL1741) (IEEE 1547) (VDE)

Single-stage
Inverters 4 5 6 7 5

Multi-stage
Inverters 8 9 8 9 8

Boost and
Buck-Boost 7 8 7 8 7

Two-stage
Inverters 9 9 9 10 9

Line-frequency
Inverters 5 6 6 5 5

Resonant
Switching 8 8 8 8 8
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Table 2. Weighted Scores Calculation.

Topology
Grid Inter

Safety Reliability
Inter

Total
Score

Support Connection
(CSA C22.2) (IEC 62109)

Operability
(UL1741) (IEEE 1547) (VDE)

Single-stage
Inverters 20 20 18 28 15 101

Multi-stage
Inverters 40 36 24 36 24 160

Boost and
Buck-Boost 35 32 21 32 21 141

Two-stage
Inverters 45 36 27 40 27 175

Line-frequency
Inverters 25 24 18 20 15 102

Resonant
Switching 40 32 24 32 24 152

4.2. Case Study and Numerical Analysis

The rapid adoption of photovoltaic (PV) systems has necessitated advancements in
inverter technology to ensure efficient solar energy conversion, maintain power quality,
and comply with stringent grid codes. This case study explores the technical capabilities of
various PV inverter topologies, including single-stage inverters, multi-stage inverters, boost
and buck-boost type topologies, two-stage inverters, line-frequency inverters, and resonant
switching topologies. These topologies are compared based on total harmonic distortion
(THD), power quality, fault tolerance, and low voltage ride-through (LVRT) capabilities.

A comparison of different multilevel inverter topologies such as diode-clamed mul-
tilevel inverters (DCMLI), flying capacitor multilevel inverters (FCMLI), and cascade H-
bridge multilevel inverters (CHBMLI) for their THD performances has been performed [79].
A comparison of 3-, 5-, and 7-level inverters reveals that the CHBMLI has less THD, making
it a preferable topology for PV applications. Compared to conventional topologies, hybrid
multilevel and five-level inverters have better fault-tolerant capabilities when applied for
PV applications [80,81]. As far as low voltage ride-through (LVRT) capability is concerned,
boost inverters have shown better capability than other topologies [82].

5. Discussion

The results in Table 2 reflect a quantified analysis of the compliance of different PV
inverter topologies with respect to major standards, namely UL1741, IEEE 1547, CSA
C22.2, IEC 62109, and VDE. Each topology is evaluated based on the key compliance
requirements of each standard, and the total scores represent the overall compliance
capability of each topology.

Single-stage inverters scored a total of 101 points. They received moderate scores across
most standards, reflecting their basic capability to comply with fundamental requirements.
However, they struggle with dynamic grid support functions and advanced interconnection
requirements. Their design is generally sufficient for basic safety and performance needs
but may lack the advanced features required for higher compliance levels, especially in
terms of interoperability and grid support. Multi-stage inverters achieved a high total
score of 160 points. These inverters are better equipped for grid support functions and
advanced requirements, scoring well across all standards. They demonstrate a strong
capability to meet safety, performance, and interoperability requirements, making them
highly compliant with the comprehensive standards set by UL1741, IEEE 1547, CSA C22.2,
IEC 62109, and VDE. Their advanced design and functionality make them suitable for a
wide range of applications.
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Boost and buck-boost inverters scored 141 points, indicating good potential for com-
pliance. They are flexible and capable of adapting to dynamic grid support and stringent
interconnection requirements. They generally perform well in safety and reliability aspects,
although they may require moderate adjustments to fully meet all standards. Their ro-
bust design ensures they can comply with most requirements, making them a versatile
choice. Two-stage inverters obtained the highest total score of 175 points. They excel in all
evaluated categories, demonstrating excellent potential for compliance. These inverters
are well-suited to meet the stringent requirements of grid support, interconnection, safety,
reliability, and interoperability. Their design easily meets the criteria of all major standards,
making them the most compliant and versatile among the topologies evaluated.

Line-frequency inverters scored 102 points, reflecting a basic compliance capability.
They can meet fundamental safety and performance requirements but may struggle with
dynamic grid support functions and advanced interconnection requirements. Their design
is generally sufficient for basic needs but may require additional components or modifi-
cations to meet higher compliance levels, particularly in terms of advanced features and
interoperability. Resonant switching inverters scored 152 points, indicating a high potential
for compliance. They are highly efficient and capable of meeting stringent requirements
across all standards. They perform well in safety, reliability, and interoperability aspects,
making them a strong contender for applications requiring high compliance levels. Their
advanced design and high efficiency aid in meeting comprehensive standards effectively.

6. Conclusions

In this paper, a systematic analysis has been conducted to evaluate the compliance of
various PV inverter topologies against key standards, including UL1741, IEEE 1547, CSA
C22.2, IEC 62109, and VDE. A quantified compliance methodology has been employed,
whereby weightages were assigned to critical compliance requirements and each topology’s
performance was evaluated against these requirements, resulting in a comprehensive
compliance score. The compliance analysis demonstrates that two-stage inverters are the
top performers, particularly excelling in environments that demand stringent adherence to
grid support, interconnection, safety, and reliability standards. These inverters are ideal for
applications requiring high levels of compliance due to their robust design and advanced
features. Multi-stage inverters also show strong compliance, making them highly suitable
for a variety of applications where advanced safety and grid support functions are critical.
Resonant switching inverters and boost/buck-boost inverters exhibit high potential for
compliance due to their flexible design, ability to adapt to dynamic grid conditions, and
stringent safety requirements. These inverters are well-suited for installations that need
versatile and robust solutions. Single-stage inverters and line-frequency inverters, while
meeting basic compliance standards, need significant design adjustments to achieve higher
compliance levels. These adjustments are particularly necessary for enhancing dynamic
grid support functions and meeting advanced interconnection requirements.

Further research is necessary to improve the dynamic grid support capabilities, inter-
operability, and long-term reliability of PV inverter topologies. Advances in these areas will
help ensure that all inverter designs can meet the comprehensive requirements of evolving
industrial standards. Enhanced focus on developing more sophisticated control algorithms,
better communication protocols, and robust safety features will contribute to achieving
higher compliance and better performance in diverse regulatory environments.
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