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Abstract: This review paper explores the diverse applications of four-switch three-phase (FSTP) inverters, with
a primary focus on renewable energy systems, electric vehicles, and industrial motor drives. FSTP inverters are
gaining increasing attention due to their reduced component count, lower cost, and enhanced reliability compared
to traditional six-switch inverters. The paper provides an in-depth analysis of the advantages that FSTP inverters
offer, including simpler circuitry, reduced switching losses, and cost efficiency, making them attractive for a range
of applications. Additionally, the challenges associated with FSTP inverters, such as limitations in voltage
utilization and harmonic distortion, are discussed. The paper also highlights recent advancements in control
strategies and power management techniques that have improved the performance and adaptability of FSTP
inverters in modern systems. Through this review, the paper emphasizes the growing role of FSTP inverters in
facilitating the transition toward more efficient and cost-effective power conversion in renewable energy sources,
electric vehicle powertrains, and industrial motor applications, while also pointing to future research directions
for overcoming current limitations.
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1. Introduction:

Four-switch three-phase (FSTP) inverters have emerged as a promising alternative to the conventional six-switch
three-phase (SSTP) inverters used in many power electronics applications. These systems are integral to the
conversion and control of electrical energy in a wide range of sectors, such as renewable energy systems, electric
vehicles (EVs), and industrial motor drives. Power inverters, which convert direct current (DC) to alternating
current (AC), are critical in these fields, ensuring that the energy generated, stored, or used is effectively and
efficiently delivered to meet varying demands. While SSTP inverters have traditionally been the standard in such
applications, FSTP inverters have garnered increasing attention due to their simplified design, reduced component
count, cost advantages, and improved reliability.

The principle advantage of FSTP inverters lies in their use of fewer power electronic switches—four as opposed
to six—resulting in a more compact and potentially less expensive system. This reduced switch count directly
leads to lower switching losses and simpler control strategies, making FSTP inverters attractive in applications
where efficiency, cost savings, and reliability are key concerns. These benefits are especially relevant in the
context of growing global demands for renewable energy integration and the increasing adoption of electric
vehicles, where power conversion systems play a crucial role in enabling efficient energy management. As these
industries continue to expand, the need for innovative power electronic solutions becomes increasingly critical.

In the field of renewable energy systems, FSTP inverters offer several advantages. Renewable energy systems,
such as photovoltaic (PV) arrays and wind turbines, require efficient power conversion to deliver the generated
energy to the grid or to local loads. In these systems, the inverter is a crucial component, responsible for converting
DC power from solar panels or wind turbines into AC power suitable for consumption. FSTP inverters, with their
simplified structure, offer a cost-effective alternative while maintaining the necessary functionality for grid-tied
or off-grid renewable energy systems. As renewable energy systems continue to expand worldwide, the need for
reliable, affordable, and efficient inverters will grow, and FSTP technology is well-positioned to meet this demand.
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In electric vehicles (EVs), power inverters play a pivotal role in converting the DC power stored in the vehicle's
battery to the AC power needed by the traction motors. The inverter's efficiency directly impacts the overall energy
consumption and driving range of the vehicle. FSTP inverters offer a compelling solution for EV powertrains due
to their simpler design and potential cost savings. The compact nature of the FSTP inverter, coupled with its ability
to reduce switching losses, can lead to more efficient energy use, which is a key factor for electric vehicles.
Furthermore, as EVs evolve, there is a growing emphasis on developing lightweight, energy-efficient power
systems that can help reduce costs and improve performance, making FSTP inverters an attractive choice for
future developments in the automotive industry. In industrial motor drives, FSTP inverters are also making
significant strides. Electric motors are the backbone of numerous industrial processes, driving everything from
conveyors to pumps and fans. Traditionally, SSTP inverters have been used to control these motors, offering high-
performance capabilities but at a relatively high cost due to the six-switch configuration. The adoption of FSTP
inverters in these applications presents an opportunity to reduce costs without sacrificing performance. Their
simplified design can be particularly beneficial in applications where the highest levels of precision and
performance are not required, but reliability and cost-efficiency are critical. As industries strive for greater energy
efficiency and cost-effectiveness, FSTP inverters offer a practical alternative for motor drive applications,
enabling them to meet these objectives without significant compromise in performance. This review aims to
provide a comprehensive overview of the current state of FSTP inverter technology, examining its applications in
renewable energy systems, electric vehicles, and industrial motor drives. It will analyze the specific advantages
that FSTP inverters bring to each of these fields, as well as the technical challenges they face, such as issues
related to harmonic distortion and reduced voltage utilization. Additionally, the paper will highlight recent
advancements in control strategies, modulation techniques, and power management solutions that have
contributed to the continued improvement and adoption of FSTP inverters. By offering insights into the current
trends and innovations, this review seeks to identify potential areas for future research and development,
underscoring the significant role that FSTP inverters can play in the evolving landscape of power electronics. As
the demand for efficient, reliable, and cost-effective power conversion solutions grows, the role of FSTP inverters
in renewable energy, electric vehicles, and industrial applications is expected to expand. This paper will
demonstrate how FSTP inverters can contribute to the broader goals of sustainability, energy efficiency, and
technological advancement, positioning them as a key player in the future of power electronics.

2. Four-Switch Three-Phase Inverter Topology
2.1 Basic Structure and Operation

The basic structure of a four-switch three-phase (FSTP) inverter consists of only four active switching devices,
typically insulated-gate bipolar transistors (IGBTs) or metal-oxide-semiconductor field-effect transistors
(MOSFETs:), arranged in two inverter legs. This is in contrast to the six-switch topology, which uses three legs,
each containing two switches. In an FSTP inverter, two of the three phases are directly connected to the inverter’s
output, while the third phase is synthesized by the interaction of the two output phases. This configuration reduces
the number of switching devices and simplifies the overall design of the inverter, making it more compact and
cost-effective. Despite the simplified structure, the FSTP inverter can still produce a balanced three-phase output
using appropriate pulse-width modulation (PWM) strategies and control techniques, enabling it to drive three-
phase loads effectively.
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Figure. 1 The four switch three phase inverter
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2.2 Comparison with Six-Switch Inverters

Compared to traditional six-switch three-phase (SSTP) inverters, FSTP inverters require fewer switches, gate
drivers, and other associated components, resulting in reduced overall system complexity and cost. While SSTP
inverters have three separate legs for each phase, allowing for more independent control of the output, the FSTP
topology sacrifices some flexibility in control but compensates with simplicity and cost savings. SSTP inverters
typically offer higher performance, especially in high-precision applications, due to their more complex control
of each individual phase. However, FSTP inverters can achieve acceptable performance levels in many
applications, especially those where cost and reliability are more critical than maximizing output voltage or
minimizing harmonic distortion.

2.3 Advantages and Limitations

One of the primary advantages of FSTP inverters is their reduced component count, which leads to lower
manufacturing costs, reduced switching losses, and improved overall reliability due to the fewer points of failure.
This makes FSTP inverters ideal for cost-sensitive applications, such as in renewable energy systems or low- to
mid-range industrial motor drives. Moreover, the simplified control structure allows for easier implementation
and maintenance, contributing to the inverter’s growing popularity in these fields.

However, FSTP inverters also have limitations. The most significant is their reduced voltage utilization, as the
absence of a dedicated leg for each phase limits the maximum voltage output compared to SSTP inverters.
Additionally, harmonic distortion can be more pronounced in FSTP systems, requiring more sophisticated control
strategies to mitigate. These limitations make FSTP inverters less suitable for applications requiring high
precision, maximum power output, or where stringent standards for power quality must be met. Nonetheless,
ongoing advancements in control techniques and modulation strategies continue to enhance the performance of
FSTP inverters, allowing them to compete effectively in a wider range of applications.

3. Applications In Renewable Energy Systems
3.1 Solar Photovoltaic Systems

FSTP inverters have become increasingly important in solar photovoltaic (PV) systems due to their cost-efficiency
and simplified design. In grid-connected PV systems, FSTP inverters are responsible for converting the direct
current (DC) output of solar panels into alternating current (AC), which is fed into the electrical grid. Their reduced
component count makes them an attractive option for lowering the capital and maintenance costs associated with
solar power installations. In stand-alone PV systems, which are typically used in remote or off-grid locations,
FSTP inverters play a vital role in converting solar energy into usable AC power for local consumption. These
systems require reliable, cost-effective inverters, and the FSTP topology offers an ideal balance between
performance and affordability, especially in areas where grid access is limited or non-existent.
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Figure. 2 The four switch three phase inverter grid-connected inverter schematic diagram
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3.2 Wind Energy Conversion Systems

In wind energy systems, particularly variable-speed wind turbines, FSTP inverters are used to convert the varying
frequency and voltage of the generated power into stable AC power suitable for either local loads or grid
connection. Their ability to operate with fewer switching components makes FSTP inverters an efficient and cost-
effective solution for smaller-scale or residential wind energy systems. However, grid integration challenges
remain, particularly in ensuring that wind-generated power meets grid standards for voltage, frequency, and
harmonics. FSTP inverters, though more limited in voltage utilization than their six-switch counterparts, are
increasingly being optimized with advanced control techniques to address these challenges, making them a viable
option for integrating renewable wind energy into the grid.

3.3 Energy Storage Systems

In battery energy storage systems (BESS), which are essential for stabilizing renewable energy supply, FSTP
inverters manage the bidirectional flow of energy between the battery and the power grid or local loads. The
simplified structure of the FSTP inverter reduces costs, making it an appealing choice for energy storage
applications where cost-effectiveness and efficiency are key. In hybrid renewable energy systems, which combine
multiple renewable energy sources (such as solar and wind) with energy storage, FSTP inverters can be used to
manage the integration of different power sources and ensure stable, reliable output. Their ability to balance cost,
efficiency, and simplicity makes them well-suited for these increasingly popular renewable energy configurations.

4. Electric Vehicle Applications
4.1 Traction Motor Drives

In electric vehicles (EVs), the traction motor drive system is a critical component that directly affects the vehicle’s
performance and efficiency. FSTP inverters have shown great promise in controlling the two main types of motors
used in EVs. For permanent magnet synchronous motors (PMSMs), which are valued for their high efficiency and
power density, FSTP inverters can effectively manage motor speed and torque while reducing switching losses
and system costs. Their simplified structure makes them attractive for automakers seeking to lower the overall
cost of EV powertrains without sacrificing performance. Similarly, induction motors, which are known for their
robustness and lower cost compared to PMSMs, can also benefit from FSTP inverters. Although induction motors
generally require more complex control strategies, FSTP inverters can still deliver adequate performance in EV
applications where cost and reliability are prioritized over maximizing efficiency.
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Figure. 3 The four switch three phase inverter in EV system
4.2 On-Board Chargers

FSTP inverters are also being explored for use in **on-board chargers** in EVs. These chargers convert AC
power from the grid into DC power to charge the vehicle’s battery. By leveraging the simplified topology of FSTP
inverters, manufacturers can reduce the size, cost, and weight of the on-board charger unit. This results in a more
compact and cost-effective charging system that integrates seamlessly with the vehicle's electrical architecture.
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The fewer components in FSTP inverters contribute to enhanced reliability, which is crucial for the long-term
performance of EV charging systems.

4.3 Vehicle-to-Grid (V2G) Technology

The role of FSTP inverters extends beyond the vehicle’s operation, finding applications in **vehicle-to-grid
(V2G) technology**. V2G allows EVs to not only draw power from the grid but also return excess stored energy
from their batteries back to the grid during peak demand periods. FSTP inverters, with their reduced complexity
and cost, are ideal for managing the bidirectional energy flow required in V2G systems. They help facilitate
efficient energy exchange while keeping system costs manageable, making them an attractive solution for future
V2G-enabled electric vehicles. Their compact design can also help minimize the space requirements for
integrating V2G systems into existing vehicle platforms.

5. Industrial Motor Drive Applications
5.1 Variable Frequency Drives

FSTP inverters are gaining traction in variable frequency drives (VFDs), which are widely used in industrial
motor control to regulate the speed and torque of motors by varying the frequency and voltage of the power
supplied to them. The reduced component count of FSTP inverters makes them an attractive solution for VFDs,
offering a balance between cost efficiency and functional performance. By simplifying the power electronics
architecture, FSTP inverters lower installation and maintenance costs while still providing the precision needed
in many industrial applications. They are particularly useful in environments where cost-saving and space
efficiency are prioritized, without the need for the ultra-high precision and control that six-switch inverters offer.
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Figure. 4. FSTPI variable frequency drive system

5.2 Pump and Fan Systems

In pump and fan systems, which are widely used in industries ranging from water treatment to manufacturing,
FSTP inverters offer a cost-effective alternative for controlling motor speed. These systems often do not require
the high levels of precision that more expensive inverters provide, making FSTP inverters a practical choice. By
regulating the motor’s speed based on demand, FSTP inverters help improve energy efficiency, reduce operational
costs, and extend the lifespan of the mechanical components in pumps and fans. This makes them particularly
valuable in energy-intensive operations where optimizing power consumption is a key priority.

5.3 Conveyor Systems

Conveyor systems play a vital role in automating material handling processes in industries such as manufacturing,
logistics, and mining. FSTP inverters are well-suited for driving motors in these systems, where reliability,
durability, and cost-effectiveness are more important than the fine-tuned control offered by more complex
inverters. The simplified design of FSTP inverters ensures reduced downtime and maintenance requirements,
making them an ideal solution for conveyor systems that operate continuously and need reliable, consistent
performance.
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5.4 HVAC Applications

FSTP inverters are also being used in heating, ventilation, and air conditioning (HVAC) systems, where
controlling fan and compressor speeds is crucial for optimizing energy use and maintaining indoor climate
comfort. In HVAC applications, FSTP inverters provide a cost-efficient means to modulate motor speeds, thus
improving the energy efficiency of the overall system. Their reduced switching losses and simpler design translate
into lower installation costs and energy consumption, which are critical in commercial and industrial buildings
aiming to minimize operational expenses and improve sustainability.

6. Control Strategies For Fstp Inverters
6.1 Pulse Width Modulation Techniques

Pulse width modulation (PWM) is one of the most widely used control strategies for FSTP inverters. In PWM,
the inverter switches are controlled to generate an output waveform by varying the width of the pulses. This
method enables effective control of the voltage and frequency supplied to the load, making it ideal for applications
like motor drives and renewable energy systems. FSTP inverters benefit from the simplicity of PWM techniques,
which allow for smooth and efficient control despite the reduced number of switches compared to six-switch
inverters. Modified PWM schemes have been developed to mitigate issues like harmonic distortion and voltage
imbalance, further enhancing the performance of FSTP inverters in various applications.

6.2 Space Vector Modulation

Space vector modulation (SVM) is a more advanced control technique that optimizes the switching patterns of
FSTP inverters to generate a near-sinusoidal output with minimal harmonic distortion. SVM treats the inverter
output as a rotating vector in a two-dimensional plane, allowing for more efficient use of the DC bus voltage
compared to traditional PWM methods. This is especially beneficial in FSTP inverters, which inherently have
lower voltage utilization due to their reduced number of switches. By maximizing the inverter’s output voltage
and improving overall power quality, SVM has become a popular choice for FSTP inverter control in applications
where efficiency and precision are key.

6.3 Model Predictive Control

Model predictive control (MPC) is an emerging technique that offers real-time optimization of FSTP inverter
performance by predicting future behavior based on a mathematical model of the system. MPC evaluates multiple
switching states and selects the one that minimizes a cost function, such as minimizing error between the reference
and actual output. This approach allows for flexible and adaptive control, making it suitable for applications that
require fast dynamic response and the ability to handle complex operating conditions. MPC has been particularly
effective in addressing some of the inherent limitations of FSTP inverters, such as voltage imbalance and harmonic
distortion.

6.4 Fault-Tolerant Control Methods

Given the importance of reliability in power electronics applications, fault-tolerant control methods have been
developed for FSTP inverters to maintain operation in the event of a switch or component failure. These methods
include reconfiguring the inverter’s control strategy to bypass faulty components and continue delivering power
with minimal disruption. Fault-tolerant control is particularly critical in applications like electric vehicles and
renewable energy systems, where inverter failure can result in costly downtime or reduced efficiency. By
incorporating redundancy and real-time fault detection, FSTP inverters can provide greater system reliability,
making them more robust for critical applications.

7. Challenges And Future Directions
7.1 Efficiency Improvements

One of the key challenges for FSTP inverters is improving their efficiency, especially as they continue to be
implemented in energy-sensitive applications like electric vehicles and renewable energy systems. While the
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reduced number of switches in FSTP inverters leads to lower switching losses compared to traditional six-switch
inverters, there are still opportunities to enhance their efficiency further. This includes optimizing the control
algorithms, such as advanced pulse width modulation (PWM) techniques and space vector modulation (SVM), to
minimize switching losses and reduce harmonic distortion. Additionally, exploring soft-switching techniques
could help improve overall energy conversion efficiency, especially at higher power levels.

7.2 Power Density Optimization

As applications like electric vehicles and industrial drives demand more compact and lightweight solutions,
improving the power density of FSTP inverters is a critical area of development. Power density refers to the
amount of power delivered per unit of volume, and increasing it means reducing the size and weight of the inverter
while maintaining or improving its power output. This can be achieved through advancements in cooling
techniques, more efficient packaging of components, and the use of novel materials that can handle higher
temperatures and power levels. Optimizing power density is particularly important in space-constrained
environments, such as EV powertrains, where minimizing the footprint of the inverter can lead to more efficient
overall system design.

7.3 Reliability and Fault Tolerance

Ensuring the reliability and fault tolerance of FSTP inverters is another major challenge. Although the reduced
number of switches theoretically leads to fewer failure points, the FSTP topology’s inherent limitations, such as
reduced voltage utilization and potential for increased harmonic distortion, may impact long-term reliability.
Future developments in fault-tolerant control strategies and real-time monitoring systems are essential for making
FSTP inverters more resilient to component failures. Additionally, research into thermal management and
improved materials will help enhance the longevity and durability of these systems, particularly in demanding
environments like industrial settings and automotive applications.

7.4 Integration with Wide-Bandgap Semiconductors

The integration of wide-bandgap (WBG) semiconductors, such as silicon carbide (SiC) and gallium nitride
(GaN), offers a significant opportunity for future FSTP inverter designs. WBG semiconductors can operate at
higher voltages, temperatures, and switching frequencies compared to traditional silicon-based devices, resulting
in improved efficiency, reduced losses, and higher power density. Incorporating WBG devices into FSTP inverters
could further optimize their performance by allowing for faster switching speeds and lower thermal losses.
However, the challenge lies in adapting the FSTP topology and control strategies to fully leverage the advantages
of these advanced materials, as well as managing the higher costs associated with WBG technology. As WBG
semiconductors become more accessible, they are expected to play a crucial role in the evolution of FSTP inverters
across various applications.

8. Conclusion

Four-switch three-phase (FSTP) inverters have emerged as a promising alternative to traditional six-switch
inverters, offering a simplified design with reduced component count, lower cost, and enhanced reliability. This
paper has explored the diverse applications of FSTP inverters across key areas, including renewable energy
systems, electric vehicles, and industrial motor drives. In solar and wind energy systems, FSTP inverters provide
cost-effective and efficient power conversion, while in electric vehicles, they contribute to traction motor drives,
on-board charging, and vehicle-to-grid (V2G) applications. Industrial motor drives, such as variable frequency
drives, pumps, fans, conveyors, and HVAC systems, benefit from the lower cost and operational reliability of
FSTP inverters.

Control strategies like pulse width modulation (PWM), space vector modulation (SVM), model predictive control
(MPC), and fault-tolerant methods are critical for optimizing FSTP inverter performance. However, challenges
remain in improving efficiency, power density, and reliability. Future advancements are expected through the
integration of wide-bandgap semiconductors, which will enhance switching performance and reduce losses. As
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industries continue to demand cost-effective, compact, and efficient power electronics solutions, FSTP inverters
are poised to play a significant role, with ongoing research and development driving further improvements in their
design and performance.
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