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Abstract: Solid-state transformers (SSTs) have emerged as a superior alternative to conventional
transformers and are regarded as the building block of the future smart grid. They incorporate power
electronics circuitry and high-frequency operation, which allows high controllability and enables
bi-directional power flow, overcoming the limitations of conventional transformers. This paper
presents a detailed analysis of the solid-state transformer, expounding the fundamentals, converter
topologies, applications, and future challenges of the SST in a systematic manner. The paper discusses
the necessity of improved replacement of the low-frequency transformers (LFTs) and presents the
configuration of SST. It presents SST fundamentals in individual stages and explores its origin and
evolution. The basic topologies, their specifications, and control strategies are also described. The
applications of SST as a replacement of LFTs are discussed along with recent applications. The future
challenges for real-time implementation of SSTs are explored, and research directions are proposed.

Keywords: solid-state transformer (SST); low-frequency transformer (LFT); power electronic
converters; future smart distribution grid; SST topologies; renewable energy sources

1. Introduction

Transformers are the most vital component of the power system, as they play an
essential role in the transmission and distribution of electrical power [1]. Being the fun-
damental components of the power distribution system, the conventional transformers
were researched extensively and hence were developed to be cost-effective, exceptionally
reliable, and highly efficient. Although they are fairly advantageous, they still have certain
drawbacks, including power loss and temperature rise due to harmonics, poor voltage
regulation under load, inadequate protection from abnormal currents, over-voltages, and
overload. In addition to this, inadequate protection of the transformer from internal faults
caused by breakdowns or arising from the core, the reflection of various unwanted input
characteristics like voltage dip on the output side, and arduous efforts for the integration
of renewable energy sources are of great concern. Along with having a large size and
being bulky, the traditional transformers also lack adequate controllability and have an
adverse impact on the environment due to excessive usage of transformer oil [2], which
has contributed to the looming energy crisis we are facing around the globe.

To enable the power-grid for fulfilling the growing technological requirements such
as integration with distributed renewable energy resources (DRER), distributed generation
sources (DG), and distributed energy storage devices (DESD); charging techniques for
electric vehicles (EVs), etc., the limitations of conventional transformers must be eliminated.
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This decentralization of power due to integration of various sources causes voltage de-
regulation [3] and power quality issues [4,5] and introduces harmonics [6] in the system,
which cannot be controlled satisfactorily by LFTs. This highlights the requirement of
intelligent equipment that incorporates technological advancements to overcome the de-
regulation of electrical power to expedite the energy demand.

With the technological advancements, high power converters are gaining ever-increasing
importance in the power system through prominent applications such as integrating renew-
able energy sources into the power grid and playing a more proactive role in the transmission
and distribution of power [7,8]. The application of solid-state electronics has enabled high-
power electronic converters to control and convert electric power, facilitating it to emerge as
one of the revolutionary technologies in the field of electrical engineering today.

The solid-state transformer (SST), also known as power electronic or high-frequency
transformer, has gained popularity. It is considered the most suitable replacement for tradi-
tional transformers in future smart grids and is extensively researched for its application
in power transmission and distribution systems [9–15]. Being energy-efficient, they are
considered as one of the pioneering technologies of the future power system [16–18].

Figure 1a presents the configuration of traditional LFT operating at f1. On the output
side, the voltage level changes, but the frequency remains the same. However, in the
SST configuration presented in Figure 1b, the transformer operating frequency fT is much
higher than the LFT; and the output frequency is not necessarily the same as the input. The
frequency f2* includes the possibility of dc voltage V2

* i.e., f2* = 0 Hz.
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Figure 1. (a) LFT configuration. (b) SST configuration. 

From the SST configuration in Figure 1b, it is apparent that various potential func-
tionalities that were non-existent in the traditional transformer are present in SSTs. The 
utilization of the power-electronics interface allows the operation at high frequency, and 
the intermediate DC–DC conversion stage also offers numerous benefits. SSTs provide 
various advantages such as voltage sag compensation, control over power flow, reactive 
power compensation, fault isolation, ability to provide dc output, etc. Various projects 
[9,12,16,19,20] are directed at promoting advancements in SST technology, as they are con-
sidered the most fundamental unit of the future smart grid. SSTs promote bi-directional 
power flow in the distribution grid, allowing the interfacing of either dc or ac to enable 
the integration of renewable energy sources like photo-voltaic, and facilitate power flow 
from various micro-grids [11,21–24]. As SST technology evolves, they are compelled to be 
involved in energy markets to fulfill the ever-increasing energy demand in the future as 
they facilitate controlled, regulated, and efficient power supply from main-grids and mi-
cro-grids. With micro-grids emerging as great contributors to the power demand and sup-
ply cycle alongside the main grid, the de-regulation and decentralization of power will be 
evident in the future [25]. To regulate such power flow, intelligent devices like SST will 
be essential. 

Figure 1. (a) LFT configuration. (b) SST configuration.

From the SST configuration in Figure 1b, it is apparent that various potential func-
tionalities that were non-existent in the traditional transformer are present in SSTs. The
utilization of the power-electronics interface allows the operation at high frequency, and the
intermediate DC–DC conversion stage also offers numerous benefits. SSTs provide various
advantages such as voltage sag compensation, control over power flow, reactive power com-
pensation, fault isolation, ability to provide dc output, etc. Various projects [9,12,16,19,20]
are directed at promoting advancements in SST technology, as they are considered the
most fundamental unit of the future smart grid. SSTs promote bi-directional power flow in
the distribution grid, allowing the interfacing of either dc or ac to enable the integration
of renewable energy sources like photo-voltaic, and facilitate power flow from various
micro-grids [11,21–24]. As SST technology evolves, they are compelled to be involved in
energy markets to fulfill the ever-increasing energy demand in the future as they facilitate
controlled, regulated, and efficient power supply from main-grids and micro-grids. With
micro-grids emerging as great contributors to the power demand and supply cycle along-
side the main grid, the de-regulation and decentralization of power will be evident in the
future [25]. To regulate such power flow, intelligent devices like SST will be essential.

They are also well suited for various renewed applications such as high-frequency
transmission in distribution grids; implementation of micro-grid in marine [26], naval [27],
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subsea [28], oil-drilling applications [29]; utilization of the concepts of distributed propul-
sion in aircraft; and in traction where it eliminates the constraints of weight and size
significantly. Although SSTs have significant advantages, there are still certain limitations
to overcoming their real-time implementation. The LFTs are more efficient than the SSTs;
they have better robustness, are more economical, and are highly compatible with the
current power grid and distribution system, along with their protection and isolation
schemes. At present, LFTs seem preferable, but the looming concern of the environment
compels us further to explore SST technology as a suitable eco-friendly alternative.

This paper presents a review of the solid-state transformer and its technologies. The
article is organized in the following manner: Section 2 illustrates the SST fundamentals
and their distinct stages. Section 3 describes the basic SST topologies along with the
functionalities, specifications, and control strategies. Early high-frequency converters are
discussed as well. Section 4 explores the various application of SST in the power system.
The future challenges to the SST technology are reviewed, and research directions are
provided in Section 5.

2. SST Fundamentals

SST utilizes power electronic converters, and depending on their configurations, SSTs
are classified into various topologies. To elaborate on the key concepts of SSTs, the most
popular three-stage topology shown in Figure 2 is deemed best suited since this particular
topology simplifies the control design and can provide all functionalities.
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A basic SST comprises three distinct stages:
1. Medium Voltage (MV) Stage: Medium level voltage includes voltages higher than

1 kV but lower than 100 kV. The three-phase AC voltage of frequency 50/60 Hz is supplied
to SST, converted into DC voltage through power converters. This MV stage can be called
the rectifier stage. It converts AC into DC. In contrast with other electronic converters with
low-voltage inputs, the power converters in SST must interface with much higher voltage
levels of ac and dc. SSTs typically operate at higher power levels associated with their
typical applications in traction, power grids, etc., so these power converters must have the
ability to tolerate connection to MV. In grid applications, where weight and size do not
necessarily play a significant role, SSTs can offer harmonic filtering through this rectifier
stage by employing a PWM (pulse width modulation) rectifier, which is much needed in
the existing grid system and the future smart grid.

2. Isolation Stage: This stage isolates the high-power stage from the low power stage
using the Medium Frequency (MF) transformer, the isolation stage. In this stage, the DC–
AC–DC conversion occurs. The DC is converted to AC of a much higher frequency in a few
100 Hz to a few kHz. In the next AC–AC conversion step, a high-frequency transformer
is employed to step down the voltage magnitude. The operation of the transformer at a
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higher frequency allows full utilization of the core magnetic properties. In the next step,
AC–DC conversion occurs where this high-frequency AC is converted into DC [30].

The operation of the isolation transformer at a high frequency reduces the size and
weight of the SST. For the same power transferred P, keeping winding current density J
and the maximum core flux density Bm constant, the transformer size/volume V in terms
of operating frequency f is given by Equation (1) as

Aw·Ac =
√2

π
· P
kw Bm J f

⇒ V ∝ (Aw·Ac)
3
4 ∝

1

f
3
4

(1)

where kw is the winding window filling factor, Ac is the cross-sectional area of the core,
and Aw is the window area of the winding. From the above equation, it is apparent that
by increasing the operating frequency of the transformer, its physical dimensions can be
reduced. The operation of SSTs at higher frequencies makes them suitable for specific
applications like traction, where weight and volume constraints hinder higher efficiency.
This reduction in size or/and volume of the SSTs, enabling the improvement in the per-
formance of traction equipment, has attracted much attention of manufacturers [11,31–37].
Apart from applications where SSTs can help achieve various benefits due to their reduced
weight and size, their additional characteristics, such as allowing bi-directional power flow,
reactive power compensation, DC links, etc., can be advantageous in other applications.
Therefore, SST technology is considered a crucial component of the future power system.

As SST utilizes multistage power converters for various applications, these converters
must have a high switching frequency. Along with increased switching frequency, switch-
ing losses will also increase inevitably. This is also considered a significant hindrance to
improving efficiency and should be considered during design and manufacturing.

3. Low Voltage (LV) Stage: LV range contains voltages ranging from 50 to 1000 volts.
In this LV stage, DC–AC conversion occurs; hence, it is also called an inverter stage. The
frequency of converted AC is usually 50/60 Hz. Unlike LF transformer, SST also offers
controllability through this LV stage. It allows controlling input and output voltages,
currents, and power flow through power converters and MF transformers employed in
typical SST. In addition to this, it permits controlling the output frequency as any desired
output frequency can be achieved in DC–AC conversion. Reduction in weight and size
of the high-frequency transformer is incredibly advantageous for SST. Still, consideration
of other components like power converters, heat sinks, control circuitry, etc., is also es-
sential for overall reduction. The efficiency and controllability of the SST depend on the
circuitry and the configuration of the converters and their stages. In contrast with LFT, SST
technology has numerous topologies. Each topology possesses specific sets of advantages
and limitations along with the fundamental characteristics of SST, as discussed in the
next section.

3. SST Topologies

With the critical characteristics of SSTs employed, McMurray proposed the realization
in 1968 as “Converter circuits having high-frequency link” [38]. The non–resonant AC–AC
power converter with a high-frequency link as proposed in 1968 by McMurray is presented
in Figure 3.
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by McMurray.

It is a primary, non-resonant circuit that utilizes four-quadrant turnoff switches to
chop ac input voltage. The switches have a combination implemented as an antiparallel
connection of transistors with series diodes to generate an AC voltage of high frequency
supplied to the MF transformer. The output voltage can be controlled by phase-shifting the
switching instants of secondary to primary side switches.

For the facilitation of the commutation of thyristors, the transformer current should
be shaped more sinusoidal. In 1968 itself, McMurray proposed adding a series resonant
capacitor to “Converter circuits having a high-frequency link.” This is known as “Half
cycle discontinuous conduction mode series resonant converter” or HC-DCM SRC [39,40].
It features a fixed voltage transfer ratio of MF transformer by adjusting the power flow au-
tomatically in response to any change in voltage. This circuit also allows for soft switching,
which reduces switching losses and improves converter efficiency, which is an excellent
achievement in developing SST technology and is implemented in various topologies.

These converter circuits cannot be directly connected to MV because blocking voltages
of power semiconductors was pretty less. Therefore, we utilize a multi-level converter that
employs a cascaded H bridge and has Input Series Output Parallel (ISOP) structure where
cells are connected in series at their input side terminals and in parallel at their output side
terminals to ensure self-balancing. The circuit is known as a “Fast response stepped wave
switching power converter” [41].

Although this concept of SST proposed by McMurray in1968 was revolutionary,
its implementation in various applications was quite a challenge. It was followed by
researchers of the US Navy presenting another AC–AC converter in 1980, which utilizes a
buck converter to enhance the output voltage [39,42]. Although it was the first working
prototype, it still had various limitations. It was followed by a series of proposals, each
with its advantages and limitations.

In the past decades, extensive research and great efforts have been made to improvise
the SST technology through various topologies. SST employs the multi-level converters
for better performance and utilizes a multistage topology to support its high voltage re-
quirements [43]. Multiple strategies to control the SST converters have also been proposed,
but they vary for different topologies. However, most of the topologies can be derived
from a few basic topologies. These basic topologies, along with control strategies, are
discussed below.

1. Single-Stage: In single-stage topology, High Voltage AC (HVAC) is stepped
down by using a high-frequency transformer to Low Voltage AC (LVAC), as shown
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in Figure 4 [44–46]. In this topology, four-quadrant switches regulate voltage by phase-
shifting between the primary and secondary side switches. Harmonics can also be con-
trolled by phase-shifting these switches so that output voltage waves acquire a more
sinusoidal nature [47].
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The single-stage SST has a low voltage conversion ratio due to the low switching
frequency of the power converter. Although soft switching is an effective method of
reducing switching losses caused by high switching frequency, it can be implemented
within a specific rated load limit.

A 2 kW, 110 V/20 V single-stage, AC/AC, two-level converter allowing bidirectional
power flow with maximum power-point tracking was proposed in [48] that utilized the
PWM for control. Another 10 kVA, 208 V single-stage AC/AC, two-level converter allowing
bi-directional flow that utilizes ZVS (zero voltage switching) as the control method was
proposed in [49]. A 2 kW, 400 V/208 V Single-stage, AC/AC, matrix-based converter
using predictive control was proposed in [50]. Recently, a new single-stage high-frequency
link-based single-phase SST topology was proposed in [51]. Switching tube multiplexing
is carried out to reduce the number of switching devices. The SST inductor current is
minimized by switching different control modes to minimize the conduction losses of
IGBTs. The control extended phase shift control (EPS) based to make implementation easy.

2. Two-Stage: Two-stage topology converts HVAC into LVAC similar to one-stage
topology, utilizing an additional DC link. This topology has two variations of its configuration.

In a two-stage topology with an LVDC link, AC is stepped down by a high-frequency
transformer and converted to DC using power converters. This stage LVDC link is imple-
mented; then this DC is converted to AC as shown in Figure 5a [52–55]. This LVDC link
facilitates the integration of DC loads and renewable energy sources into the grid.
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In a two-stage topology with an HVDC link, AC is converted to DC utilizing power
converters, and then, an HVDC link is implemented. This second stage converts DC and
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steps it down using the high-frequency transformer to LVAC, as shown in Figure 5b [55].
The HVDC link can be implemented in HVDC transmission. This two-stage topology offers
higher efficiency and better reliability by realizing soft switching.

A 5 kVA, 220 V/380 V two-stage, direct AC/AC high-frequency link, dual bridge
matrix converter topology utilizing PWM control was proposed in [49]. In [56], a 5 kW,
3300VAC/380VDC two-stage, cascaded H-bridge topology that allows bi-directional power
flow was proposed. The proposed converter utilizes phase shift as the control strategy.
Recently, a two-stage topology that provides an LVDC port or medium-voltage DC (MVDC)
port was proposed in [57], and the dual loop-based closed-loop control was used for
output voltage.

3. Three-Stage: Three-stage topology shown in Figure 6 utilizes HVDC as well as
LVDC link, HVAC is supplied to the AC–DC rectifier stage, which offers various advantages
including voltage regulation across HVDC link, bi-directional power flow, VAr compensa-
tion, [58] and harmonic filtering by achieving more sinusoidal wave shape [59–61]. In the
second stage, DC is converted to high-frequency AC to be stepped down through a high-
frequency transformer and be converted back to DC by utilizing the Double Active Bridge
(DAB). The DAB allows the inter-facing of the HVDC link to the LVDC link. Through the
high-frequency transformer also provides galvanic isolation [58]. The DC voltage of the
second stage is then transferred through the LVDC link to the third stage, where this DC is
converted back to AC at a frequency of 50/60 Hz.
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A three-stage topology with suitable control strategies was deemed appropriate for
implementation among all three topologies and their alternates. It has higher efficiency [62]
and better power controllability. However, it utilizes many passive devices, which is a
considerable disadvantage [63].

A 2 kW, 600VDC/200VDC, three-phase modular multi-level DC/DC converter allow-
ing bi-directional power flow was proposed in [64]. The control methods for the converter
include PWM, ZVS, and the dual-phase-shift method. Recently, in [65], an SST topology
adopting three-stage cascade control of input isolation output capable of providing high-
voltage and low-voltage DC bus, which can realize DC input and output and has strong
compatibility, was studied. The front-end rectification stage adopted the double closed-
loop control strategy of the current inner loop voltage outer loop with the fast current
response, and the DC–DC stage adopted the voltage-followed phase-shift full-bridge ZVS
control method.

Table 1 presents four main modern SST topologies, namely neutral point clamped
(NPC) topology, flying capacitor converter, cascaded H-bridge (CHB) multi-level inverter
configuration, and modular multi-level (MMC) converter [66].

Other notable topologies for SST include the transistor clamped converter, dynamic-
current (or Dyna-C), matrix type, isolated back-end, isolated front-end, etc. With the
advancements in the field of SiC power semiconductor technology, the devices such as SiC
IGBTs and SiC MOSFETs, which have significantly higher blocking voltage, may enable
the usage of single-cell topology [37].
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Table 1. Comparison of various multi-level topologies.

Expandability Capacitor Size Inductor No. Capacitor No. Semiconductors No.

Neutral point-clamped No Low Low Low High
Flying capacitor No Low Low Low Low

H-bridge cascaded Yes Medium Low High Low
MMC Yes High High Low Low

Multistage topologies utilize DC links, either HVDC link, LVDC link, or both. These
links provide a direct connection to various devices or sources that would otherwise need
some sort of bridge. LVDC link allows direct point for integrating various renewable
energy sources, energy storage devices, and DC loads, thus removing the requirement to
convert to AC before integration. On the other hand, the HVDC links in SSTs topologies
are used in HVDC transmission as HVDC can be transmitted directly through these HVDC
links. HVDC transmission is making a massive comeback with the development in SST
technology and its improvised topologies, which offer direct transmission through HVDC
links and provide HVDC voltages in its DC conversion stages through power converters.
Various applications involve a mixture of AC and DC devices, such as micro-grid, photo-
voltaic, home appliances, etc., yet another domain of application of SST topology. As
multiport SST features various input and output voltage levels, both AC and DC can
regulate and compensate active power and reactive power, which can be utilized in DC
charging stations or charging stations of future electric vehicles, which is a phenomenon of
the 21st century. This reactive power compensation is a massive concern of the current and
future grid; however, this proposed application has huge disadvantages and requires much
greater effort and research. Recently, the emergence of power devices such as power IGBTs,
SIT, SITH, etc., alongside the innovation of SiC technology, has enabled the implementation
of SST technology in recent years.

4. Application

The distribution grid is ever-changing and is becoming more advanced with time.
Integrating renewable energy sources and storage devices is a key characterizing feature
of the future smart grid. SST emerges as an excellent alternative for minimizing and even
eliminating the requirement of conventional transformers that utilizes oil for cooling and
insulation purpose. With the increasing application of SST, the mineral oil consumption
reduces, and consequently, its adverse impacts on the environment will be minimized.
With the looming energy crisis, the application of the SST should be studied and researched
extensively. Potential applications are thus shown in Figure 7. Applications of SST as a
superior alternative to the LFT and recent applications are explored below.

The potential applications of the SSTs are shown in Figure 7 and are discussed below:

a. Traction With the emergence of power electronics, power electronic traction trans-
formers (PETT) have gained much popularity. Various designs and configura-
tions of PETT utilizing SST technology are proposed in numerous traction appli-
cations [34,67–72], as they offer the advantages of improving power density and
efficiency simultaneously along with weight and space reduction [37]. Figure 8
demonstrates an SST-based traction system, in which a low-frequency transformer is
effectively replaced by the SST. In 2011, ABB proposed a 1.2 MVA PETT prototype
with a 9-module CHB plus LLC resonant converter for a 15 kV/16.7 Hz railway
grid having an efficiency of around 96%. Another PETT configuration based on
low-voltage IGBTs instead of its popular alternative, i.e., high-voltage IGBTs, was
proposed for better efficiency and lower cost than the conventional PETT configura-
tion with the modular series-parallel structure in [73]. Recently modular multi-level
converter technology has emerged as a promising technology. A single-stage SST
topology based on modular multi-level converters utilizing the concept of interleav-
ing converters and integrated power stages has been studied and experimentally
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validated in [74]. It is deemed suitable for traction application with an efficiency of
87%, power factor as high as 0.99, and low harmonic distortion of 3.7% to the input
current. Research is still going to explore traction transformers further and ensure
their satisfactory implementation.

b. Smart grid integration Another application of SST is the integration of micro-grids
into the smart grid. The DC link in the SST topologies is greatly utilized in these
applications. The integration of renewable energy resources (DRER) and distributed
energy storage devices (DESD) is the most desirable application of SST, as the micro-
grid structure is a suitable alternative to fulfill the energy demand [9]. An SST base
micro-grid structure is presented in Figure 9. A quad-active-bridge (QAB) converter
is proposed in the paper [75] as the fundamental component of an MMC-based SST
for integrating DER and distributed energy storage systems (DESS) in the distribution
grid. The DC link in SST eliminates certain frequency and phase requirements, which
were fundamental in AC while integrating. Enabling bi-directional power flow is yet
another advantage of SST [16,76,77]. The behavior of one such SST is investigated
in [78]. The system of 100 kVA Transformer less Intelligent Power Substation (TIPS)
in the paper is investigated when it is integrated with the DESD modeled through a
battery. Electric vehicles (EV), as the future of automobiles, require charging stations
for their implementation. These charging stations will enable the integration of
electric vehicles into the grid when they are plugged into charging. The paper in [79]
presents a review of the charging techniques of EV and proposes an on-road charging
system with energized lanes for EV. This will allow them to draw power from the grid,
raising concerns regarding its impact on the power grid. However, such charging
stations are being implemented utilizing SSTs and have shown much progress and
high efficiency compared to other alternatives [80]. Harmonic filtering is another
feature that will aid the integration of various sources and devices. The capability of
harmonic filtering depends on the switching frequency of the SST [17]. The SST can
also be used as the unified power quality conditioner (UPQC) to eliminate both the
shunt and series transformers.

c. Reactive Power Compensation Unlike conventional devices that only utilize passive
components, power electronic devices employ active components. These active coun-
terparts draw active and reactive power from the grid, which causes an imbalance
between them. Although the tap-changing option of the LFT allows the transformer
to control the voltage to meet the active power demands, it has limitations of margin
voltage and the inability to change the frequency of the tap changers [81]. The tradi-
tional transformer is unable to compensate for the reactive power loss. Therefore, the
power engineers employ the capacitor banks, Static VAr Compensators (SVCs), Static
Synchronous Compensators (STATCOMs), etc., to compensate for this deficit [82].
The balance between active and reactive power is essential to regulate power flow
and improve the power factor. SSTs can enhance reactive power compensation along
with further reducing its power loss and cost [83]. In [84], SST based on a doubly fed
induction generator (DFIG) topology has been proposed for reactive power compen-
sation, eliminating reactive power compensator devices. In [85], system utilizing SST
in the wind energy system is presented. It offers a family of wind energy systems
utilizing SST, which enables control of active power and compensation of reactive
power along with improved voltage regulation. It presents a simulation study for
a wind farm (WF) driven by squirrel-cage induction generators is, and the wind
energy system interfaced by SST is shown in Figure 10.

d. Fault Isolation and Limitation Traditionally in medium-voltage AC power systems,
mechanical circuit breakers clear and isolate faults enabling the continuous power
supply. Although they are fast-acting and effective, the power interruption for critical
loads is inevitable. SST, being an intelligent equipment, can isolate the loads from
fluctuations and fault disturbances by supplying the power from micro-grid struc-
tures to maintain uninterrupted power supply to crucial loads [17]. For improvising
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the fault-tolerant capability of SST, an approach is proposed and validated in [86]
that utilizes the time before restoration to analyze current and voltage deviations.
A solid-state fault isolation device (FID) is capable of being a recloser as well as
a sectionalizer. Its usage for short circuit current has already been verified [87].
Another solid-state fault isolation device (SSFID) is proposed, validated, and tested
in [87]; elaborates the criteria for the selection of a solid-state fault isolation device
(FID) to be used in power-electronic based distribution systems (PEDS) and draws a
contrast between the fault isolation power electronics-based system (PEDS) and the
traditional distribution system. It proposes and validates an FID topology, and the
snubber circuit design of a 6.5 kV FID is presented.

e. Voltage Regulation The voltage regulation is the essential characteristic of any basic
SST. Most of the SST topology offers an AC to DC conversion stage alongside the
DC capacitor. This rectifier stage allows any AC input voltage to be converted to
DC, which can be controlled at this stage through power-width modulation. The
PWM rectifier can boost the DC voltage keeping the power factor unity. Then, this
DC voltage is converted back to AC at any desired voltage level and frequency to be
supplied as output. The utilization of the PWM rectifier makes the output voltage
unaffected by any voltage dip and sag in supply and allows regulated voltage supply
and controllability. Additionally, the output voltage wave will be free of harmonics
and purely sinusoidal with a unity power factor providing almost ideal voltage
regulation [88]. A 20 kVA SST with an input voltage of 7.2 kV, 60 Hz, and output
voltage of 120/240 V, 60 Hz is modeled and tested under load change test in [89] to
study voltage regulation. On the other hand, [90] proposes a generalized model of
SST in which by controlling the individual voltage ports of the SST voltage as well as
power can be regulated more effectively and flexibly.

f. HVDC Transmission HVDC transmission offers various advantages over AC trans-
mission, as it is independent of any voltage, frequency, and phase requirements
associated with transmission and synchronization of AC. Heating loss due to har-
monics will be eliminated along with other advantages as well. In the past, the
generation of high voltage DC was still a concern, and then its utilization also faced
many hurdles as most of the appliances operated on AC. SST suitably provides a
solution to it through the DC link utilized in its topologies [91]. It also uses power
electronic devices to convert AC and DC interchangeably. The HVDC link can be
greatly useful in HVDC transmission. The LVDC link can improve the accessibility
of DC in power systems as it facilitates the integration of devices with the grid [82].
HVDC transmission is a promising application of SST and research continues to
explore its implementation in various applications. In [92], a concept for controlling
and expanding the HVDC transmission was proposed, enforced by the simulation.
Recently, ref [93] investigated the SST applied for the HVDC transmission from
the offshore windfarm. A 200 V, 5 kVA, 3 kHz middle-frequency transformer for
solid-state transformer with amorphous and nanocrystalline core materials are tested
and analyzed. A Fault-tolerant Cell Design for MMC-based Multiport Power Con-
verters was proposed in [94] to overcome the fault-tolerant capability of MMCs. The
proposed cell structure, capable of blocking the DC short circuit current, is deemed
feasible for the application of HVDC transmission. Various other applications of
SST include energy router in future smart grids, the interface of hybrid DC and AC
micro-grid systems, induction heating applications, single-stage bidirectional SST
for lighting, implementation in wind energy power plant, regulating bi-directional
power from micro-grid structures, interphase AC conversion, i.e., three-phase to
single-phase or vice versa along with other conversions, smart regulation at the
domestic level, etc.
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stage through power-width modulation. The PWM rectifier can boost the DC voltage 
keeping the power factor unity. Then, this DC voltage is converted back to AC at any 
desired voltage level and frequency to be supplied as output. The utilization of the PWM 
rectifier makes the output voltage unaffected by any voltage dip and sag in supply and 
allows regulated voltage supply and controllability. Additionally, the output voltage 
wave will be free of harmonics and purely sinusoidal with a unity power factor providing 
almost ideal voltage regulation [88]. A 20 kVA SST with an input voltage of 7.2 kV, 60 Hz, 
and output voltage of 120/240 V, 60 Hz is modeled and tested under load change test in 
[89] to study voltage regulation. On the other hand, [90] proposes a generalized model of 
SST in which by controlling the individual voltage ports of the SST voltage as well as 
power can be regulated more effectively and flexibly. 

  

Figure 10. Wind energy system interfaced by SST.

5. Future Challenges

The development of SST in the recent decade has garnered much attention from com-
mercialists as a replacement LFTs. The commercialization of SST will be the governing
factor of its development and implementation. The limitations of SST in applications of
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power transmission and distribution systems emerge as future challenges to the devel-
opment and commercialization of SST technology. The implementation of SSTs and as
the vital building block of the smart distribution grid will lead the way to sustainable
development. Only by overcoming these hurdles of limitations will SST be able to realize
its full potential to emerge as pioneering technology of the future. The following are the
significant future challenges that are compromised by SSTs

a. Cost The cost of SST is relatively much higher than that of LFT [95]. The major part
of SSTs cost is its passive components like a high-frequency transformer and heat
sinks. The control circuitry is expensive as well. With the evolution of SST for specific
applications, particular specially designed circuitry will be inevitably used, further
contributing to its higher price. The authors of [85] provide the cost breakdown for
the proposed prototype of estimated USD 10726, which is as follows: 15 kV IGBT and
driver (32%), high-frequency transformer (16%), DC capacitors (16%), heat sink and
fan (9%), controller board (8%), IPM and driver (7%), filter inductor (5%), sensors
(4%), auxi-power supply (1%), and others (2%). Notably, the major contribution is
of high voltage power devices, high-frequency transformers, and DC capacitors. It
is estimated that the cost of production of 20 kVA, 7.2 kV–120 V SST is about USD
1000–2000, and the market price will be much higher. However, the market price
for a single-phase 25 kVA, 7.2 kV–120/240 V pole mount transformer is around
USD 1500. So, the cost of SST is much higher than the conventional transformers.
However, speculations regarding reducing the cost of SSTs associated with mass
production for wide applications are being made. The main contributor to this cost
reduction will be electronic circuitry [96]. It is possible to witness a decline in the cost
of SST with the development of SST technology, as innovative techniques contribute
to the cost reduction. A cost-effective solution is to eliminate the current sensor in the
DC/DC stage of cascaded multi-level converter utilizing the current sharing strategy.
Instead, it uses the active power component of the duty cycle in the rectifier stage
as the feedback signal for the power balance controller in the DC/DC stage [97].
The recent emergence of SiC technology is speculated to lower the cost of SST by
reducing the number of power electronic devices. Various topologies incorporating
SiC technology could be researched for effective cost reduction of SST.

b. Efficiency The required overall standard efficiency for the distribution transformer
of any power rating must be above 97%. Most traditional transformers’ usual
efficiency is greater than 98%, but SSTs are not efficient enough. According to the
standard for comparative evaluation of efficiencies of liquid immersed and dry-type
distribution transformers, the Department of Energy (DOE) of the USA [98]. From
the standard, the overall efficiency of liquid immersed transformers was 99.5%,
which is relatively high. It was achieved due to effective heat transfer from the
core of the transformer by using transformer oil. This high-efficiency traditional
transformer is a considerable challenge and a big hurdle in the implementation of
SST. SSTs utilize high power converters, which are not very efficient due to high
switching frequency and the switching losses associated with it, thereby affecting the
efficiency of SSTs in turn [37]. Another concern is that the efficiency of SST reduces
significantly if not operated in the range around the rated load [99]. Although having
efficiency satisfying the standard efficiency requirement is sufficient for SSTs, it
offers additional advantages. However, it is still incomparable to the almost perfect
efficiency of the liquid immersed transformer. Research is proposing the efficiency
of SST in the range of 96% to 98%, but the actual realization is not yet achieved [95].
The switching losses can be reduced by the use of SiC, GaN, and wide bandgap
devices instead of Si to improve the efficiency of the SST. The proper magnetic core
selection is essential in improving efficiency by reducing the power losses at high
frequency. Proper selection of excitation voltage waveform is significant in reducing
the core losses. However, MMC can potentially generate controllable multi-level
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excitation ac voltage to improve efficiency [100]. Research is needed for the most
suitable magnetic core material for SST.

c. Reliability Extensive efforts were made so that LFTs have high reliability, are used
extensively in harsh conditions, and require less maintenance. However, SSTs are
fairly reliable but not as much as LFTs because they use more active components in-
stead of passive components. Additionally, they need extensive and regular care [85].
Reliability depends on device rating and redundancy. For a non-redundant system,
higher rating semiconductor devices mean high reliability. However, one more re-
dundancy applied to a system will increase system reliability significantly up to a
certain number for a redundant system. The application of numerous semiconduc-
tors in their various configurations increases the possibility of failure and makes it
less reliable [101,102]. A reliability model was proposed in [103], in which having a
higher rating and lower redundancy number make topologies sufficiently reliable.
However, it is applicable only for specific topologies of SST.

d. Protection Under normal conditions, SST protects the load from faults, voltage sag,
and fluctuations arising from the power grid. However, SST also requires protection
of its own internal devices and circuitry from high current during abnormal condi-
tions such as DC bus short circuit on the MV side [104–106]. SSTs are expected to
withstand abnormal conditions, which include external faults, grid faults, converter
level faults, DC-Bus faults, etc. Various protection schemes to tackle these situations
are Short-Circuit Current Limiting Scheme, Circuit Breakers, Fuses, etc. [107]. The
MV side DC bus short-circuit condition is the most dangerous, as it causes a high
in-rush current in the switching devices. In [108], a DC short-circuits current limiting
scheme utilizing the bi-directional switch approach was proposed to protect the sys-
tem under abnormal operations. A high impedance grounded path-based method is
proposed for SST in [104] for the SSTs whose MV side AFECs are made of three single-
phase multi-level converters connected in star (Y) connection. However, it cannot be
used if there is no common or neutral point on their MV side AC terminals. In [108],
a bi-directional-switch-based approach is proposed to protect the transformer-less
intelligent power substation (TIPS) system from the condition. However, the currents
become uncontrolled if short-circuit occurs in the MV side AFEC due to its internal
switching device failure. A wide range of protection schemes is available depending
on various factors such as configurations, device ratings, type of faults, etc. Further
studies need to explore the better protection schemes capable of protecting from a
wide range of faults.

e. Compatibility The current distribution grid was developed extensively for utilizing
LFTs. From the transmission and distribution of electric power to solving various
issues, the whole power system is entirely compatible with LFT. However, with SST
implementation, changes must be made to the grid infrastructure to accommodate
its requirements and achieve a smart grid. Changing the whole grid infrastructure
is improbable and cost-ineffective; however, implementing the SSTs in a micro-grid
is a better approach to slowly replacing the LFTs [109]. In [110], the design and
performance of a 3.6 kV–120 V/10 kVA solid SST lab prototype have been presented
for smart grid applications. Emphasizing the need for the work, for facilitating the
interfacing of SST with the distribution system, a new micro-grid system is proposed
in [76], which integrates SST with zonal dc micro-grid. However, this system is a step
forward, but it also highlights many challenges to the system integration of SST with
the distribution system. In addition, SST being a new technology, it still lacks the
regulatory standards for integration with the grid. Consequently, considering NBR
16149, it can only inject reactive power when 20% of active power is injected into the
network [111]. Therefore, SST requires regulatory guidelines for its safe integration
into the power grid.

f. Isolation Isolation is yet another feature of SST that provides various benefits. Al-
though SST provides galvanic isolation through the high-frequency transformer,
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which is a requirement of smart grids, it involves multiple intermediate stages; these
intermediate stages reduce the efficiency [112]. Therefore, the trade-off between
galvanic isolation and the high efficiency of the SST needs to be mastered.

6. Conclusions

SSTs are a promising step towards sustainable development as the building block
of future smart grids. This paper presented a conflate and comprehensive review of the
SST, its fundamentals, topologies, application, and future challenges, aiming to provide
a brief and straightforward review. The limitations of LFTs and SSTs as their superior
and sustainable alternative are the main focus. The SST fundamentals, along with the
intermediate conversion stages, are elaborated for deeper insight. The application of com-
ponents, common control strategies, and recent developments are investigated individually
for stage topologies. The applications of the SST utilizing its functionalities as well as
replacement of LFTs and presented. The research for application for HVDC transmission
and its advancements are investigated. The challenges for the SST implementation are
discussed along with research direction for future research.
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