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achieve voltage transformation. LFT enable high-efficiency
and long-distance power transmission by raising the voltage
to higher level in the generation side and stepping it down to a
lower level for industrial, commercial, and residential uses.
The development trends of LFTs are mainly focused on new
magnetic materials, insulation materials, manufacturing
processes, and other economic factors. Although LFT has
high efficiency and low cost, but they suffers the
disadvantages of heavy weight, low power density, poor
voltage regulation and harmonic isolation capability. One
other serious and yet challenging issue about LFT is in grid
integration of renewable energy, where additional circuitry
such as Static Synchronous Compensator (STATCOM), a
member of Flexible Alternating Current Transmission System
(FACTS) is required for interfacing the renewable energy
source with the power grid.
A promising solution for the aforesaid drawbacks of LFT is
SST. This device can apart from providing voltage
transformation also provides flexible methods for interfacing
renewable energy sources with power grid with improved
methods of controlling the routing of electricity and power
flow, as well as safe operation of the grid. A typical SST
consists of an AC/DC rectifier, a DC/DC converter with highfrequency transformer and a DC/AC inverter. SST being a
power electronics based transformer is capable of providing
greater flexibility in low and medium voltage grids than the
conventional LFT. Other additional features and functions of
SST include [2]:
• Reduced size and weight
• Instantaneous voltage regulation
• Fault isolation
• Power factor correction
• Control of active and reactive power flow
• Fault current management on both low-voltage and
high voltage sides
• Active power filtering of harmonic content
• The output can have a different frequency and
number of phases than the input
• Possibility of a DC input or output
• Voltage dip and sag ride though capability
• Smart grid integration

Abstract
This paper first outlined the motivation behind solid state
transformer (SST) against conventional line frequency
transformer (LFT) as well as its functional futures and
benefits and secondly explore all the possible configurations
of SST in terms of circuit configurations, advantages,
disadvantages and their potential areas of applications. Four
circuit configurations considered in this paper include; single
stage SST, two stage SST with low voltage DC link (LVDC),
two stage SST with high voltage DC link (HVDC) and three
stage SST. Our findings reveals that apart from providing
voltage regulation, SST can provide other additional ancillary
services to the grid to enable it cope with transients. These
services (such as power quality improvement, fault isolation,
instantaneous voltage regulation, active and reactive power
compensation) are not offered by LFT, as such SST is
considered as the potential transformer in smart grid
applications, renewable energy integration, modern traction
systems and other applications where space and volume are
critical.

1 Introduction
The ever increasing demand of energy necessitates the need
for harnessing energy from all possible sources including
renewable ones. However, large penetration of renewable
energy like wind and solar into distribution grid is changing
the behaviour of the later from being passive and static to the
form of active and dynamic. This is due to the powerinjection variability associated with such energy sources on
one hand and their distributed presence in the distribution grid
on the other hand [1]. The consequence of this is that the grid
is now working with power transients resulting in difficult
voltage control, improper breaker operation and islanding
detection. This provides a challenging motivation of
transforming the grid to smart one to cater for these
contingencies on one hand and to develop another smart
technique for interfacing the renewable energy sources with
the power grid.
Conventional line frequency transformers (LFT) have for
long time been used in electrical power system network to

Researchers in [3-10] have investigated the potential of SST
in distribution and traction systems. A review of literature
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available on SST and other related FACTS devices revealed
the need for new technologies in our electrical grid networks.
Similarly, the increase of renewable energy penetration (like
wind) and other distribution sources into our grids, along with
the liberation of the electricity market have caused the grid
layout to become more complex. In order to quickly and
efficiently manage the changing sources and loads, the SST
can be used to dynamically adjust the energy distribution in
the grid. SST combines power electronics with a high
frequency transformer (HFT) that is reduced in for providing
voltage transformation and other functionalities. Another
possible advantage of this technology is that it allows the
output voltage to be better regulated even when there are
fluctuations from the input. In addition, SST allows add-on
intelligence to enhance power quality compatibility between
source and load. Furthermore, the device is insensitive to
harmonics, has zero regulation, prevents load disruptions and
faults from affecting the primary system, can supply loads
with DC offsets, and does not utilize a liquid dielectric. In
fact, SST can support both AC and DC connected energy
cells, a combination of distributed energy resources (DER),
distributed energy storage (DES) and loads. It can also
achieve real-time power flow regulation via the energy Cell,
therefore forming the foundation of its capability to become a
real-time energy router [11].

2. Additional Interconnection Points
SST have several ports such as AC and DC power ports,
single and three phase system, 50 and 60Hz frequency [13].
3. Reliability Improvement
SST can guarantee the reliability of power system by
integrating renewable energy sources from DG [14].
4. Active and Reactive Power Control
SST performs the function of power control by controlling the
power factor of the system [15-18].
5. Control of Voltage Fluctuations
SST is capable of mitigating voltage variations in form of
voltage sag (voltage dip), voltage swell (voltage rise), voltage
transient, voltage flicker and voltage imbalance [19, 20].
6. Mitigation of Current Harmonics
SST is capable of mitigating harmonics such as those
demanded by non-linear loads. It is also capable of
controlling current overshoot that may arise as a result of
connecting or disconnecting loads [21, 22].
7. Reduction in Footprint
Conventional LFT suffers the disadvantage of having large
amount of copper and iron, requiring space and incurring high
costs for transportation, volume and weight. The use of HFT
in SST makes it much more reduced in size. This brings
economic advantages to both manufactures and customers.

2 Motivation for SST
The following are some of the major reasons motivating the
use of SST against LFT:
• SST is universal, as such, power can be utilized in
both AC and DC forms. It also integrates features of
different components into a single unit.
• SST can provide power quality improvement, as
such, reactive power compensation and system
harmonic filtering can be guaranteed.
• SST can guarantee fault isolation, - power supply
disturbances cannot propagate to the load side.
• SST provides instantaneous voltage regulation,
without the need for a tap changer.
• SST can provide voltage and frequency control
thereby reducing the system losses.
• SST integrates energy storage. This feature makes it
capable of providing backup and reducing the
duration of outages.
• SST can provide power in DC form. The LVDC bus
in SST also allows interfacing local DC systems
• SST provides complete decoupling of reactive power
flow from either side, hence, no propagation of
disturbance.
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8. Eliminating Fire Hazardous and the use of Oil
A well designed SST with portable HFT may not need
transformer oil. It is also safe of fire hazards.
9. Flexibility and Intelligence
SST can be regarded as smart transformer. As such, it is an
active interphase between low voltage and high voltage side,
such that disturbance on one side cannot propagate to the
other side. It is also capable of detecting and addressing
power quality disturbance.

4 Circuit Configurations of SST
SST transforms the 50 or 60Hz AC voltage to a high
frequency one which is further stepped up/down by HFT with
appreciable decrease in volume and weight, and finally,
shaped back into the desired 50/60Hz voltage to feed the load
as shown in figure 1.
L

Grid

Features and Benefits of SST

.
.

HVDC

.
.

LVDC

Load

Figure 1: SST Configuration

SST can be realized in one of four configurations, namely:
• Type A: Single-stage SST with no DC link
• Type-B: Two-stage SST with a DC link on the
secondary side

1. Integration of Distributed Energy Resources
As reported in [12] SST can be used for the integration of
distributed energy resources such as wind and solar optimally
and with power quality improvement.
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•
•

•

Type C:Two-stage SST with a DC link on the
primary side
Type D: Three-stage SST with a DC link on both
primary and secondary sides

•
•

A. Single Stage SST
•
•

Description
Single stage SST typically uses an AC-AC full bridge
converter which converts the low frequency AC input to a
high-frequency one which is then stepped down using HFT.
The output of the HFT is further converted to power
frequency using another converter. In this topology, the SST
is essentially an isolated AC/AC converter with a mediumfrequency link (figure 2).

•

Other Technical Constrains
• Complex control algorithm
• Heat (thermal) management
• Each switch must be able to block full primary
voltage and also be capable of conducting full
secondary current.
• Commutation of leakage energy which results in
power loss, reduction in switching frequency, loss of
output voltage, and additional common-mode
voltage switching
• Redundancy, - only for series-connection of power
semiconductors

Circuit Configuration
LVAC

HVAC

Figure 2: Block Diagram of Single Stage SST

Different converter topologies can be used to realise the block
diagram shown in figure 2. A typical configuration of single
stage SST involving an AC-AC full-bridge converter is
shown in figure 3.
Li

Areas of Applications
• High-power-density motor drives
• Modern traction system

Lo
Co

Load

HFT

Grid

No DC-DC conversion stage which is responsible
for the galvanic isolation and voltage adaptation.
Large ripple currents, hence, large size filters are
required
Difficult control method because of the absence of
DC link
No input and output current limiting capability
Cannot provide HVDC and LVDC under and
overvoltage protection
Frequency is fixed, hence it cannot provide power
factor correction

B. Two Stage SST with LVDC Link

Ci

Co

Description
As shown in figure 4, in this configuration, an isolated ACDC conversion stage provides the low DC voltage followed
by a DC-AC conversion stage to provide the low voltage AC.

Load

Lo

Circuit Configuration

Figure 3: Circuit Configuration of Single Stage SST based on Full-bridge
AC-AC Converter

.
.

LVDC

Advantages
• Simple configuration with minimum component
count
• Low cost and light weight
• Simple construction
• Very simple modularity implementation
• It uses a minimum amount of copper
• Least losses due to the presence of fewer number of
semiconductor switches

HVAC

LVAC

Figure 4: Block Diagram of Two Stage SST with LVDC

A typical circuit configuration of two stage SST with LVDC
based on an AC-DC dual active bridge (DAB) converter is
shown in figure 5. The AC-DC transformation is realised by
the DAB converter while a double phase inverter transforms
the DC voltage to AC.

Disadvantages
• Lack of DC link makes them unsuitable for
applications where reactive power compensation is
required.
• Disturbances on one side may affect the other side
• No input current regulation
• The absence of the DC link makes power factor
correction difficult
• No LVDC for connection to DES and DER

Li

LVDC
Link
Lo
HFT
Co

Grid

Ci

Load

CLVDC
Co

Load

Lo

Figure 5: Circuit Configuration of Two Stage SST based on DAB AC-AC
Converter
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Advantages
• It enables reactive power support to the grid
• Its LVDC support DES and DER
• It supports DES management
• Good output voltage and input current regulation
• Good input voltage sag ride through capability
• Input and output current limiting capability
• Provides LVDC under and overvoltage protection
• It has independent frequency and independent power
factor
• It has a very simple modularity implementation
• It enables isolation of load and grid side transients
• Suitable for integration of DC sources, storage
devices and loads.

.
.

HVDC

HVAC

LVAC

Figure 6: Block Diagram of Two Stage SST with HVDC Link

Advantages
• It enables reactive power support to the grid
• It supports DES management
• Good output voltage and input current regulation
• Good input voltage sag ride through capability
• Input and output current limiting capability
• It has independent frequency and independent power
factor
• A two-stage SST with HVDC link is suitable for
high voltage operation.

Disadvantages
• The LVDC link always have larger ripple current
due to the absence of the HVDC
• High sensitivity of average active power flow to
leakage inductance variation
• It cannot provide HVDC link regulation
• Cannot provide HVDC under and overvoltage
protection.
• Not suitable for high voltage operation since ZVS is
hard to be guaranteed.
• Mature multilevel topologies cannot be easily
applied in the high voltage side.
• It has high switching losses which can lead to lower
efficiency and difficult thermal management.

Disadvantages
• High ripple current and high sensitivity of active
power flow on leakage inductance.
• The absence of LVDC bus makes integration of
renewable resources on the low voltage (potentially
residential) side unfeasible.
Other Technical Constrains
• Efficiency
• Reliability
Applications
• DC Distribution system
• High voltage direct current (HVDC) applications
• Ideal for connecting the remote offshore platforms
and wind farms to the onshore grid
• DC Microgrid applications
• Modern unified power quality conditioner (UPQC)
• Voltage Transformation with decreased volume and
space

Other Technical Constrains
• Efficiency
• High switching losses
• Reliability
Area of Applications
• Integration of renewable energy sources on the low
DC voltage (potentially residential)
• Power-quality related features such as power-factorcorrection, reactive-power compensation and active
filtering
• DC Microgrid applications
• Smart Grid such as photovoltaic panels, storage
devices, fuel cell and dc-type loads
• In interfacing DC sources, loads and storage units

D. Three Stage SST
Description
Figure 7 shows a three stage SST. It involves a three-stage
conversion with high frequency isolation in the DC-DC stage,
as such, both LVDC and HVDC can be obtained. This
configuration typically includes a high-voltage AC to DC
power conversion stage to generate a high voltage DC bus, a
high-frequency DC/DC converter stage to produce a regulated
low voltage DC bus, and a DC/AC stage to produce a
regulated low voltage AC bus.

C. Two Stage SST with HVDC Link
Description
This configuration as shown in figure 6, is a two-stage
conversion in which the galvanic isolation and voltage stepdown are done by the DC-AC stage, therefore LVDC link is
not available.

Circuit Configuration

.
.

HVDC

HVAC

Circuit Configuration

.
.

LVDC

Figure 7: Block Diagram of Three Stage SST
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LVAC

•
•
•
•
•
•

Several converter topologies can be used to realise a three
stage SST. A typical circuit configuration of this topology
comprising a full-bridge converter, a DAB converter and a
double phase inverter is shown in figure 8. The AC-DC
transformation is provided by the full-bridge converter. The
DAB converter does the DC-DC transformation while the
double phase inverter performs the DC-AC transformation.
HVDC
Link

•

LVDC
Link
Lo
HFT

Li

•
•
•

Load

Co

CHVDC

CLVDC
Co

Grid

Load

Lo

Figure 8: Circuit Configuration of Three Stage SST based on DAB DC-DC
Converter

•

The three-stage SST is the most feasible configuration that
allows enjoying all the benefits associated with SST. In fact,
the configuration has been considered for high power
applications by designing each of the three conversion stages
of the configuration using multilevel converter topologies
[23-25]. A typical circuit configuration of the three stage SST
using multilevel converter topology is shown in figure 9.
HVDC
Link

Co

HFT
C

Disadvantages
• The large number of switching devices may lead to
higher losses
• High switching losses which can lead to lower
efficiency and difficult thermal management.
• Impedance mismatching
• High number of converter levels leads to higher cost
• Low cell switching frequency
• High conduction Losses

LVDC
Link
Lo

Li

C

HVDC

Good output voltage and input current regulation
Good input voltage sag ride through capability
Input and output current limiting capability
It has a very simple modularity implementation
Good LVDC and HVDC link regulation
It enables HVDC and LVDC under and overvoltage
protection
The DC-DC conversion stage enables galvanic
isolation and voltage adaptation.
It provides reactive power compensation
Voltage sag compensation
It supports renewable energy resources and energy
storage integration.
It can integrate distribution system, residential AC
system and envisioned DC system.

Port 1

120V/240V
AC

LVDC

Co
Lo
Port 2

HVDC

Other Technical Constrains
• Efficiency
• Robustness
• Volume and weight
• Extremely high dv/dt in the high voltage
• Coupling effect between the voltage balance
controller and the original system controller.

LVDC
Port 3

HFT
7.2kV
AC

C

C

HVDC

HVDC

LVDC

400V
DC

LVDC

HFT
C

HVDC

C

LVDC

Areas of Applications
• Grid integration of renewable energy sources (such
as wind, solar and tidal) with distribution system.
• Energy router for universal and flexible power
management for future electricity network
• Power quality control (reactive power compensation
and harmonic filtering).
• Fault isolation and limitation
• Powering traction and other locomotive system.
• Powering remotely operated vehicle
• Large DC powered ships
• In data centres to reduce losses and footprint as well
as improving reliability and power quality.
• DC fast charger application
• Voltage transformation and isolation
• DC collection grids for offshore wind parks

Figure 9: Cascaded Modular Three Stage SST

A successful design and implementation of generation-I SST
single phase 20kVA was reported in [26]. The design which
employed the configuration of figure 9 was based on 6.5kV
Si-IGBT and was meant for interfacing 12kV distribution
system. Another design and hardware implementation of the
same configuration was also reported in [27]. Researchers in
[28-30] proposed a control strategy for balancing the voltage
and power in such multilevel SST configuration. The method
is based on single phase d-q vector control in regulating the
rectifier capacitor voltages and the real power through the
DAB parallel modules. Similar control strategy was also
reported in for cascaded modular SST and H-bridge converter
based SST.
Advantages
• High flexibility
• Superior controllability
• The DC links enable independent reactive power
control
• Its LVDC support DES and DER management

5 Conclusion
In this paper, an overview of solid state transformer is
detailed. The paper first outlined the motivation behind SST
against LFT, as well as features and benefits of SST. The
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paper also outlined different circuit configurations/topologies
of SST, their advantages, disadvantages, as well as their
potential areas of application. In this regard, it was
established that SST has overtaken LFT in terms of reduced
size, weight, compactness, cable solution, multiport
capability, intelligence and environmental friendliness as such
it can be employed for multi-task objective. Furthermore, the
summary of the overview of the four configurations will
simplify a long term decision making for system vendors,
utility operators and other stake holders in deciding suitable
SST configuration for a particular task.
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