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Abstract

:

The ongoing energy transition has changed the architecture of electricity networks in ways that conventional power transformers are not able to cope with the new required functionalities. For this purpose, the solid state transformer (SST), which comprises state of the art power electronics with galvanic isolation to interconnect two separate alternating current (AC) or direct current (DC) power grids, is considered to be the dominant solution. The purpose of this paper is to provide a practical, application-oriented review of the SST. In this context, the main functionalities and possible applications of the SST are presented, including smart grids (SGs), data centres, railways, offshore wind farms, etc. Furthermore, the main developed SST prototypes are analysed with special focus on the related projects, demonstrators, stakeholders and rated values, e.g., voltage, switching frequency and power. The analysis is concluded with the future trends and challenges regarding the wider implementation of SST technology in the electrical grid.
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1. Introduction


Nowadays, the electric power grid is at a crossroads for the incoming architecture deployment that will be defined in the next few decades. This reconfiguration aims to cope with the planned scenarios regarding the electrification of services such as transport and the increment of renewable energy sources (RES) share. For instance, the European Union has promoted new directives with the goal to increase the installation of distributed energy resources (DERs), as well as to raise their share in the mix of the energy system [1,2]. The SG paradigm, enabling a more flexible and controllable distribution network, is the only way to deal with these new requirements for the electrical grid.



In the near future, the electric power grid will have to handle the interconnection of multiple new sources of generation and consumption, most of them in DC, such as photovoltaic (PV) systems, wind turbines of variable speed control, electric vehicles (EVs), energy storage systems (ESS), or new electric loads associated with domestic or industrial applications [3,4]. Thus, the introduction of hybrid AC/DC grids in power distribution networks seems to be part of the future SG implementation. DC grids have associated several benefits [5]:




	
More controllable voltage.



	
Direct connections among DC/DC converters, obtaining a more efficient and simpler network.



	
Increasing the power carrying capacity to admit more DERs, EVs, etc.



	
Longer supply connections without power quality issues.



	
Improving the system efficiency.



	
Enhancing the network resilience and its problem management.



	
Achieving the implementation of more friendly solutions and the use of more sustainable resources in production and operation.



	
DC grids can be more economical than AC grids in certain applications.








Currently, DC grids are working in high voltage DC connections, DC networks to public transport, shipping, aviation, data centres and so on [6,7]. Further, new technologies such as power semiconductors based on wide band-gap (WBG) materials, the irruption of DC breakers and new systems based on wide monitoring protection and control are enabling the appearance of more DC and hybrid AC/DC power grids. Among them, SSTs are power electronics devices that can interconnect separate electrical grids with different ranges of voltage or frequency providing galvanic isolation between them, thanks to a medium frequency power electronics stage. Hence, they can act as a perfect interface between DC and AC networks, being a key enabler to the introduction of DC and hybrid DC/AC grids. The basic concept of a SST is presented in Figure 1.



One of the key concept in SST technology is the medium frequency transformer (MFT). The weight and volume of any transformer depends on its rated frequency. SSTs convert the input and output voltages in medium frequency waveforms by means of different power electronics stages. Hence, the transformer employed to provide galvanic isolation can be more compact and lighter. The converters also allow the voltages at both sides of the MFT to be adjusted, so that the operating point can be controlled. Finally, another common characteristic of a SST is the connection to medium voltage (MV) levels, in contrast to other power electronics that only handle low voltage (LV) levels [8]. Figure 2 shows how, depending on the topology, different electrical networks can be interconnected via a MFT.



Many SST topologies have been proposed since it was first patented in 1970. Nevertheless, all these topologies can be grouped into five main categories, derived as combinations of the aforementioned commom concepts [8]:




	
Matrix type.



	
Isolated back end.



	
Isolated front end.



	
Isolated modular multilevel converter.



	
Single-cell approach.








However, most of the proposed technical solutions and devices remain in a test stage within controlled environments. Hence, some actions are needed in order to state if those solutions can be implemented on a great scale [5,9], especially through pilot demonstrators and innovation projects.



This paper aims to provide a critical review of the current state of the art of SSTs with a special focus on real demonstrators where their application as enablers of the new SG paradigm can be tested. Firstly, SST capabilities are presented in Section 2 and, considering those features, their potential applications are analysed in Section 3. Then, a review of the main identified developments and prototypes are included in Section 4. Consequently, a discussion made on their analysis is presented in Section 5. Finally, the future trends and challenges of the technology and its application to hybrid grids and SGs are presented in Section 6 and some conclusions summarize the review findings in Section 7.




2. Functionalities


SSTs are extremely flexible devices. They allow a wide range of functionalities that could be used for improving the power quality of the grid and provide new services with respect to classic power transformers [10,11]. Some of the more useful SST capabilities are described in the following subsections.



2.1. Waveform Regeneration


SSTs have an independent full-controlled power converter in each side of the device. Therefore, only the energy is transmitted from the input to the output of the device. As a result, possible deviations and disturbances in the waveform on one side are not replicated or transmitted into the other side.



Consequently, imperfections in one side could be removed in the other side, producing the desired output signal. This is shown in Figure 3, where the signal could be restored in either direction [12].




2.2. Smooth Voltage and Frequency Regulation


As described previously, SSTs have an independent full control over the output in each side. This autonomy only requires an energy balance between the primary and the secondary side, because SSTs cannot store energy (except for the limited energy associated with their internal capacitors). Consequently, as long as the energy balance is respected, voltage and frequency excursions in one side could be removed in the other side, producing an output signal at their rated values [13]. This is shown in Figure 4, where the voltage and frequency magnitudes are corrected in the output of the system.




2.3. Reactive Power Injection


In SST systems the active power reference is controllable but must be the same for both terminals, in order to keep the energy balance of the whole system. However, SSTs, having a full controlled converter at each side, allow an independent control over the reactive power reference for each winding with any restrictions [14]. Hence, the primary and the secondary side could work in different points of the four-quadrant capability curve (see Figure 5) regarding the reactive power reference, only observing the constraints of the active power flow.




2.4. Power Flow Control


As with most full-converter power electronics devices, SSTs are able to work as a voltage or a current source. In addition, SSTs are capable of performing a control over the grid power flow, which depends upon its mode of operation [15].



On the one hand, when SSTs work as current source, they cannot control directly the voltage and frequency outputs of the converter. Nevertheless, they have a complete control over the active power transmission from the primary to the secondary side, and the reactive power injection could be selected freely.



On the other hand, SSTs working as a voltage source are not able to control directly the active and reactive power transmission. However, they have a complete control over the voltage and frequency established at the secondary side, allowing a smooth regulation of these parameters. An indirect power control is also possible by means of regulating at a convenient voltage and frequency.




2.5. Black-Start and Protection Features


SSTs are fully controllable devices with an actuation time in the order of microseconds. Therefore, several timing and instantaneous thresholds can be programmed according to the use-case requirements. In addition, the disconnection can be performed instantaneously or progressively, thanks to the controllability performance of the device [16]. These features allow SSTs to act as protection devices, isolating a section of the electrical grid via their disconnection.



In the same way, after the clearance of faulty conditions or after a blackout of the primary side, the reconnection of the secondary side can follow a desired ramp, in order to avoid undesirable load peaks that could lead to a new fall of the system [17]. Figure 6 shows this feature, considering the ramps obtained by the SST acting either as a protection or in a power restoration.





3. Applications


The aforementioned capabilities allow using SSTs in different fields beyond the power grid. This fact helps to find out synergies and to increase the attractiveness of the technology to be used in an industrial way. In the following, the most interesting applications are described briefly, highlighting their potential benefits and advantages.



3.1. Railways


The origins of SST technology are related to traction applications because the lighter and the smaller the on-board power transformers are, the more competitive they become. The power transformer volume is inversely proportional to the waveform frequency. In order to reduce both of them, a SST was proposed in 1968 by General Electric [18] for traction applications. The objective was to substitute the 16.66 Hz or 50 Hz power transformer in the locomotive motor for a SST, which comprised two stages of power converters and an intermediate medium frequency transformer.



In addition, the volume constraints in traction applications lead to low frequency transformers (LFTs) with a limited rated power and significantly poor efficiency. Thus, the SST alternative is a great choice not only to reduce volume and weight but also to improve the overall efficiency and enable engines with higher rated power [19].



Railway applications were developed during the 19th century and had a golden age in the beginning of the 20th century. However, they suffered a decline period in the middle of the 20th century due to the rise of road transport. Nevertheless, thanks to the electrification and improvement of the railway network, as well as the increase in fuel prices, the railway transport sector has recovered its importance in recent decades [20]. In fact, the trend of the railway sector is to increase its capacity, improve its consumption, reduce its environmental impact and limit its investment and operational costs while preserving safety and quality services. Thus, commercial SSTs for traction applications have appeared in the last decade [21] and a great penetration in this sector is expected in the next few years.




3.2. Data Centres


A forthcoming and very interesting application is the new hyper data centres, that are arising world-wide. These centres are a key part to satisfy the communication needs of the internet and require a high consumption of electric power. It is expected that their importance grows in the next few years with an exponential increment in the number of transactions, concentrating up to 90% of web traffic worldwide [22,23].



The new requirements of hyper-centres (high process capacity, reliability and traffic volume capability) lead to high consumption loads connected directly to the distribution grid. This fact together with other specifications such as modularity, efficiency and high voltage conversion ratio makes SSTs an alternative to classical approaches.



Figure 7 shows a comparison between a classical approach and an alternative considering the SST technology for a power supply to hyper data centres. The introduction of a SST allows the number of power electronics stages to be reduced, and removes the necessity of low frequency transformers in the MV connection and in further stages. Additionally, battery systems could be adapted more easily to be scalable and they could be integrated with the rest of the system, helping in the scalability of the design.




3.3. Smart Grids


Recently, the use of SST in SGs has attracted more attention than ever before.



The urbanization phenomenon brings the creation of “megacities” and the electrification of energy production and usage. Under this scenario, the DER’s role to satisfy demand is critical, the development of hybrid grids and the implementation of SGs in the current power system gaining great importance. Considering this new paradigm, the SST could be a key actor as a system controller [24,25,26].



Nowadays, SGs join a high number of devices with many functionalities. This fact represents a great opportunity to develop new services and improve the quality and efficiency of the power system. However, these devices have to be accompanied by tools like power flow control, grid regulation schemes, etc. In the next few years, new solutions must be developed to provide these tools and, among them, SST represents an attractive choice for some of the required functionalities.



SST application is considered under two main scenarios: a standard microgrid and a hybrid one. Figure 8 shows how its implementation could be performed within the whole SG system.




3.4. Offshore Wind Farms


SSTs are also very useful for utility-scale renewable power plants; their usage is expected in the next few years.



With regard to offshore wind farms, the trend towards higher rated power wind turbines and power plants [27] leads to a significant increment in installation and maintenance costs. Meanwhile, thanks to the usage of SST systems, MV or HV DC buses could interconnect the wind turbines, reducing power transmission losses and installation costs (because offshore power substations could be removed). Figure 9 shows a possible arrangement of such application [28,29,30,31].




3.5. Utility-Scale PV Plants


Solar energy is going to have an exponential growth in the next few decades, rapidly raising the installed PV capacity. Furthermore, the implementation of larger solar power plants is expected [32,33].



SST systems allow the PV power plants to reduce the number of steps, raising the voltage level at the output of the PV arrays. Therefore, MV or HV DC buses can be used to deliver the power to the electrical substation, reducing installation costs and power losses. Figure 10 shows two possible configurations that can be used in future utility-scale solar power plants, in which the output of PV arrays is directly connected to AC or DC MV buses [34,35].




3.6. EV Charging Solutions


Regarding the mobility sector, SST applications also have great potential. As previously described, SSTs are very useful for on-board applications. Nevertheless, they are an interesting option for EV charging stations too.



Nowadays, EV charging docks trend towards higher rated power to reduce the charging time. At the same time, car parks should integrate a high number of charging outlets in parallel [36,37]. Consequently, a direct connection between these facilities and the MV grid is a future solution to reduce power losses in an energy-intensive environment. In this sense, SSTs are a competitive solution to connect a high number of charging docks through a common DC bus [38]. Figure 11 shows the proposed configuration using a SST.



Furthermore, new EV charging stations should provide extra services desired in SG applications, where the variability of RES and DERs takes a relevant role. Vehicle-to-grid charging stations can offer additional ancillary services to the grid, such as demand management, phase balancing, reactive power compensation, and voltage and frequency control [39,40]. As stated in Section 2, SSTs have features to support and implement the expected ancillary services. Moreover, the solution shown in Figure 11 facilitates the V2G charger aggregation, providing more flexibility to the electrical grid and helping to manage the new SG paradigm.




3.7. Maritime and Aerospace Sectors


Continuing with mobility applications, SST technology has a long way to go in other sectors such as electric or hybrid planes and ships. SSTs seem to be the best solution for onboard applications due to the volume and weight constraints (see right side of Figure 12). Hence, SST technology is undergoing an easy adoption for these applications with respect to others analysed previously [41,42].



SST not only seems a good solution for onboard application but also for maritime and aerospace charging docks. These types of applications are energy-intensive, requiring high power flows. Thus, a charging station outlet directly connected to MV seems the best alternative from the distribution power grid point of view. SST systems are enabling tools to build up this kind of charging docks. This proposal can be observed in the left side of Figure 12.




3.8. Energy Storage Systems


Utility-scale ESS are also going to be increasingly present in the electrical grid in the next few years. SST systems could provide important advantages to utility-scale ESS in comparison with other approaches [43,44,45].



Nowadays, the commercial alternative for these systems is the so-called containerized solution (see top of Figure 13). However, the use of a SST directly connected to the point of common coupling can remove a high number of power transformers, achieving a more compact facility with lower power losses (see bottom of Figure 13).




3.9. Flexible AC Transmission System (FACTS)


Finally, SSTs could be useful acting as a FACTS. These systems have been used during the last three decades to control power transmission lines. The continuous development of power electronics leads to more inexpensive and compact devices. Furthermore, the ever-increasing deployment of DER and RES also requires this kind of solution to the power distribution network. Therefore, an increasing usage of FACTS is expected in the forthcoming years.



There are three main FACTS configurations, depending on its connection with the power line [46]:




	
Shunt compensation: the FACTS device can either inject into or absorb from the power line reactive power, thus regulating the grid voltage.



	
Series compensation: this configuration allows the power line impedance to be modified. Therefore, it is possible to control the power flow.



	
Shunt-series compensation: the so-called unified power flow controller (UPFC) has both a series and a parallel transformer, connecting the FACTS to the power line at two different points. This configuration converts UPFC into a series voltage source within the line, arguments controllable in phase. Hence, UPFC is able to provide control actions such reactive power compensation, smooth voltage regulation and power flow control.








Therefore, UPFCs are the most versatile FACTS, capable of completely controlling the power line [47]. Regarding UPFCs, SST technology is able to remove LFT both at the shunt and serial side, even so introducing galvanic isolation by means of one MFT between the power converters of the shunt and serial side (as shown in Figure 14).





4. Projects


The capabilities and potential applications of the SST have been shown in previous Section 2 and Section 3. Indeed, SST technology has great potential and it has attracted a lot of attention in recent years. However, the maturity of this technology is still far from breaking into the market with a high penetration factor in the aforementioned applications.



SST was introduced in 1970 by W. McMurray, describing an electronic transformer which allows a DC or low frequency AC supply with a wide range of voltage control [18]. Since then, SST has evolved enormously in terms of topologies (covering modular configurations and hybrid AC/DC applications) and materials used in its design, such as ferromagnetics and wide-band gap power semiconductors. Nevertheless, all SST developments have in common three key characteristics: connection to MV (in contrast to other isolated power electronics converters that operate with a LV input); galvanic isolation by means of MF transformers; and controllability (as opposed to conventional LFTs) [8].



In the past three decades some companies and research centres have been working on the development of SST technology. For example, ETH proposes different approaches considering the final application. In proof of this, they have developed an air-core transformer (ACT) and also a magnetic-core transformer (MCT) as a medium frequency link in a SST intended for DC applications, operating at 7 kV DC with rated power equal to 166 kW and switching frequency equal to 77.4 kHz and 40 kHz, respectively [48,49]. Another important ETH development is the MEGALink SST [50], which facilitates the connection between 10 kV AC and 0.4 kV AC grids (MV to LV) with rated power equal to 630 kVA. Furthermore, funded by the Swiss government, in the context of the SwiSS Transformer project, ETH developed a SST especially designed for the connection of SGs in Switzerland. The developed prototype, with rated power equal to 25 kW and switching frequency equal to 50 kHz, facilitates the connection of 0.4 kV DC distribution networks with the medium voltage grid, which, in this case, is equal to 6.6 kV AC [51]. Significant progress in this field has also been made by HITACHI-ABB, where a SST has been developed with rated voltages equal to 15 kV AC/0.75 kV DC and rated power equal to 1.2 MW, operating at 10 kHz [52]. Moreover, they have developed two SSTs [53], especially designed for railway applications. The first one connects to 1.5 kV DC traction systems, and it has rated power equal to 54 kW and switching frequency equal to 1.5 kHz [54], whereas the second one is designed for larger systems and connects to 15 kV systems, with rated power equal to 1.2 MVA and switching frequency equal to 1.75 kHz [55]. It should be noted that the 15 kV model was installed during 2011 on a type Ee 933 shunting locomotive, in partnership with the Swiss Federal Railways. A similar SST has also been developed by Siemens, for connection to traction systems at 15 kV, but with higher rated power, i.e., 2 MW, and a seventeen-level output voltage [56]. Other remarkable SSTs have also been designed and developed by GE [57,58], Bombardier [59], Delta Electronics [60,61,62], EPRI [63], FREEDM [64], etc. Additionally, various universities have participated in the design and control of significant SST prototypes, such as the Pusan National University [65].



It is highlighted that the SST prototypes have covered a range of applications such as SGs, railways, ships and electric vehicles. The main purpose is the connection between MV, e.g., 2.2 kV, 10 kV, 15 kV, and LV systems, sometimes switching from AC to DC. In most cases the rated power is in the order of a few hundred kW but there are also cases where it exceeds 1 MW, e.g., [54,55]. The switching frequency is usually close to 10–50 kHz. It can be concluded that SSTs constitute a rather new technology, hence the variety of designs, in contrast to the conventional transformers, which constitute a more mature and standardized technology. All most representative SST prototypes of recent years found in the literature are summarized in Table 1.



In addition, the capabilities of the SST are exploited in a number of research projects, which promote their wider implementation by showcasing their performance when applied to various use cases and voltage levels. In the following, main research collaborative projects that cover the use and development of SSTs in the last decade are presented:




	
The UNIFLEX-PM project (2006–2009) [66] aims to develop a 300 kVA, 3.3 kV prototype SST converter, assembled and tested at the University of Nottingham, in collaboration with ABB. The converter comprises twelve modules, containing 4 H-bridges and a MF transformer each [83].



	
The SPEED project (2014–2017) [68] focuses on the development of energy-efficient devices based on silicon carbide (SiC), operating on LV and MV levels, with special attention to power electronics. Except from fabricating these devices, SPEED also focuses on packaging, reliability testing, real-life applications and field-tests. In SPEED a three-phase SST with seven cells per phase is developed and tested, supporting storage systems. The SST operates at 6 kV/0.4 kV with switching frequency equal to 30 kHz and it has a rated power equal to 105 kW [16].



	
The HEART project (2014–2019) [71], develops a SST with rated power equal to 1 MVA. The purpose of this SST is the connection between 10 kV AC and 0.4 kV AC nodes, while also providing a MV DC link at 10.2 kV and a LV DC link at 0.7 kV. It is noted that the switching frequency is equal to 20 kHz [84].



	
The FST project (2018–2021) [76,85] proposes the development of a HV UPFC to be installed in an actual transmission power line which is located in Bescanó-Sentmenat, Spain. The voltage of the line is equal to 400 kV, the highest value within the European Union, and its rated power is equal to 2.4 GW. The proposed way to achieve this target is the combination of a number of SST modules with rated voltage equal to 2.2 kV and rated power equal to 50 kW, with special focus on the galvanic isolation between the primary and secondary side (each module has to support the whole isolation voltage between the primary and the secondary side). The importance of this project is not only its practical application but also the fact that it challenges the voltage barriers that limit the applications of the SST in HV systems.



	
The LV Engine project (2018–2022) [78] covers the development of a SST for the connection between 11 kV AC and 0.4 kV AC grids, with rated power equal to 500 kVA. It is noted that the SST was developed by the University of Kiel, which also developed the SST of the HEART project, mentioned above [86]. Indeed, LV Engine can be considered as the continuation of the developments in HEART.



	
The ASSTRA project (2018–2022) [79] is an interdisciplinary training and research project. This means that part of its purpose is to train and mentor early-stage researchers in the fields of power electronics, mechanical engineering, software engineering, material sciences and magnetics design. The expected outcome is the development of an advanced SST which enables the efficient and flexible incorporation of DC-based power supply units in the electrical network. The developed SST is based on SiC and the MFT is constructed as a shell type transformer operating at 20 kHz [87]. This project focuses mostly on the power electronics, such as the pulse-width modulation, the estimation of winding losses using the finite element method, etc.



	
The FUNDRES project (2019–2021) [75] is related to railway applications. This project proposes an advanced railway electrification system using MV DC grids, ideally supported by RES. Various interesting aspects are investigated, including the possibility of managing the braking energy and injecting it into the public grid, the integration of RES into the railway system, etc. In order to achieve the project’s ambitions, the use of a SST is proposed, designed to operate at 1.8 kV DC with rated power equal to 300 kW and switching frequency equal to 15 kHz [88,89].



	
In the TIGON project (2020–2024) [81], the advantages of AC/DC hybrid distribution grids are investigated. This project involves both AC and DC distribution lines in MV and LV levels, connecting a variety of DC-based RES as well as storage systems. A conventional transformer can neither directly connect these grids nor allow an active control of the grid. Therefore, in the context of the TIGON project, a specialized SST is developed, with rated power equal to 300 kW, to be applied in the project’s two demonstrators, which are two distribution networks in France and Spain, respectively [90]. In the first one, the purpose of the SST is to facilitate the connection between 0.4 kV AC, 3 kV DC and 1.4 kV DC nodes that host the hybrid grid’s PV systems, storage and AC load. In the second one, the purpose of the SST is to facilitate the connection between 0.4 kV AC, 3 kV DC and 0.8 kV DC nodes that host the hybrid grid’s PV system, wind generators, storage systems, AC and DC loads [91].



	
The SSTAR project (2022–2025) [82] is entirely devoted to the development of an innovative SST. In this project the aim is to construct and combine SST modules based on SiC semiconductors with voltage levels equal to 1.5 kV/0.4 kV and rated power equal to 50 kW. These modules comprise a bidirectional inductive power transfer (IPT) as a medium frequency stage, in order to meet higher voltage levels. Additionally, each SST module is insulated and cooled with the use of a sustainable biobased dielectric fluid which is developed within the project. It is noted that this project is different from others, e.g., TIGON, in the sense that it is related to product development instead of application, meaning that the technology readiness level (TRL) is lower, i.e., equal to 4.









5. Discussion


Without a doubt, SST technology is attracting worldwide attention. Its promising and numerous features allow multiple alternatives to be developed [92]. Thus, several questions arise regarding the current state of the art and future trends. The previous analysis and the list of reviewed projects can help to answer some of them.



What are the main problems of current power transformers? Nowadays power transformers present some problems to face the new scenario proposed by SGs:




	
They are bulky and voluminous, being inconvenient in applications such as high-density urban areas, onboard and special applications.



	
They are not able to control the power flow. The traditional grid has unidirectional power flows, where this lack of controllability is not a problem. However, in the new scenario proposed by SGs, bidirectional power flows are inherent to the system [83]. Therefore, systems capable of controlling power flows are essential in order to achieve the best possible grid operation.



	
Traditional power transformers are not able to regulate the output voltage. An on-load tap changer can be installed, allowing a limited voltage control. However, this solution is only able to modify the voltage in discrete steps and within a reduced range. The new SG paradigm, where great load variations are expected, requires more flexibility in order to adapt the electrical network to the volatile load-generation profiles [80].



	
The primary and secondary sides must share the same frequency, limiting the interconnection between two different grids. Indeed, a DC output is not available. Consequently, DC grids cannot be directly integrated into traditional distribution power systems, based on AC networks. This might be an important disadvantage, considering the great amount of new DERs which will be connected to the SG and the improvement of efficiency which can be reached interconnecting these DERs within DC microgrids [93].



	
Traditional transformers are not modular, delivering all their power with a single device. Therefore, a failure implies a total disconnection of the whole system. Nevertheless, scalable systems allow arrangements where an error in a module does not compromise the performance of the rest of the modules and enables partial working of the whole system.








Can SSTs solve some of the problems of current power transformers? SSTs are not going to substitute 50/60 Hz power transformers. Traditional power transformers are a cheap, mature and very reliable technology, and SSTs will not overpass them completely, at least for the next few decades. Indeed, several studies have assessed SST technology from an economic point of view. The authors of [94] present a comparison between a three-phase distribution LFT and the equivalent SST, considering a rated power of 1 MVA and 10/0.4 kV as voltage levels. This analysis only considers hardware costs and yet the cost of the SST is approximately five times more expensive than the traditional alternative. However, when this study considers the need for an accessible DC feeder, the cost difference is significantly reduced depending on the percentage of DC over AC power on the LV side, with the SST solution being only 10% more expensive in the case of a 100% LV DC network. Some authors have highlighted that a correct sizing of the required SST, taking into account that this device provides ancillary services, may allow that SSTs with lower rated power can replace LFTs [24]. Therefore, the cost difference between the current distribution transformer and the SST alternative may be shortened, although only the AC/AC interface is considered. On the one hand, Ref. [95] finds the material cost of a 100 kVA SST to be five times higher than a traditional transformer, updating and maintaining the previous figure. On the other hand, a continuous growth of the SST market is expected in coming years, mainly driven by an increasing share of RES. Consequently, technological advancement and large production scale may reduce the currently higher costs of SST technology (factors from five to ten have been estimated between laboratory prototypes and series production [94]).



Nevertheless, SSTs provide a series of attractive new features to complement or use in special applications in which classical power transformers are not an optimum solution. All main modern SST topologies have in common several key characteristics: medium-frequency (MF) isolation stage, connection to MV and controllability. These features allow them to solve some of the problems to adapt traditional transformers to the SG paradigm:




	
The building volume of any transformer is calculated using the following Equation [8]:


   V  b d   =    2  π      P t    k W   J  r m s     B ^   m a x   f    .  



(1)







Clearly, the volume of the device is inversely proportional to the electromagnetic field frequency. SSTs raise mains frequency by means of power electronics stages, delivering a high frequency waveform to the MFT. Hence, the galvanic isolation stage reduces its weight and volume, reaching a lighter system.



	
SSTs are made up of two independent power electronics stages at each side of the galvanic isolation. Therefore, they can be independently controlled, so the voltage phasors can be adapted depending upon the electrical network needs (only observing SSTs cannot storage energy). As a result, SSTs are able to control bidirectional power flows and balance high load-generation variations.



	
Several stages comprise a single SST, and these stages can be different depending on the necessities. Figure 8 shows how diverse power grids can be interconnected using different power electronics stages within a SST [96]. Thus, it is possible to couple networks with different kind of current (hybrid AC/DC), number of phases and frequency.



	
SSTs are modular by definition. They can be interconnected with each other making a bigger system. Therefore, all advantages from scalability are enabled by SST technology.








What is the rated voltage and power of the prototypes?



Observing Table 1, all prototypes have a MV side and many of them have a LV side. Some devices have a MFT with a 1:1 ratio, but they can be used with other power electronics stages and a LV interface can be easily obtained. When prototypes are modular, a series-parallel configuration can achieve a MV–LV interface as well. These pilots enable a galvanic isolation between MV and LV electrical networks, along with new control features. The review presented in this paper has considered only relevant prototypes, so scaled-down devices have not been studied. Therefore, all pilots have significant rated powers. The values range from tens of kVA to MVA. The most common rated power is within a 100–300 kVA interval. However, it must be considered that most topologies are modular, so grouping them in series/parallel allows the rated power to be increased and also the rated voltage of the whole system. Finally, considering all remarkable prototypes, it seems clear that there are still strong technological barriers to break before the SST could be successful working on very high voltage grids.



Who are the stakeholders of SSTs?



Currently, stakeholders involved in SST technology are not only research centres and universities, but also some manufacturers. Figure 15 shows a worldwide map where different kinds of institutions appear related to SST prototypes. This means that the technology has a high potential to be exploited as a commercial product by companies. However, manufacturers are especially interested in those applications related to traction, where SSTs are very convenient because of the great reduction in volume and weight. The first experimental prototypes are also being developed in the field of SGs and even EVs, but these are less advanced devices than traction ones and are mainly implemented within research projects.



The interest of universities and technology centres is clear, due to the enormous potential that this technology has demonstrated. However, more projects have to be developed in which the prototypes can be tested in real environments. Thus, the involvement of DSOs is essential in order to advance towards the development of SSTs as enablers of the SG paradigm. In the short term, more DC demonstrators must be developed with participation of utilities, in order to gain experience and confidence in these solutions. Additionally, DC integration into distribution network long term impact has to be assessed in detail, particularly considering power carrying capacity and new user connections. Furthermore, DSOs and service providers must define clear use cases, exploitation strategies and business models for their products and services in the new network paradigm.



Finally, there is a legal lack regarding DC grids. Therefore, regulatory and standard bodies must contribute in further works in order to define a clear legal framework for DC grid application and, therefore, for the services that SSTs must provide [5,9].



What are the main applications of the current SST prototypes?



During the past two decades, SSTs have evolved quickly and have been considered for replacing conventional LFTs in applications such as traction, where important weight and volume savings are possible [59]. The oldest prototypes were developed with this aim by manufacturing companies and have been tested in operational environments.



Great efforts have been made in another important application. Multiple SST prototypes have been implemented to replace LFTs in traditional distribution power networks, connecting MV and LV grids. SST controllability is the key feature that promotes this substitution, since, the further distribution networks move towards the SG paradigm, the more DSOs need to be able to control power flows and voltage levels [97]. Nevertheless, most of them have been validated in laboratory facilities and a further step is needed to prove the technology in relevant and operational environments, where SSTs will have to face issues such as functional safety [98], among others.



In recent years, different prototypes have been developed to allow the integration of DC grids. A single SST device enables traditional AC grids to be connected with new DC grids, where RES, ESS and EVs can be integrated in an easier way. In this regard, SST is a key enabling technology to implement hybrid grids [99]. However, there is still a lack of enough demonstrators in real scenarios, where the interaction between AC and DC networks can be assessed.



Only a few prototypes are intended for EV, ships or very high voltage applications. Advantages regarding the use of SST technology in those applications have been identified and, therefore, different projects aim to develop new SSTs adapted to their special characteristics. Nevertheless, they are in an early stage of development.



What is the readiness level of the SSTs?



The maturity of SST technology depends on the application, due to several factors such as the time the application has been studied, the technological barriers that must be meet in each case, and the potential competitors and cost associated with each application [100]. A brief review of SST development status for each field is listed as follows:




	
Traction: Nowadays, SSTs have not only been tested in real locomotives but also have been homologated in some cases. The first commercial prototypes appeared one decade ago and it is possible to find some examples in the market to date. Nevertheless, substantial efficiency improvements can still be achieved to reach a more attractive product.



	
SGs: There have been a lot of initiatives to apply SST to SG applications. Nevertheless, due to the high technical requirements they have not broken into the market yet. Currently, there are some international research projects that try to level up the technology maturity, installing the first prototypes in representative controlled scenarios to evaluate the performance of the technology.



	
EVs: Few prototypes can still be found regarding SSTs charging EVs, despite some possible configurations with interesting features having been proposed. In addition, the flexibility and compactness of SSTs make them very attractive for this sector. Even so, SSTs acting as EV chargers are in an early stage of development.



	
HV power networks: Unlike MV and LV power grids, few projects about the application of SSTs in transmission lines can be found. Despite it being possible to apply most of the research about SSTs in SG to this sector, the technology must face important challenges such as the development of very high voltage WBG power semiconductors, capacitors for medium voltage applications, providing isolation between windings and so on. Therefore, the research is in an earlier phase.



	
Others: Apart from the applications exposed above, SSTs could be applied to other fields. Even so, projects related to electric planes and ships, large data centres, etc. can barely be found.









6. Future Trends and Challenges


SSTs constitute advanced transformers, based on power electronics, that challenge the dominance of their conventional counterparts. Their main advantages are that they enable the efficient integration of MV and LV AC and DC systems, they are scalable, modular, controllable, provide galvanic isolation and decouple the MV from the LV grid [93]. Nevertheless, in contrast to conventional transformers, they are more complex, have higher maintenance requirements and their advanced capabilities are also reflected in their cost. It should be noted that the main factors that influence the cost of the SST are the power semiconductors and the MFTs [93,101]. Additionally, since they constitute a relatively recent technological development, there is no standard, optimized design and each manufacturer has their own approach regarding SST architecture.



One of the most significant open issues is power semiconductors. More specifically, power electronics equipment is manufactured from semiconductor substrates, silicon (Si) being the most used material. Si is a mature technology that has been employed for power control applications since 1956 [102]. However, the performance of Si-based power switching devices is reaching its theoretical limits. The main limitations of Si-based devices are high losses, low switching frequency and poor high-temperature performance. A new group of advanced materials known as WBG semiconductors including SiC, gallium nitride (GaN), diamond, gallium oxide (Ga2O3), aluminium nitride (AlN), boron nitride (BN) and zinc oxide (ZnO) exhibit better characteristics as semiconductors than Si, and they become a promising choice for next generation of power conversion systems [103]. Some of the properties of the most relevant WBG materials are: the bandgap, the breakdown field, the thermal conductivity and the carrier mobility. Moreover, the low switching losses allow WBG semiconductors to reach efficiencies up to 99%. This figure means up to 75% energy losses reduction compared with Si [104]. One of the most promising WBG technologies is SiC, which allows some Si limitations to be overcome [105]. Thus, SiC-based switching devices enable the manufacturing of efficient, high voltage and compact SSTs. However, nowadays SiC-based components are still under development and they lack availability and have a high price compared with Si-based devices. Fortunately, analysts foresee that the SiC market will evolve fast in the next few years [80].



Another open issue is the design of the cooling system. Basically, there are three categories of cooling systems for power electronics devices: passive/conduction, forced air and forced liquid [106]. The selection of the most appropriate system varies according to the application and size of the SST, and more specifically according to the losses. In particular, power losses are defined by the power electronics stages and the MFT. However, it is the latter that poses a real challenge to the cooling system. Power electronics are relatively easy to cool using mounted cooling plates and, thanks to the WBG materials advancement, they do not need to dissipate large amounts of heat. However, due to the complex design of MFT systems, SSTs usually have hot spots that can damage the device if they are not handled properly. Therefore, a major effort is expected in coming years to improve MFT design in order to achieve better thermal distribution, that will lead to raising the efficiency and the rated values of the whole device. For example, the designers of [82] propose a forced liquid cooling system based on a dielectric, environmentally friendly fluid which cools the IPT (acting as the medium frequency stage) and, as a result, allows for the efficient combination of many SST modules, reaching higher voltage levels and higher overall rated power, while also taking into account other aspects, such as the corona breakdown.



Finally, a major factor that inhibits the wider implementation of SSTs is the lack of an adequate regulatory framework, especially when it comes to the connection between AC and DC systems, DC-related applications, new provided services, safety and voltage levels. Therefore, new developments in standards and markets are expected based on the experience of current and future SST demonstrators. Some of the most important and relevant existing standards are: (i) IEEE Std 1547 [107], which includes requirements for interconnecting distributed resources with power system interfaces, (ii) ETSI EN 300 132-3 [108], which is related to power supply interfaces for the input of information and communication technology (ICT) equipment, (iii) IEEE Std 946 which is related to the design of DC power systems for stationary applications [109], (iv) EN IEC 60204-11 [110] where safety requirements for AC and DC equipment are analysed, v) EN IEC 60947-1 [111] which concerns LV switch gear and control gear, and (vi) IEC 61992-1 [112] and IEC 60850 [113], which are about railways.



Overall, it can be concluded that there are technological as well as regulatory barriers that should be overcome through further research, development and implementation in demonstration grids, in order for SSTs to penetrate the market.




7. Conclusions


This paper reviews the capabilities and applications of SST technology, which is a key component towards the development of advanced SGs, hybrid grids and microgrids, thus supporting the ongoing energy transition. Nevertheless, further technological developments are needed to reduce the overall cost and to increase the functionalities offered by this solution.



In summary, this work describes the main SST functionalities, showing the potential benefits in terms of power quality and controllability when using this power electronics solution. In addition, an overview of the sectors in which SST technology can be applied is also presented, highlighting the main advantages compared to the traditional approaches. A thorough analysis regarding the existing prototypes and projects related to the development of novel SSTs is performed, including their nominal values and purpose. Furthermore, a worldwide analysis of the main stakeholders is presented. A number of questions raised up by the authors about SST technology and its application are then answered considering the gathered information. The review is completed with the main trends and technical and regulatory challenges related to SST development and market penetration.



This analysis allows a global outlook of SST technology considering an application-oriented view. As a result, several conclusions can be drawn. The relevant stakeholders are spread all over the world, which confirms the potential identified in this technology. In addition, several manufacturers have been involved in the located research and development projects, which shows the eventual market uptake of SST technology. The main projects involving pilots have moved from railway to distribution power grids, namely SSTs to replace classical LFTs, enabling the implementation of AC/DC hybrid networks. This is consistent with the increasing number of available technologies allowing the new SG paradigm in recent years. However, applications in sectors such as EVs or marine and naval transport are still few, showing that there are still major challenges to be overcome.
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	Renewable energy sources
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	PV
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	Electric vehicle
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	Wide band-gap
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	Medium frequency transformer
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	LV
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	Low frequency transformer
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Figure 1. Basic concept of the SST. 
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Figure 2. Working principle of SST. Different configurations can be obtained depending on the employed power electronics stages. 
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Figure 3. Waveform regeneration feature by a SST device. (a) Harmonics can be transmitted from one side to the other in a classic power transformer. (b) In SST devices, the signal is built up synthetically at both sides and zero harmonics are replicated from the input to the output. 
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Figure 4. Voltage and frequency regulation feature by a SST device. (a) A classic power transformer has the same voltage and frequency deviations in both sides. (b) A SST is able to smoothly regulate the output in terms of voltage and frequency magnitudes. 






Figure 4. Voltage and frequency regulation feature by a SST device. (a) A classic power transformer has the same voltage and frequency deviations in both sides. (b) A SST is able to smoothly regulate the output in terms of voltage and frequency magnitudes.



[image: Electronics 12 00931 g004]







[image: Electronics 12 00931 g005 550] 





Figure 5. Reactive power injection feature of a SST device. Reactive power can be fixed independently at each side with a four-quadrant capability curve. 
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Figure 6. Protection and black-start SST features. SSTs can be disconnected instantaneously if a programmed threshold is fired; whenever the power grid comes back again, the re-starting process can be performed in a progressive and controlled way. 
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Figure 7. (a) Classical approach for a power source supplying a rack in a data centre. Black dots indicate multiple racks connected in parallel. (b) The alternative SST configuration. 
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Figure 8. A SST controlling the point of common coupling in a typical microgrid system. This device adds intelligence to the MV/LV substation and provides new services and tools. (a) A SST supplying a single LV AC grid. (b) A SST supplying a hybrid AC/DC configuration. 
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Figure 9. (a) Classical approach for power delivery at utility-scale offshore wind farms. Black dots indicate multiple wind turbines connected in parallel. (b) The alternative SST configuration. 
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Figure 10. (a) Classical approach for power delivery at utility-scale solar PV plant. Black dots indicate multiple solar arrays connected in parallel. (b) Two SST configuration alternatives. 
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Figure 11. (a) Typical scheme of a multiport EV ultra-fast charger. (b) The alternative SST configuration. Black dots indicate multiple EV chargers connected in parallel. 
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Figure 12. (a) Maritime and aerospace high voltage electric chargers based on SST technology. (b) SST example acting as onboard system for maritime or aerospace applications. 
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Figure 13. (a) Classical approach for utility-scale ESS. Black dots indicate multiple batteries connected in parallel. (b) The alternative SST configuration. 
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Figure 14. (a) Classical approach for a UPFC device. (b) The alternative SST configuration. 
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Figure 15. Identified stakeholders that have published a SST prototype having relevant features, namely, not a scaled-down prototype and with rated power higher than 25 kVA. 
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Table 1. Projects related to SST development/application.
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	Project

Name/Year
	Stakeholder
	Application 1
	Voltage
	Power
	Switching Freq.





	M2LC [56]/2004
	Siemens
	RW, DPG
	15 kV
	2 MW
	≤2.5 kHz



	MFT [59]/2007
	Bombardier (Alstom now)
	RW
	15 kV
	400 kW
	8 kHz



	UNIFLEX-PM [66]/2009
	ABB (Hitachi Energy now), Univ. of Nottingham
	DPG
	3.3 kV
	300 kVA
	Not mentioned



	170 kVA SST [67]/2009
	KTH
	RW
	Not mentioned
	170 kVA
	4 kHz



	SSPS [58]/2011
	GE, Cree (Wolfspeed now)
	DPG
	13.8 kV to 268.5 V
	1 MVA
	20 kHz



	PETT LV [54]/2013
	ABB
	RW
	1.5 kV DC
	54 kW
	1.5 kHz



	PETT MV [55]/2014
	ABB
	RW
	15 kV
	1.2 MVA
	1.75 kHz



	PET [52]/2016
	ABB
	RW, DCG, DPG
	15 kV AC/0.75 kV DC
	1.2 MW
	10 kHz



	Fast charger for EVs [62]/2016
	Delta Electronics
	EV
	4.8 kV or 13.2 kV AC to 1 kV DC
	400 kW
	Not mentioned



	IUT [63]/2016
	Virginia Tech
	DPG
	7.2 kV/0.24 kV
	25 kW
	93 kHz



	SPEED [68]/2017
	Univ. of Oviedo
	HG, DPG
	6 kV/0.4 kV
	105 kW
	30 kHz



	SwiSS Transformer [51]/2018
	ETH
	DPG, DCG
	6.6 kV AC/0.4 kV DC
	25 kW
	50 kHz



	EPT [69,70]/2018
	HUST
	DPG
	10 kV/0.4 kV
	500 kVA
	4 kHz



	150 kW SST [65]/2018
	Pusan National Univ.
	HG
	13.2 kV AC/ 0.75 kV DC
	150 kW
	10 kHz



	HEART [71]/2019
	Univ. of Kiel
	HG, DPG
	10 kV/0.4 kV
	1 MVA
	20 kHz



	MEGALink [50]/2019
	ETH
	DPG
	10 kV/0.4 kV
	630 kVA
	Not mentioned



	TL-SRC [72]/2020
	HIT
	DPG, DCG
	2 kV DC/0.75 kV DC
	150 kW
	10 kHz



	PETT 3 kV [73]/2020
	MMB Drives Ltd. (Gdańsk, Poland), Gdańsk Univ.
	RW
	3 kV DC/2.2 kV AC
	335 kVA
	30 kHz



	1 MW SST [74]/2020
	TBEA Xinjiang Sunoasis
	DCG
	10 kV AC/ 0.4–0.8 kV DC
	1 MW
	20 kHz



	FUNDRES [75]/2021
	LAPLACE
	RW
	1.8 kV DC
	300 kW
	15 kHz



	FST [76]/2021
	EFACEC, CIRCE
	HV
	2.2 kV per module (goal 400 kV)
	50 kW per module
	29 kHz



	DCSST [77]/2021
	C-EPRI—NARI Group
	DPG, DCG
	2 kV DC/750 V DC
	100 kW
	10 kHz



	LV Engine [78]/2022
	Univ. of Kiel
	DPG
	11 kV/0.4 kV
	500 kVA
	Not mentioned



	ASSTRA [79]/2022
	Eindhoven Univ., ABB
	DCG
	MV and LV levels
	Not mentioned
	20 kHz



	ACT [48,49]/2022
	ETH
	DCG, DPG
	7 kV DC
	166 kW
	77.4 kHz



	MCT [49]/2022
	ETH
	DCG, DPG
	7 kV DC
	166 kW
	40 kHz



	MUSE-SST [64]/2022
	FREEDM
	N, DPG
	4.16 kV/0.48 kV
	100 kW
	20 kHz



	50 kVA SST [80]/2022
	Georgia Tech
	DPG, DCG
	7.2 kV
	50 kVA
	16 kHz



	TIGON [81]/2024
	CIRCE, PREMO
	HG, DCG
	3 kV DC/0.4 kV AC
	300 kW
	83 kHz



	SSTAR [82]/2025
	EFACEC, CIRCE
	HV
	1.5 kV per module
	50 kW per module
	50 kHz







1 Railway = RW; Distribution power grids (MV-LV) = DPG; DC grid integration = DCG; Charger for EVs = EV; Hybrid grids AC/DC = HG; HV power systems = HV; Naval = N.
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