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Abstract


The Solid-State Transformer (SST) is a complex conversion device that intends to replace the Low-Frequency Transformers (LFTs) used in various power applications with Medium- or High-Frequency Transformers (MFTs/HFTs) that integrate modular converter structures as their input and output stages. The purpose is to obtain additional capabilities, such as power factor correction, voltage control, and interconnection of distributed supplies, among others, while reducing the overall volume. Given the expansive research conducted in this area in the past years, the volume of information available is large, so the main contribution of this paper is a new method of classification based on the modular construction of the SST derived from its applications and available constructive degrees of freedom. This paper can be considered the second part of a broader review in which the first part presented the fundamental converter roles and topologies. As a continuation, this paper aims to expand the definition of modularity to the entire SST structure and analyze how the converters can be combined in order to achieve the desired SST functionality. Three areas of interest are chosen: partitioning of power, phase modularity, and port configuration. The partitioning of power analyzes the fundamental switching cells and the arrangement of the converters across stages. Phase modularity details the construction of multiphase-system SSTs. Finally, the types of input/output ports, their placements, and roles are discussed. These characteristics are presented together with the applications in which they were suggested to give a broader context.
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1. Introduction


As the basic functionality of the SST is the generation of an intermediary medium-frequency wave, various implementations have been proposed over the years. This has resulted in vast and diverging implementations and concepts that are part of SST configurations. To allow for an adequate analysis, a two-part review was considered appropriate, with each part’s relevant topics represented in Figure 1. The first part classified SSTs based on the number of conversion stages and analyzed converter topologies in that context. This review represents the second part, and it focuses on presenting a new division of information and classification on the modular structure of the SST and contextualizing the structures by pairing them with applications. This is conducted with the purpose of expanding the concept of modularity to the whole SST structure and generalizing the building blocks of the SST. Unless necessary, the stages of conversion are presented with generic converter blocks, as their specific topology is not of importance, but rather, in this review, the SST as a whole is analyzed. In contrast to the first part, in which the general structure had a secondary role, we define the converter functionalities to allow the selection of fitting topologies. The applications that are presented below are mainly from the areas of energy storage, renewable supplies, distributed systems, and traction. By showcasing the ways in which SSTs can be modified to suit the particularities of such distinct fields, the advantages of modularity can be put into perspective.



Before analyzing modularity, it is necessary to define it. Traditionally, modularity in the context of power electronics relates to the use of multiple converter modules to expand the power-handling capabilities and maintain functionality during partial module failure. Modularity in the context of this paper represents the usage of a certain degree of freedom available when designing an SST to accommodate the particularities of a given application. As such, an implementation may be modular in some aspects but not others. Solid-State Transformers can be highly modular structures. This is owed to their multi-stage construction, each stage being reduced to just a few simple tasks (folding, current/voltage shaping, isolation, etc.) and various topologies, these concepts having been detailed more broadly in the first part of the review. The following chapters deal with the integration of these topologies into the broader system and the degrees of freedom that are available. Three degrees of freedom are proposed for analysis in this review:




	
Partitioning of power deals with the fundamental switching cells and the broader arrangement of converter modules. Converters realized with two-level switching cells are limited in both power handling and performance; as such, utilizing switching cells that allow for a higher number of voltage levels is of importance. To further increase the power-handling capabilities, multiple converters may be used at each stage of conversion in various connections, such a structure being called a multicell converter in this review. Modularity in this context means the use of multiple identical switching or converter cells during a stage of conversion to share power and component stresses, whereas non-modular implementations use non-scalable switching cells or use multiple switches in series/parallel.



	
Phase modularity represents the constructive ways in which an SST is adapted for a multiphase system and how the individual phases are managed during a stage of conversion. SST structures may use a single converter for all phases (non-modular) or separate them into single-phase systems (modular) for various performance and robustness reasons.



	
Ports’ configuration relates to the ways in which the SST structure interacts with external supplies and consumers. The number of ports, their placement, and configuration are analyzed, with multiport implementations representing a modular structure and single input single output, a non-modular one.








Above, modularity was presented in the context of a single stage of conversion; now, it is defined globally. Whereas other reviews have defined it on an axis [1], for simplicity, in this paper it is reduced to one of three classifications: non-modular, fully modular and hybrid modular. Non-modular structures do not have any modular stages, for a particular degree of freedom, with fully modular being the opposite. Hybrid modular represents a middle ground, having at least one modular and non-modular stage. Depending on the placement of the common stage/link or where the ports are connected to, three placements are identified: the HV/MV-DC link, the LVDC link, and the magnetic circuit, which can be referred to as the magnetic link or high-frequency link. While this analysis of modular characteristics mainly focuses on SSTs, it may also be generally applied to similar structures such as the hybrid transformer.




2. Partitioning of Power


Solid-State Transformer applications usually involve the transfer of high power and elevated voltage levels as they aim to replace traditional LFTs. These two facts, combined with the reality that switching devices that can achieve the required switching frequencies have limited voltage/power-handling capabilities, have led researchers to develop many ways to partition the stresses of an SST’s switches. As such, this classification details the different ways SSTs have realized this partition of power/voltage on the switching elements. Two alternative concepts are presented. These concepts are not mutually exclusive and have, in fact, been commonly used together in SST applications. They are the use of multilevel switching cells and that of multicell converter arrangements, whose main goal is to increase the number of switching elements and divide the power/voltages across them evenly, lowering the strain on each individual one.



2.1. Fundamental Multilevel Cells


In the previous converter topology paper, the converters were depicted using only diodes and fundamental 2L P/N/P+N switching cells in their construction, with the 2L P+N cell depicted in Figure 2a, with the notable exception of the IAFR-derived rectifiers, but by replacing the fundamental 2L cell with one of the fundamental multilevel cells, depicted in Figure 2b–g, the SST’s power-handling capabilities can be significantly improved. By dividing the voltage stress across multiple switching elements while also increasing the number of voltage levels, both breakdown voltages and dv/dt stresses are reduced on the switches while also significantly reducing the harmonic content [2,3,4]. Both voltage and current ripples decrease exponentially with the number of voltage levels [5,6]. The lower dv/dt stresses and lower semiconductor area scaling also mean the possibility of higher switching frequencies [7]. These facts, combined with the increase in effective switching frequency, mean that smaller-sized filters can be used [8], which is desired, as one of the characteristics of the SST is its reduced size compared to conventional LFTs. An increase in overall converter efficiency has also been found in multilevel structures compared to two-level ones [3,7]. Additional voltage levels have shown a reduction in current stresses for the isolated converter [9]. These advantages make it a worthwhile tool in the development of high-power SSTs. Such topologies have been successfully implemented in Voltage Source Converters (rectifiers, inverters, indirect AC/AC converters, and matrix converters) [2,10]. The fundamental cells can be broken down into two categories: non-modular and modular. Non-modular cells include the Neutral Point Clamped (NPC), Figure 2b–d, and flying capacitor (FC) family, Figure 2e. In contrast, the modular cells are the Cascaded H-Bridge (CHB), Figure 2f, and the Cascaded Half-Bridge, Figure 2g [2,10]. Theoretically, flying capacitor and NPC topologies can be considered modular, but due to the fact that the number of capacitors or diodes and the complexity of balancing the voltages across the capacitors increases rapidly with the number of voltage levels, scaling them is not practical [10,11,12,13].



NPC cells obtain a third output level, zero, by connecting the high- or low-side switches to the midpoint of the DC Link. The ANPC tries to overcome the NPC’s unequal loading of the semiconductors and decrease semiconductor losses at the cost of additional switches [10,14]. The T-type cells are NPC cells that connect to the midpoint directly through a bidirectional switch, and rectifiers based on them were presented in the previous paper as the VIENNA, SWISS, and IAF rectifiers. Studies have shown that T-type Cells offer better efficiency compared to NPC cells at medium to high frequencies [15,16]. The NPC family of cells is simple and efficient. Still, due to the low modularity of the structure, cells are usually limited to three levels in applications. However, hybrid cell structures have allowed easy scalability up to five levels [17]. The NPC has been implemented in SST structures both for the rectifier [12,18,19] and the isolated converter [19,20,21,22,23], and a novel implementation of the NPC for the matrix converter can be seen in [24]; T-type topologies are also heavily used in both rectifiers/inverters and isolated rectifiers, as seen in the previous paper, in addition to their use in the isolated converter [9,25]. The three-level ANPC has been suggested for the isolated converter in various configurations [22,26]; similarly, five-level ANPC has been suggested for the rectifier [27] stage and as an isolated AC/AC converter [28] for an SST.



By replacing the diodes of the NPC with capacitors and removing the direct connection to the midpoint, the FC topology can be derived [13]; it is considered more scalable than the NPC family of converters. Other advantages include more switching states, higher redundancy, and the size of the capacitors/voltage imbalance is inversely proportional to the switching frequency [5,11,29]. Compared to NPCs, the FC achieves uniform loading and is more scalable but performs worse at three levels and low frequency [30]. In SST applications, this cell has been suggested for the rectifier and isolated converter [12,31,32,33], although less prevalently than NPCs.



The Cascaded Half-Bridge and Cascaded H-Bridge topologies, comprised of Half/Full Bridges and a capacitor in series connection, are highly modular, having the least number of capacitors per voltage level, allowing unipolar/bipolar voltages across them, and can achieve the highest efficiency, with the disadvantage of requiring one isolated source for each module, or DC link voltage imbalances [10,29,34]. In SST applications, this structure was used at the input and output stages, in star and delta configurations, connecting the isolated converter to the modules’ capacitor [21,32,34,35,36,37,38,39,40]. A peculiar application of the CHB is the removal of its capacitor, turning it into a matrix converter [41]. The classical rectifier topologies presented in the previous paper were adapted to higher voltages by replacing the diodes and active switches with Cascaded Half- and Full-Bridges in diverse configurations [42,43].




2.2. Modular Multilevel Converters


Modular Multilevel Converters (MMCs) are multilevel structures in which submodules (SMs), usually Full-Bridge submodules (FBSMs) and Half-Bridge submodules (HBSMs), are placed in series, forming an upper and lower arm, and three ports: positive, negative, and neutral; in the case of a multiphase MMC, they are connected to a common positive and negative terminal, as depicted in Figure 3. Each arm requires its own inductor to limit the second harmonic circulating currents between SMs [44,45]. MMCs have been considered the evolution to the CHBs and Cascaded Half-Bridges [46], which require individual supplies for each module, while the MMC requires only pre-charging of the capacitors; during functioning, the SMs alternate between charging and discharging naturally, which is one of the reasons it has gained popularity in high-power structures, like SSTs [2,44,45,47,48], the other reasons being the higher degree of scalability, redundant cells, reduced volume, simple cell design, multiphase fault tolerance, the addition of the DC port, and cost-effectiveness [48,49,50,51,52].



MMCs can be classified based on the used SMs and their arrangements. The classical SMs are shown in Figure 3d,e, these being the Full- and Half-Bridge Cells. The differences are the generation of a unipolar or, respectively, a bipolar voltage across the SM and better ride-through capabilities for the Full-Bridge SM (FB-SM) at the cost of an increased semiconductor count [51,53] and number of states of the SM; Half-Bridge SMs have two states: charging and discharging. In contrast, FB-SMs have two additional ones: bypass and block. The hybrid MMC, which has more than one type of SM, as seen in Figure 3b, is a structure in which, usually, both the cells shown in Figure 3d,e are used [54], though other novel cells have also been used. Based on the arrangement of these different SMs, the structure can be symmetrical (the arms mirror each other in the arrangement of the SMs) or asymmetrical (each arm contains a unique, different type of SM from the other) [55]. Such a hybrid structure was used to achieve a balance between the fault tolerance of the FB-SM at a reduced component cost [53,54]. Although the SMs are mainly presented as Full and Half Bridges, many other novel configurations, some based upon the fundamental multilevel cells, have been proposed in general applications [44,49,56], as well as directly for SST configurations [57,58,59,60,61]. While most commonly depicted with voltage source SMs, novel current source modules have also been proposed [51], such as in [62], where a current-fed DAB was proposed as an SM, Figure 3f. In SST applications, the SMs have integrated the isolation stage in their construction, the structure being shown in Figure 3c, along with some noteworthy SMs, the current-fed isolated SM (CI-SM) Figure 3f and the matrix-type isolated SM (MI-SM) Figure 3g [59].



The most common implementation of the MMC structure is as a rectifier. During the rectifier stage, MMCs can either act as the legs of an FB rectifier structure, the isolation stages being connected at the DC link [63,64], Figure 4a, or the isolated converters can be cascaded after each SM, as depicted in Figure 4b, creating an additional HV DC link on top of the other intermediary MV and LV DC link and improving SM voltage balancing [45]. Expanding on that idea, in [59], the DABs are configured as the SMs with an added clamp circuit, eliminating the need to balance the capacitor voltages and increasing power density. Other novel implementations have proposed connecting the isolation stage’s inputs between two FB SMs, with the output arms acting as the arms of a three-level FC isolated converter [57,58], arguing a reduction in switching elements and short-circuit fault ride through capabilities. In [61], a dual SM configuration was used at the input of the DAB for enhanced fault tolerance. Similarly, a dual clamped cell was proposed in [55], which interleaved two SMs and their DABs. In [65], two MFTs were utilized, one for each polarity of the arms, and they controlled the SMs as the DABs’ switches.



In SST applications, this topology has mainly been used for the rectifier stage, Figure 4a,b. However, it has also been proposed for the legs of the isolated converter; a representative configuration is shown in Figure 4c. It must be noted that the MMC has been used for both single/multiphase DAB and FBC/HBC structures in resonant, phase-shifted operating modes [47,50,65,66,67,68,69,70]. Since each SM needs to switch with a frequency a few times higher than the frequency at the MFT, the overall output frequency at the MFT is restricted, which is not desirable for an SST [47,50,63]. In [62], it was proposed to use DABs, current-fed DABs, and matrix-type DABs as the SMs, thus dealing with the low-switching-frequency problem, while reducing the number of capacitors and achieving bipolar voltages; similarly, in [71]. matrix converters with MF transformers were used as the SMs [59].



Matrix converters were also proposed for MMC implementations [60,72,73,74]. A hybrid implementation was proposed in [75], where an MMC indirect matrix DAB was proposed, connected in parallel to an LC filter, creating a DC port. The main applications for the topology are either as the SM cells or as the isolated converter [62,71].



Studies were conducted into the optimal number of SMs per arm in various MMC structures using mathematical models of the topology, its passive components, and multi-objective optimization procedures [76,77,78,79,80,81]. Across them, maximum voltage across the SM capacitors, circulating currents, minimum reliability, available semiconductors, and the permissible THD of both voltages and currents were seen as design constraints, whereas cost, volume, weight, power losses, SM voltage ripple, and redundancy were usually chosen as optimization goals. By determining the dependency between the optimization goals, the number of cells, the minimum arm inductance, and SM capacitor values, the optimal number of converter cells can be determined. A general design procedure, utilizing multi-objective optimization is presented in Figure 5.




2.3. Cascaded Multicell Structures


The second method for expanding the power-handling capabilities of SSTs is through the interconnection of the individual converters or cells. As such, instead of distributing the stress on multiple switching elements of a single converter, this method utilizes identical converters that work simultaneously to divide it. Similarly to multilevel cells, the cascading of cell lowers dv/dt, di/dt, and allows for smaller components [50,82]. To determine the optimum number of converter cells, multiple studies have been conducted on multicell converters. The relationship between number of cells and various converter metrics were generalized in [83,84,85], whereas other studies directly analyzed SST structures and defined mathematical models for the various stages of conversion (AC/DC, DC/DC, isolation stage) [84,86,87,88,89] or the effects of converter cell count on MFT performances [90]. Based on said models, and empirical data, the total losses, volume, and reliability of the SST can be determined. Using multi-objective optimization, the optimal configurations can be obtained and their performance plotted to obtain various Pareto fronts, similarly to the process depicted in Figure 5. Overall, the studies show that a balance between conduction and switching losses, the number of active elements and filters, components, and voltage levels must be achieved for a given power/voltage rating as well as an inverse relationship between system redundancy and power density. There is a positive correlation between the number of cells, current ripple, energy density, and converter lifespan. This concept can be considered an extension of MMCs. Compared to other multilevel structures, cascaded cells have a linear cost-voltage level dependency, whereas structures such as ANPCs and FCs have an exponential increase in costs [12].



Depending on the high-current or high-voltage demands, the cells can be interconnected in series or parallel configurations. Parallel connections increase the current-handling capabilities, whereas series ones increase the voltage-handling capabilities. The input and output of the converters may have different connections. Based on these facts, the possible combinations are placed on an input–output stresses axis in Figure 6, from predominantly voltage to predominantly current stresses at both the input and output ports. As such, they can be classified as input series–output series (ISOP), Figure 6a input parallel–output series (IPOS), Figure 6b, input series–output parallel (ISOP), Figure 6c, or input parallel–output parallel (IPOP), Figure 6d. In high-power applications, such a classification is not sufficient, and converters are placed in both series and parallel connections [91,92]. It is of note that depending on the cell configuration imposed by the application, not all SST structures are viable [93].



Whereas ISOP and IPOS configurations can achieve voltage balancing between the modules naturally, IPOP and ISOS do not and require additional circuits or careful control [83,94,95,96,97]. The cascaded multicell design is inherently redundant, as each stage of the SST may have multiple modules, and each of those modules may be considered independent of each other. As such, if the SST is adequately dimensioned and there is a fault at one or more modules, the remaining ones could compensate for them and maintain, if not nominal, at least partial operation [84,98,99]. In case of a cell failure, if a series connection is used, bypass switches or capacitors are necessary [98,99], although other methods have also been proposed for multicell structures [92,100]. A particular application of this structure is the interleaving of the modules to reduce current ripple, especially in output-parallel configurations, as seen in [101], a similar effect being seen in input-series connections [102]. Converters with output-series configurations have been proposed in multiport applications, where each individual interconnected cell has its individual output port, thus allowing multiple low-voltage consumers to interface with a high-voltage supply [103] or for distributed renewable sources with low voltages to connect to a high-voltage grid [104]. IPOP SST structures have been suggested [46,99], arguing for an improved dynamic response in case of module failure by keeping all modules online even during partial loading.



Novel configurations have also been proposed where the configuration of the cells cannot be reduced to one of the four aforementioned configurations. In [40], an IPOP-S configuration, as depicted in Figure 7a, is proposed for a fast-charger application. The first two stages are in IPOP configuration due to the high current draw of the charger, and then an output series CHM-MC structure is used. An ISOS-P configuration was proposed in [98], where an input series–output series–parallel implementation was used; the design was adapted in Figure 7b. Clusters of converters are connected in the output-series configuration, and the individual clusters are then arranged in interleaved output-parallel configuration. Another such structure is seen in [21] with the difference being that the output-series connection is used to generate a three-voltage level DC port. The input stage has also been proposed for an input-series–parallel connection, particularly when interfacing with renewable supplies. Clusters of solar panels or windmills are placed in series to step up the voltage and then each cluster is placed in parallel [105]. Further expanding on that concept, a matrix connection was proposed, in which the supplies were placed in series and parallel with each other simultaneously, or the connection was changed through a switch allowing for fast replacement of a faulty module and voltage balancing [92,105,106].



Depending on the application, the converters may connect with each other either after each individual stage, after multiple stages, or only at the input and output of the SST. Because of this, SSTs can be classified by the number of cascaded converter stages, from single converter to hybrid modular and fully modular. Single-cell configurations are limited to low-power/voltage applications or multilevel topologies, whereas fully modular structures utilize multicell arrangements during each stage of conversion and have more freedom in the available topologies/switching cells. Further, below, an analysis of the hybrid configuration, which has some multicell and some single-cell stages, is conducted, analyzing mostly how the rectifier and isolation stages are configured.



If a singular converter cell is used for the rectifier stage, it is usually comprised of either direct-series-connected diodes or an MMC. The isolated converters are either in an input-series configuration at the DC link or placed across the diodes/SMs, such a configuration achieving a lower component count and semiconductor area [50]. In EV charging applications, a popular configuration seems to be a rectifier with a neutral point, followed by two DABs in input-series configuration [107,108,109,110,111,112] or the use of a DBR with a cascaded boost converter having a neutral point [113]. Input-parallel configurations of the DAB have also been used in charging applications such as [107].



For the isolated converter, if placed in an output-parallel Configuration, the cells have been proposed to connect in one of three places: before the secondary side rectifier [92,114], after it [115], or through the MF magnetic link, such a structure being called a Multi-Active Bridge (MAB), as depicted in Figure 8a, with a brief description of its utilization in multicell applications below and further detailing in Section 4.2. A comparative analysis has shown that multicell implementations of the DAB are more efficient, allow higher switching frequencies, and allow more straightforward control compared to MMC isolated converters [116,117].



The MAB structure, depicted in Figure 8 is similar to the DAB, but instead of two, multiple converter bridges are used this time, which may connect to common or independent ports and/or phases. In this section, it is assumed that only two ports are used, and that the bridges belong to the same phase; in further sections, the uses of the MAB are further expanded. The Multi-Active Bridge uses a common magnetic circuit for the bridges, usually in an asymmetrical configuration, Figure 8a, where one side has multiple active bridges, and the other has only one, thus the cascaded modules converge, and it can be seen as an ISOP structure [21,37,38,118]. There have also been symmetrical configurations in which both sides have the same number of active bridges [82], Figure 8b, decreasing stress on the LV side but increasing component count; additionally, the MAB has been suggested for use in all four configurations (ISOS, ISOP, IPOP, IPOS) [119]. Another proposed use of the structure is in Dynamic Wireless Power, where multiple transmitter and receiver coils are used to compensate for the variable coupling due to misalignment [120,121]. The advantages of this configuration center around the ability to utilize more DAB modules with a reduced transformer and semiconductor count, thus achieving a higher energy density and reliability [39,82,122]. The main disadvantages of this topology lie in its complexity compared to the classical DAB in both control and transformer design caused by inductive cross coupling between modules, as depicted in Figure 8c. A further analysis on the challenges and proposed solutions can be found in Section 4.2. Although magnetically coupled, in [123], an IPOP Resonant DAB SST is proposed, and consecutive modules are magnetically coupled through the resonant inductors to achieve current balancing. Unlike the MAB, power decoupling between modules is not a problem.




2.4. Overview of Modulation and Control for Converter Structures


Each of the aforementioned switching cells, converter structures, and arrangements has its own particularities. Multiple modulation and control techniques have been proposed to address each one in particular, but such a comprehensive analysis is beyond the scope of this paper. However, a general presentation is in order for multilevel switching cells, MMCs, and multicell structures.



When discussing multilevel switching cells and MMCs, several modulation methods are dominant such as space vector modulation (SVM), pulse-width modulation and its extensions (phase-shifted PWM, sinusoidal pulse-width modulation, selective harmonic elimination PWM, level-shifted, phase disposition, alternate phase opposition disposition, discontinuous PWM), Nearest Level/Vector Control, and Virtual Vector Control [2,13,74,124,125,126]. Overall control goals for multilevel switching cells revolve around lowering THD and losses, balancing the capacitor voltages, achieving even power/loss sharing, eliminating common-mode voltages, and fault tolerance [2,13,126]. MMCs among the aforementioned goals also aim to reduce circulating currents and SM voltage ripple and eliminate second-order harmonics [12,13,45,73]. Control systems are also varied, including closed-loop PI(D)s, model predictive control [124,127], and Sliding-Mode Control [128,129]. AI integration has also been suggested on multiple occasions regarding control and modulation. Some examples being Particle Swarm Optimization for generating optimal switching states/modulation index [130], the integration of fuzzy logic controllers [131,132], or neural networks [133,134]. Model predictive control has been suggested in applications where multiple parameters are simultaneously controlled, such as neutral-point voltage, power-flow decoupling, converter stability, circulating-current limiting [124,127,135,136,137,138]. Multi-stage modulation techniques have also been proposed, although they are still novel [110,139]



	1.

	
Multilevel Switching Cells




	
Neutral-Point-Clamped Converters are limited in some control regards as they cannot achieve even power loss distribution and voltage balancing at more than three levels, using classical modulation, depending on the operating region [10,12,140]. However, they are able to achieve voltage balancing in the classical 3L configuration for all states, and more levels can be achieved if the modulation index is limited [140,141]. Novel modulation techniques have been proposed to attempt to increase the voltage levels for all operating points [125,142], whereas other papers have proposed model predictive control [127]. In [20,26], the modulation of NPC Dual Active Bridges is detailed, presenting the cells’ quasi-resonant capabilities, and in [22,143], voltage balancing methods are proposed.



	
Active Neutral-Point-Clamped Converters can achieve equal power distribution, and voltage balancing for more than three levels, through the additional switching states introduced by the clamping switches [10,144]. Dual-Active-Bridge modulation has also been extended to the ANPC in [26], where its soft switching conditions are detailed. Other novel implementations have proposed the ANPC to work as a single-stage SST, incorporating modulation principles from totem pole converters and Dual-Active-Bridge phase shifting [28].



	
Flying capacitor converters have seen application of PWM multicarrier-based modulation techniques [145]. Control of an isolated DC-DC converter utilizing FC cells is detailed in [31]



	
Cascaded bridge converters have increased reliability as they allow redundant states [2]. Control algorithms have been proposed to allow independent capacitor voltage levels for each bridge [146,147]. A slow-start and voltage-balancing procedure for CHBs in SST applications has been realized in [36]. In [43], cascaded bridge topologies are suggested to be incorporated into high-power, active PFC topologies, and their respective modulation/control presented.









	2.

	
Modular Multilevel Converters, compared to FCs, present superior control capabilities, due to multiple available degrees of freedom, such as energy balancing, loss reduction, arm currents and voltages, etc. [148]. An in-depth review of MMC control objectives, algorithms, as well as a classification of modulation techniques can be found in [60]. Comparative analyses between phase-shifted, and various Phase-Disposition PWM techniques were realized in [44,48,149]. To ensure voltage balancing and even distribution of SM insertion, sorting algorithms based on measured/predicted SM voltages have been proposed [47,48,76]. Hybrid MMCs provide unique challenges compared to single-type SM structures; an analysis of the considerations and adequate control has been conducted in [53,62]. Matrix converters require more advanced control, in contrast to indirect AC/AC topologies, as such MMC integrations of matrix converters, and especially their control, are of note. In [73], a power-decoupling algorithm that manages to realize voltage balancing across arms in matrix MMCs is proposed; in [150], an algorithm to extend fault tolerance is presented, and in [74], Nearest Level Control with an SM voltage-balancing controller is proposed. Given the emergence of novel SMs for SST applications, new commutation steps are proposed, such as in [59] for matrix converter SMs or in [62], where current-fed DABs are used as submodules in a hybrid MMC and both modulation and control are studied. For MMC isolated converters, resonant modulation/control has been extended in [69,70]. A unique operating mode of the MMC isolated converter is the Quasi-Two-Level (Q2L) modulation [67], which does not have multiple output level voltages, just two, with the transition between these voltage levels controlled by the SM’s capacitors, creating a trapezoidal waveform. The capacitors have reduced volume and cost as they are no longer being used for energy storage, but rather for harmonics filtering. This operation allows for higher frequencies at the MFT while maintaining reduced dv/dt and capacitor volumes, eliminating common-mode noise and reducing SM volume [67,69,70,151]. The Q2L concept has also been applied to flying capacitor converters [18,152].




	3.

	
Multicell structures aim to share power equally across modules. Component mismatch and unbalanced supplies/loads may affect this, and as such, the structures require balancing. For ISOP and IPOS arrangements, voltage balancing is natural, whereas IPOP and ISOP configurations require additional considerations [83,94,95,96,97].









3. Phase Modularity


The concept of phase modularity refers to the degree to which an SST implementation realizes the independent operation of each phase during the conversion stages, as seen in Figure 9. This usually means using an individual converter and DC Link for each phase. Such an implementation is carried out to increase the redundancy of a system, enhance the current-regulating capabilities to manage unbalanced or distributed supplies/consumers or allow the use of certain topologies that are not available to multiphase systems. Solid-State Transformer implementations have followed this principle to varying degrees and can be grouped into three categories: non-phase-modular, hybrid phase-modular, and fully phase-modular. This section expands upon these categories, define them, and showcase how they have been implemented and their advantages.



Non-phase-modular SSTs, depicted in Figure 9a, use a common converter for all stages of conversion, whereas the fully phase-modular SST, represented in Figure 9b can be considered a system comprised of multiple single-phase SSTs, one for each phase, ref. [50] increasing redundancy at the cost of additional components. Regarding control, a clear conclusion cannot be reached as multiphase PFC rectifiers and inverters use more complex modulation techniques than single-phase ones. In contrast, phase-modular configurations require the control of multiple converters and the balancing of their voltages and loadings [19,153,154]. Phase-modular SSTs can either use the line-to-line [155,156] or phase voltage [156,157]. Different analyses have been conducted on the redundancy of phase-modular SSTs, such as in [156], where the control algorithm of the rectifiers changes depending on the state of the phases, normal or faulty, for both wye- and delta-connected SSTs. An interesting approach is the integration of a redundant non-phase-modular SST in IPOP configuration at the inputs/outputs of a phase-modular SST; the redundant module remains online, allowing for a much faster response to phase faults [99].



Fully phase-modular SSTs have been proposed to interface distributed DC supplies to the grid. The supplies are placed in clusters, each cluster connected to one of the grid’s phases [104,158]. This configuration also has the advantage of being able to use rectifier topologies only available to single-phase systems such as totem pole and bridgeless boost, as seen in [154,159]. Matrix converters are sensitive to unbalanced input voltages. As such, a phase-modular approach where single-phase matrix converters are used eliminates this deficiency [160,161,162,163]. If single-phase SSTs are considered for this classification, their designs could be integrated into a fully phase-modular SST.



A peculiar structure is the hybrid phase-modular one, where only a part of the stages are phase-modular. Compared to the other two categories, which are simple to characterize, this one cannot, as its structure varies depending on the placement of the common stage. The common stage’s placement differs from one implementation to another, usually the isolation stage or the LVDC link. Hybrid configurations are analyzed based on where the common-phase configuration begins. It is of note that in single-stage SSTs, due to the lack of a DC link, such a classification may not apply. In [164], a hybrid-phase implementation was proposed, where the MV side converter was phase-independent, but the LV side one was not. However, it could be considered that the isolation stage was where the phases connected to each other in that configuration. Another hybrid-phase implementation that cannot be classified by the aforementioned criteria is seen in [99], where in parallel with a phase-modular SST was placed a common-phase one for redundancy purposes.



During the isolation stage, a common-phase structure is usually achieved using a singular magnetic circuit, as shown in Figure 10a, and proposed/implemented in [165,166]. This configuration, as such, can be considered a MAB and has several advantages, some being the inherent voltage balancing of output-series-connected converters [165,167], improved and centralized power balancing/control capabilities, a reduced magnetic circuit [82,168], and an overall reduction in the transformer RMS current [169]. The balancing of the different phases of the converter cells in such a configuration is achieved by either using a common iron core [165] or by using a secondary voltage-balancing winding on the LV side of the transformer of each phase and then connecting the windings to each other [167]. In [160,166,170], the common magnetic circuit is used for the realization of a 12-pulse rectifier on the LV side to reduce filter size. Due to the common magnetic circuit, the MV inverters can be operated in an open loop. Without sharing the same magnetic circuit, as shown in Figure 10b, this configuration can be realized by placing the LV side of the isolation stage in series before the rectification stage [171,172] or by using a multi-leg inverter on the common-phase side [169] or through a method called synchronous coupling, proposed in [173].



The most prevalent hybrid phase-modular arrangement seems to be the common LVDC link, whose general depiction is given in Figure 11. This has been usually implemented in AC/DC SSTs for applications where the isolation stages’ rectifier DC link is used as output [112,163,171,172]. In [162], and the interleaving of the isolation stages’ outputs is proposed to reduce the current ripple at the common DC link. Another reason for a hybrid configuration is the voltage difference between the MV and LV sides. Lower voltages mean both higher reliability of the converter and the availability of simpler topologies; as such, on the MV and isolation sides, a phase-modular approach is used due to the demands of the application, and on the LV side, a cheaper/simpler option can be used. For example, in [155], to reduce the volume of the capacitors, a phase-modular approach was chosen due to the high voltages. Still, on the LV side, a singular inverter was considered sufficient. In [40], a common output stage was suggested to ensure the equal loading of the phases.




4. Port Modularity


Solid-State Transformer implementations have used the structure’s inherent multistage and modular capabilities to connect multiple sources and consumers to a singular SST converter. The way in which the SST integrates multiple sources and consumers pertains to its port-modular configuration, various such port configurations being shown in Figure 12. In contrast to prior modularity classifications, SSTs can be non-port-modular or port-modular, but further distinctions can be made when analyzing port-modular implementations. Non-port-modular structures are where a singular input is directly connected to a singular output through the SST. While port-modular configuration can be classified by multiple criteria, the following were chosen for the purpose of this review: type and arrangement. This classification represents the first part of the section; additionally, the construction and control of the MAB are discussed, and a general analysis of multiport SST control is presented.



4.1. Classification of Ports


The type of port can be seen either from a functional point of view as input, output, and bidirectional or from a hierarchical point of view; they can be main or intermediary/auxiliary ports. The main ports are placed at the beginning of the first converter stage and at the output of the last one, respectively, and represent the main power source/transfer of the SST. In contrast, the intermediary ports are placed between the converter stages and are for lower-importance loads or energy storage purposes. Non-port-modular configurations have only main ports; in a port-modular approach, one or multiple intermediary ports may be present, but it is not necessary to fit the modular criteria. The intermediary port may be an input or output, AC or DC, depending on which stage it is connected to. A novel hybrid input/output port is proposed in [174] where a matrix DAB structure is proposed for EV charging and motor drive applications. During the charging process, the secondary side of the DAB acts as a rectifier and charges the battery; after charging is complete and the primary side is disconnected, the secondary-side converter switches to driving mode, inverting the battery voltage to control the motor. These ports can be placed at the HV/MV/LVDC links or in the magnetic circuit; moving forward, the reason behind such placements is discussed. HV/MVDC link ports connect high-density energy storage systems to HVDC lines [175]. In applications where the HV/MVDC link becomes the output port, the last stages of multiple SST structures may be connected, as seen in [176,177], and it is a desirable configuration in offshore applications to create an HVDC undersea line or in airborne wind turbine applications [178]. During the isolation stage, multiport configurations use topologies such as MABs. They can merge multiple SSTs at the magnetic link, as seen in [39,179]. This configuration was also proposed as a modern UPS alternative [180]. In [175], it was suggested to separate critical and non-critical loads. Another popular application for them is in-phase-modular renewable supply integration, as seen in applications such as [158], where a phase-modular AC/DC SST is used, clusters of solar panels being used to transfer power into each phase of the grid, and to ensure equal current injection into the phases, a battery system is connected to each of the solar panels via MABs. A similar concept was used in [181], with the difference that the solar panels and batteries were connected through intermediary ports and used to balance the voltages of the SST’s MMCs, whereas in [165], the magnetic link was used as a voltage bus for the various consumers in a data center, connecting AC and DC supplies/consumers. Similarly, the concept has been extended to grids in [182,183]. Although most commonly used with DABs, resonant configurations have also been proposed in multiport applications [184]. The LVDC ports are usually encountered in hybrid/smart-grid applications to connect LV DERs and DESs [108,162,185], in the DC link consisting of the overhead lines of a railway, maintaining constant voltage from substation to substation and incorporating distributed power supplies [117], or in AC/DC SSTs, for EV charging stations [91,186] or data centers [187].



Port types can be classified based on their arrangement: single port or multiport, series/parallel, AC single/multiphase, and DC. Multiport structures can be organized in series/parallel configurations for similar reasons to series/parallel connections of converters, with the difference being that the power is partitioned to/from other structures instead of modules of the SST. A parallel connection can be seen in [91,108], where at the same DC Link, multiple DC/DC converters are tied, each having its own consumer. Parallel output ports have been proposed for testing the dynamic response of high-power SSTs by way of energy self-circulation [39]. Whereas series connections have been used to divide the voltage to different consumers, as seen in [33] where the LVDC Link voltage is equally divided across multiple data centers, in [45], or in [34,175,188], a midpoint is added to create variable output voltage ports, balance the LVDC link, or act as a buffer. Input-series connections seem to be limited to renewable supplies where they are used to step up the voltages of the clusters for HVDC transport [21,105,158,176,177,189,190]. Inputs may be both in series and parallel; an interesting configuration is the matrix-interconnected input ports, originally presented in the multicell section, in which the series/parallel configuration of the input ports changes through the use of switches, as proposed in [105,106]. Based on the total number of input and output ports, from a system-wide perspective, the SSTs port arrangement may also be broadly categorized as single/multiple input–single/multiple output (SISO, SIMO, MISO, MIMO).




4.2. Multi-Active Bridges (MAB)


Given the prevalence of the MAB in previous sections, see Section 2.3, Section 3 and Section 4, and the specific characteristics that were presented at each mention, a general characterization of the MAB is in order. The Multi-Active Bridge is an isolated DC/DC converter with multiple cells and a singular, common magnetic core. The MAB may be arranged in symmetrical (equal number of cells on both sides) or asymmetrical (uneven cell distribution) configurations [119], and varying bridge or matrix converter topologies/arrangements may be used [41,119,191]. They can be used to extend power-handling capabilities (Section 2.3), connect multiphase systems (Section 3), and integrate multiple ports (Section 4). The advantages of using the structure were presented alongside the suggested application; however, significant challenges arise. To address them, two areas were chosen for further discussion: control and hardware.



From the control point of view, the inherent coupling of the same side winding makes controlling, balancing, and decoupling power transfer between modules more challenging [37,39,114]. An equivalent model of such an MAB is shown in Figure 8c, depicting the cross-coupling of the bridges. Different control methods have been proposed to account for this, either at the system level [19,37,158,192], or locally for each bridge [39,193,194,195,196,197]. For multicell implementations, balancing the power between MAB modules can be sufficient and was addressed in [19,37], whereas in multiport applications, this is not acceptable [39]. Various decoupling control methods have been proposed, such as feed-forward decoupling [195,196], decoupling matrix [158,192,198,199], multi-loop disturbance rejection [200], time-sharing [184,198], adaptive resonance [201], model predictive control [202], using machine learning/neural networks [203,204], or modified modulation such as multiple/asymmetric phase shift [197] or phase disposition [38].



From a hardware point of view, the multi-winding transformer is more complex than a regular one; the currents in the circuit are higher, leakage inductance becomes a significant design parameter, and scalability is harder (although offset by the decrease in the number of converter cells and their components) [39,119,122,205,206]. If the phase shift between bridges is different, circulating currents will appear as a result of cross-coupling, to ensure that the required phase shift is constant, the leakage inductance must be identical across bridges [207]. Additional studies show that the effect of cross-coupling decreases as the ratio between secondary and primary inductance increases [193,208]. Hardware design methodologies have been proposed to eliminate the problem of cross-coupling. These include the addition of series resonant C/LCs [209,210,211,212,213], non-resonant leakage inductors [193,205,206] or blocking capacitors [214], special magnetic circuit designs that ensure low mutual coupling [215,216,217,218,219,220], and the use of Diode Bridge or Semiactive Bridge Rectifiers on the secondary side [184,208,221]. Current-fed MABs [222] may also have decoupled power flow.




4.3. Multiport SST Control


The control of the SST consists of multiple control loops that are designed based on the function they must implement. Typically, the main control loops are the fast current loop and the slow voltage loop that are complemented by specifically tailored additional loops to add functionality based on the working mode of the SST at a given point. The multiport SST control contains specific loops in order to make the multiple converters in each port interact with each other over the main power port or DC link or other type of main structure present [37,175,223]. Given the interfacing of multiple AC systems, SSTs must have grid synchronization capabilities. To synchronize with the grid, the SST must first be able to accurately measure the grid voltage without distortion [224] and then utilize appropriate control algorithms like voltage control mode or power/current control mode [39]. The control algorithms use pulse-width modulation (PWM) methods like the space vector PWM (SVPWM) [178] to generate the required voltage or current at the input or output of the SST. The use of semiconductor devices like SiC MOSFETs and IGBTs in the converters generate a distortion of the output voltage or current due to the dead-time and on-state voltage drops. The closed-loop configuration of the SST compensates for most of the distortions; however, the use of additional low-level control techniques that identify and compensate for the nonlinearity of the converter at the PWM level [225] increases the performance of the SST.



The multiport implementation of the SST requires several additional control loops or control schemes compared to standalone SSTs [39,180,183,188]:




	
Power cross-coupling control to damp the power flow oscillations between the MAB converters [193,194,195].



	
A general control framework implemented in the master controller or converter that communicates with all the ports and ensures a soft startup scheme with power balance between cells and ports [19,36,37,39,193].



	
Fault monitoring and mitigation control for situations like DC port short-circuit fault or large transient events [37,119,226].



	
Transition control for changing of operation modes like a change in main power port or a change in control from grid forming (voltage control mode) to grid following (power/current control mode) [37,57,210].



	
Ensuring the whole system stability for varying loads and transients [227,228,229,230,231,232].










5. Overview of Modularity


In the past three sections, the modularity of the SST was examined from different perspectives, from a converter construction point of view (the various switching cells), the arrangement of the converters, the connection of the phases, and the placement of the ports. Figure 13 showcases a summary of the various constructive elements of the SST, integrating essential elements from both the first and second part of the review. To highlight the difference between modular and non-modular implementations for each of the three degrees of freedom, based on the information presented in this paper, the elements were color-coded. Green means that the element/configuration/structure is modular whereas red is non-modular, orange was used to signify areas that could be either depending on implementation or to represent a hybrid modular approach. Blocks that were not colored were considered to not impact the modularity of the structure. For example, the arrangement of the ports could be used to allow a modular implementation of the port configuration’s degree of freedom, depending on whether a single port (non-modular) or multiport (modular) arrangement was chosen. Flying-capacitor switching cells were color-coded orange because their modularity/scalability is debatable. The number of stages is irrelevant as structures used in all three variations could be modular or not.



Starting with the SST block, two different partitions of characteristics are presented:




	
The partition in Figure 13 focuses on the available elements during the realization of the SST. Four areas of interest were identified across the two-part review: stages (of conversion) (in Part I), port (configurations), phase (modularity) and converter (structures).




	1.

	
Stages (of conversion), ranging from one to three, determine the functionalities that the converters must cover and the available topologies, with a detailed analysis presented in Part I.




	2.

	
Port (configurations) cover the arrangement of the ports, covering single-port (non-modular) and multiport (modular) implementations; their hierarchy: main ports (modularity depends on implementation) or intermediary ports (modular); as well as their purpose: input/output in case of unidirectional systems or dual purpose for bidirectional ones.




	3.

	
Phase (modularity) relates to the partition of phases across converters and the transformer, and the choice whether to separate them or not (modular vs. non-modular approach).




	4.

	
Converter (structures) have been presented using two characteristics: the switching cells and the arrangement of modules. Switching cells can be non-modular (2L, NPC), or modular (cascaded Half/Full Bridges), the distinction between the two categories being the scalability of the switching cell to multiple voltage levels. Modular Multilevel Converters are an extension of the concept. The arrangement of the converters covers the use of one (non-modular) or multiple (modular) converters. In the case of multiple converter cells, they can be arranged in different configurations at their inputs and outputs.









	
The partition in Figure 14 focuses on a top-down analysis of the relationship between design stages. In this context the SST can be defined by the context of its application, the control methods and the three proposed degrees of freedom.




	
The application dictates the requirements of the structure, and based upon its particularities, different design choices can be made utilizing the available degrees of freedom to optimize performance.



	
Control of the SST represents the control algorithms and modulation techniques used at both the system level and across the individual converters. Available control methods impact the degrees of freedom, but also based on the chosen implementation, the control system must be adapted.



	
Degrees of freedom represent the ways in which a system can be adapted to suit a given application. The three identified degrees were analyzed at large throughout the review, and the use of such degrees has been quantified through the term modularity and was given one of three ratings: non-modular (no modular stages), hybrid modular (some modular stages), and fully modular (all stages are modular). The ratings are independent for each degree of freedom. Hybrid modular implementations were further classified by the common stage.













Areas of Future Research


Regarding the modular structure of the SST, several interesting directions of research are presented:




	
Whereas the fundamental, voltage-source multilevel switching cells have been incorporated into the SST’s converters, hybrid and current-fed cells have not been implemented.



	
Papers suggesting incorporating the MMC structure into other rectifier topologies, such as the VIENNA rectifier, have promising results but physical implementation is needed to validate them.



	
Incorporating the isolation stage into the submodules has been suggested as an effective way to reduce costs and volume in high-power applications.



	
Q2L modulation seems fitting for high-power single- and two-stage SSTs, particularly for the isolated converter, as it does not limit the frequency of the signal passing through the MFT.



	
Regarding cascaded multicell structures, hybrid arrangements of SMs could see further research.



	
In phase-modular systems, novel ways have been proposed to increase redundancy and balance the phases; these directions of research are of note.



	
Novel port configurations such as series-connected outputs and matrix inputs show the most potential for further study as they allow scalability and redundancy.



	
Among all three categories of modularity, the Multi-Active Bridge configuration has been proposed, and its many benefits have been presented from multiple perspectives, but the difficulty of decoupling power flow across the bridges combined with the difficult transformer design hold it back and require further analysis to streamline its design.










6. Conclusions


The presented review showcased past and current trends of SST structures, with an emphasis on their construction at the system level. To do such an analysis, three categories were defined: converter structure modularity, phase modularity, and port modularity. These categories allowed us to analyze the modularity of the structure, establishing how the converters were interconnected to increase different capabilities of the SST, such as power rating, voltage control, interfacing of multiple consumers, increase in redundancy, power density, and efficiency. For converter structures, different switching cells and arrangements of converters were analyzed. In contrast, phase modularity discussed how the different phases of the SST interacted with each other, and port modularity showcased the different ways in which the SST interacted with external structures, be they consumers or sources. Each modular characteristic was further divided into non-modular, fully modular and hybrid modular. When dealing with hybrid modular structures, the energy storage links were considered points of interconnection. These links were the medium/high-voltage DC link, the low-voltage DC link and the magnetic link or high-frequency link. As the amount of research on SSTs is comprehensive, a two-part review was considered necessary, this being the second part.
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Figure 1. The fundamental Solid-State Transformer structure covered in the two-part review, classified by stages of conversion and modularity. 
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Figure 2. The fundamental (a) 2L, (b) Neutral-Point-Clamped, (c) Active NPC, (d) T-type, (e) flying capacitor, (f) Cascaded Half-Bridge, and (g) Cascaded Full-Bridge switching cells. 
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Figure 3. The three-phase (a) MMC, (b) hybrid MMC, (c) isolated SM MMC structures, their non-isolated (d) Half-Bridge, (e) Full-Bridge, and isolated (f) current-fed, and (g) matrix submodules (SMs). 
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Figure 4. The various applications of the MMC in SST applications: (a) rectifier, (b) rectifier with cascaded isolation stage, (c) isolated converter. 
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Figure 5. Flowchart of submodule count optimization in two stages, with a step-by-step representation of the mathematical modeling of the system and iterative cell count optimization process. 
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Figure 6. The four converter configurations, (a) ISOS, (b) IPOS, (c) ISOP, (d) IPOP, depending on I/O stresses, with series connections handling high voltage and parallel connections high current. 
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Figure 7. The novel (a) input parallel–output parallel–series (IPOP-S) configuration for high-current and variable-output-voltage applications, and (b) input series–output series–parallel (ISOS-P) configuration for high-voltage and increased-redundancy applications. 
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Figure 8. The ISOP (a) asymmetrical, (b) symmetrical multicell SST Multi-Active Bridge (MAB) structure as well as (c) the equivalent model of (a) with cross-coupling and resulting circulating power flow between the primary active bridges (1, 2, 3), and the secondary active bridge (4), through the equivalent inductances (  L 12  ,   L 23  ,   L 31  ,   L 34  ,   L 14  ). 
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Figure 9. The structure of the (a) non-phase-modular and (b) fully phase-modular arrangements of the SST. 






Figure 9. The structure of the (a) non-phase-modular and (b) fully phase-modular arrangements of the SST.



[image: Technologies 13 00050 g009]







[image: Technologies 13 00050 g010] 





Figure 10. Common-phase isolation stage configuration using (a) a common magnetic core and (b) series-connected windings. 
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Figure 11. The hybrid phase-modular common LVDC link three-stage SST. 
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Figure 12. Multiport capabilities of the Solid-State Transformer, depicting a magnetic and LVDC link for interconnection of various consumers, sources, and storage elements. 
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Figure 13. Overview of the Solid-State Transformer structure and classification parameters: stages, ports, phases, and converters and a color classification of their modular characteristics (red—non-modular, orange—hybrid modular, green—modular). 
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Figure 14. Overview of the Solid-State Transformer design stages: applications, control algorithms and constructive degrees of freedom, as well as the relationship between them. 
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