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___________________________________________________________________________  

Abstract 

This paper deals with the power electronics topologies dedicated to High 

Voltage Direct Current (HVDC) DC-DC conversion. The main idea is to propose 

a classification based on their framework. Two large families have been 

investigated regarding the isolation aspect, and sub-families have been proposed 

according to circuit similarities. The set of DC-DC converters for HVDC 

applications is very large, and the list could not be exhaustive but the main 

structures are presented. An analysis of possible applications for each family is 

given.  

___________________________________________________________________________  

I.  Introduction 

The recent interest in renewable energies has encouraged the research on a new concept of 

electrical grid - the Supergrid [1–3] based on HVDC meshed grids. To be implemented, this 

new system requires the development of new technologies. One key-enabling technology is the 

high power DC-DC converter [4], [5], a topic that is increasingly gaining more attention from 

both academia and industry.  

To help with the conception of new topologies the study of the existing circuits is suggested as 

the starting point. Reviewing the literature, several topologies for DC-DC conversion in the 

HVDC field are found. Since the individual study of each topology is time consuming, an 

analysis of families or groups of circuits is more beneficial at an early research stage. However 

there is a lack of a formal classification of these circuits and only few publications summarize 

the different proposals [6].  

Therefore, the objective of this paper is to propose a classification of existing HVDC DC-DC 

converters, by grouping them in different circuit families based on common characteristics. In 

addition, the technical applications which could be targeted by each of these families are also 

identified. 

The proposed classification, is obtained by grouping the different topologies based on structural 

affinities, reflecting common advantages and disadvantages. Figure 1 shows the diagram of the 

different circuit families proposed by this study. In the following sections each category is 

briefly described, starting with the isolated topologies in Section II, continuing with the non-

isolated topologies in Section III. Finally, in Section IV a brief analysis of the possible 

applications of each family is given. 
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Figure 1 – Proposed Classification for DC-DC converters in HVDC 

II.  Isolated Topologies 

As a first classification criteria, the isolation between DC ports is considered. Within the 

isolated families it is clear that almost all proposed circuits in the literature are based on 

different versions of the “Dual Active Bridge (DAB)” [7], that can be sub-categorized in “Two 

level High Voltage DAB”, “Cascaded Multi-Converter DAB” and “Modular Multilevel DAB”. 

All of them are based on a DC-AC-DC conversion scheme. The few circuits that do not enter 

in these categories are grouped as “Other isolated topologies”.  

1. Two Level High Voltage DAB 

In this topology the individual switches of the DAB are replaced by series connected 

transistors [6], [8]. The converter standard operation is based on phase shift modulation, at fixed 

duty cycle. With this modulation scheme, high harmonic content is presented on the AC link 

causing reactive power losses, to solve that issue modified modulation schemes can be used [6] 

but the main working principle of the converter remains the same.  

Despite its apparent simplicity, this topology presents several drawbacks for its implementation 

as solution for HVDC. Since the converter is a two-level structure, high dv/dt is imposed to the 

transformer limiting the operation range to low power-medium voltage applications [6]. 

Additionally, complex strategies as snubbers and/or complex gate drivers are needed in order 

to do a dynamic and static voltage balancing [9] on the transistor valves. 

 

Figure 2 – Two Level High Voltage DAB [6]  

2. Cascaded Multi-Converter DAB 

Using low-voltage, low-power DAB converters as elementary block it is possible to create an 

HV structure arranging their input and output terminals in parallel or series [10], [11]. This 

approach avoids the need for series connected transistors because each elementary converter 

can be built with individual high power-high voltage devices. In addition, it reduces the 
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complexity of the design because each elementary converter handles only a part of the total 

power. 

The association of converters could be done in different ways [12], [13]. Connecting the 

terminals in parallel allows to distribute the main current into each elementary converter, the 

voltage if series connection. The first configuration is advantageous when high currents are 

required and the second one for high voltages. Combinations of these arrangements can be done 

in order to fit the requirements of different HVDC applications [14–16].  

For the operation of the structure, each elementary converter is controlled in the classic way of 

a DAB, and the voltage and current sharing must be assured. [12], [13], [17].  

 
(a) Input-Series 

  Output-Series                

 
(b) Input-Parallel 

  Output-Series                

 
(c) Input-Series 

  Output-Parallel                

  
(d) Input- Parallel 

  Output- Parallel                 

Figure 3 – Possible converter associations of the cascaded Multi-converter [12], [13]  

The main advantage of the Cascaded Multi-converter structure is the modularity, scalability 

and the natural parallelization of inputs and serialization of outputs (IPOS scheme) that allows 

to obtain high step ratios at high powers. The main challenge of this converter family to be 

solved in order to be suitable for HVDC applications is the insulation requirements of the 

transformer and additional mechanical equipment in each elementary converter, potentially 

limiting its voltage capability to the medium range. However, some promising results for 

solving this problem have been recently reported [18].  

3. Modular Multilevel DAB 

This family is based on the Modular Multilevel Converter (MMC) [19], typically used as 

AC- DC structure. To obtain a Modular Multilevel DAB (MMC-DAB), two MMCs are 

connected through a transformer in a Front to Front (F2F) configuration [20].  

The working principle is to generate an AC voltage on the transformer inserting or bypassing 

SMs. Then, controlling the phase shift between both MMCs, the power transfer is achieved. 

Because the AC link is internal to the converter, its parameters can be freely chosen. Using 

trapezoidal modulation instead of sinusoidal could contribute to reduce the size of the SM 

capacitors [21] or even to do voltage stepping without using necessarily the voltage 

transformation ratio of the transformer [22]. Medium frequency is possible but a tradeoff 

between the size reduction of passives, and switching losses is needed [23].  

As the Classical F2F-MMC requires two full rated MMCs, its size and initial cost is 

considerable. Then, Hybrid F2F-MMC and Reduced F2F-MMC versions propose alternatives 

to get round these short-comings.            

In the Hybrid F2F-MMC versions [24–28] some SMs are replaced by series connected 

transistor valves, combining the advantages of the MMC and the two-level VSCs [29]. The 

MMC SMs act as wave-shapers and the valves control the current paths. 

Thanks to the wave-shaping feature, soft switching of the valves can be guaranteed as well as 

a controlled dv/dt on the transformer. The capability of controlling the current paths is useful 

to prevent the conduction of two converter legs at the same time, potentially decreasing losses. 
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Because this operation is different to the classical MMC, each hybrid topology implements its 

own control and balancing methods. [24–28]. 

In the Reduced F2F-MMC the size of the converter is further reduced using only one arm per 

leg [30].The working principle of this topology is similar to the Classical F2F-MMC but in this 

case the DC current component is also flowing into the transformer, requiring an special 

transformer design.   

 
(a) Classical F2F-MMC [20] 

 
(b) Some Hybrid F2F-MMCs: the AAC [27] and the 

TAMC [26] 

 
(c) Reduced F2F-MMC [30] 

 

Figure 4 – Modular Multilevel DABs 

All the Modular Multilevel DAB topologies, present the advantages of the MMC: high 

modularity, reliability and availability. Their scalability makes them suitable for high voltage 

and high power applications at modest step transformation ratios. Additionally, the SMs and 

semiconductor valves have a high level of technological maturity. However the need of two full 

rated MMCs, even in the hybrid or reduced proposals, makes them a very costly solution.  

4. Other Isolated topologies 

Different to the DAB approaches there are few proposals [31], [32]. The circuit proposed in [31] 

is a modular isolated structure based on an arrangement of coupled inductors. This topology is 

suitable for high step-up voltage ratios and is easily scalable in power and voltage. However 

the high insulation requirements of the coupled inductors is a challenge for the design. 

In [32] some other isolated DC-DC topologies are briefly mentioned. They are based on the 

classic low voltage flyback and forward structures adapted to high voltage using voltage 

clamping mechanisms. The complex design of the flyback/forward transformer potentially 

limits these topologies to low power applications.   

III.  Non-Isolated Topologies 

The range of non-isolated topologies is larger than in the isolated case. As a first classification 

criteria, the presence of a transformer in the circuit is taken into account. Then two families are 

obtained: the “DC Autotransformer” converters and the “Transformerless” converters. The 

second family could be divided as well in: “Resonant topologies”, based in resonant tanks, and 
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“DC Modular Multilevel” based in the MMC without using a transformer. Some other circuits 

that do not fit in these categories, are classified in “Other Non Isolated topologies”. 

1. DC Autotransformer 

The HVDC DC Autotransformer structures [33], [34] are based on two high voltage DC-AC, 

AC-DC conversion systems connected in series on the DC ports and interconnected through an 

AC transformer on the AC side. The implementation of these structures could be done with the 

existing HVDC technology: using VSCs (two-level, three-level or MMC), VSC-LCC or VSC-

diode rectifier. The topology could be extended to multiport DC-DC conversion schemes [35]. 

 

(a) DC-Autotransformer Concept [33], [34] 

 

(b) Multiport DC-Autotransformer [35] 

Figure 5 – DC-Autotransformer 

This arrangement differs from those of the DAB family because in this case only a fraction of 

the power is passing through the AC link and not the whole power. This feature contributes to 

decrease the rating of the transformer and the power losses. The rating of the individual inverter 

and rectifier is decreased as well because the higher DC voltage is shared between the two 

converters. However these advantages are gradually lost when the voltage transformation ratio 

increases [36–38], then this structure is most suitable for low and medium transformation ratios. 

2. Resonant Topologies 

These structures achieve the power transfer using resonant LC tanks. The idea is to use the 

resonance as a step-up mechanism guaranteeing at the same time soft switching.  The resonant 

converters for HVDC can be classified into two sub-families: the “Single Stage Resonant 

Converters” and the “Multiple Stage Resonant Converters”. In the first one, only a central 

resonant tank is used. For the second one, the resonant elements are implemented as several 

low power tanks that are sequentially activated.   

2.1 Single-stage Resonant Converters 

In the “Single-stage Resonant Converters”, [39–42] the main resonant tank is connected 

directly to the input and output converter DC terminals in a switched way using series connected 

semiconductor devices [39], [41], [42] or using SMs [40]. 

The topologies in [41], [42] propose a LCL T network as the resonant element. The circuits in 

[40] a main inductor and distributed capacitors on a thyristor based SM string. The converter 

in [39] a LC parallel tank followed by a voltage doubler.  

All the Single-stage Resonant Converters were proposed for high transformation ratios, but 

because the parallelization of inputs is no straightforward, they could be limited to the medium 

power range at medium step ratios. Because only a central resonant tank is used, its design is 

challenging and exposes these passive components to very high electrical stresses. In the same 

way, because all the power passes through the resonant elements, their energy storage 

requirements could be very high.   
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(a) LCL Converters proposed in [41], [42] 

 

(b) Converters proposed in [40] 

  

(c) Parallel LC tank converter proposed in [39] 

Figure 6 – Single-stage resonant converters 

2.2 Multiple-stage Resonant Converters 

In the Multiple-stage Resonant Converters [43–47], the full rated central LC tank is replaced 

by several low power LC circuits, contributing to reduce significantly the complexity of the 

design and getting closer to a modular structure. The power is transferred sequentially from one 

tank to the other and in accumulative process it is delivered it to the HV converter terminal. 

The topologies proposed in [44], [46] are based on the Marx generator circuit. The operation is 

based on the charge of capacitors connecting them in parallel to the low voltage DC bus and 

after, connecting them in series to release the power. The circuits in [43], [47] present 

similarities with the Cockcroft Walton Generator. A low AC voltage is created from the LV 

DC terminals and the voltage is stepped up charging several capacitors. Other versions have 

been proposed in [45] where two different resonant cells are used.  

 

(a) Converter proposed in [46] 

 

(b) Simplified version of the converter 

proposed in [43] 

Figure 7 – Some Multiple-stage Resonant converters 
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All Multiple-stage Resonant Converters present a high step voltage ratio feature without 

presenting strong electrical stress over the passive resonant elements as in the case of the Single 

stage circuits. The main problem of these topologies is the unequal distribution of currents or 

voltages in all the semiconductors devices. This problem needs to be solved to obtain a fully 

modular solution based on resonant tanks. Another drawback of these structures is a bad voltage 

regulation so a second DC-DC converter is usually needed for regulation purposes. 

3. DC Modular Converters 

This family of converters intends to implement the fully modular approach of the classic HVDC 

MMC into DC-DC conversion. The different proposals of this family of converters can be 

grouped in three categories: “DC-MMC”, “Hybrids” and “Based on classical structures”.   

3.1 DC-MMC 

The so called DC-MMC converters [48–51] use arrangements of SM strings to create currents 

and voltages at different frequencies and transfer power between two superposed current 

loops [49], a DC component and an AC component of an arbitrary frequency. The AC 

component is used only for balancing purposes between the different strings, and it is kept 

inside the converter using filters [49], [50] or by control mechanisms [48], [51].  

 

(a) Converter proposed in [49] 

 

(b) Converter proposed in [50] 

  

(c) Converter proposed in [51] 

 

(d) Converter proposed in [48] 

Figure 8 – DC-MMC Converters 

The DC-MMC topologies present the advantages of modularity, high reliability and scalability. 

They could be adapted for high power and high voltage applications. The main drawbacks of 
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this family are the rating of the filters, if they are used, and the potentially high AC circulating 

currents necessary for the correct operation of the circuits. These high currents could limit the 

converter voltage transformation ratio to low or medium range. 

3.2 DC-Modular Hybrids 

In the DC-Modular Hybrid family [52], arrangements of SMs act as a variable capacitor for 

storing energy, and series connected semiconductor devices are added for directing the power 

flow. The working principle is to charge and discharge alternatively the capacitors of the SM 

strings, and to use a dead time to insert the required number of SMs according to the voltage 

level of the DC terminal to be connected. This process is achieved with soft switching of the 

semiconductor valves.  

 

Figure 9 – One of the DC-Modular Hybrid Converters proposed in [52] 

This family of converter presents an interesting solution for the DC-DC conversion issue. Its 

simplicity, modularity and scalability are its main advantages. One of the major drawbacks of 

this family, is the need of series connection of active switches. 

3.3 DC-Modular based on classical structures 

Based on the classical DC-DC choppers such as buck, boost, buck-boost, Cuk and others, some 

fully modular topologies have been proposed for DC-DC conversion in the HVDC field [53], 

[54]. The principle is to replace the switches on the original converters by SMs strings. The 

SMs are used as voltage clamping mechanisms.  

With this replacement, extended control features become available. The converter in [54], is 

controlled using interleaved PWM techniques. The topologies in [53] use the SMs for 

generating staircase step transitions for controlling the dv/dt on the inductor. Each converter 

requires different techniques for voltage balancing of the SM capacitors.  

This family presents high modularity. It is characterized by a high voltage transformation ratio 

at low power. The main drawback is the important energy requirements of the main storage 

element, an inductor for example in the case of the buck-boost topologies.  

 

(a) Based on bidirectional  

boost chopper [53], [54]  

 

(b) Based on Buck-boost chopper [53] 

 

(c) Based on Cuk Chopper [53] 

Figure 10 – Some DC-Modular Converters based on classical structures 
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4. Other Non-Isolated Topologies 

Some alternative topologies which cannot be classified under any of the previous families can 

be found in literature [55], [56]. The converter in [55] uses a cascaded arrangement of classical 

boost choppers. It presents a high-transformation ratio, but its limitations in control, the high 

electrical stresses on the switches and the lack of modularity limits its application in the HVDC 

field. 

In [56], a non-modular multilevel structure has been proposed, based on the flying capacitor. 

The proposal intends to minimize the number of controlled switches as well as their electrical 

stress. It has been proposed for high voltage transformation ratios.  

IV.  Possible Applications 

Several applications for high power DC-DC converters have been proposed in literature [57], 

[58]. Figure 11 presents the main applications, three in the HVDC field. The choice of a suitable 

topology for each case is not a straightforward task and should take into account some aspects 

such as power and voltage rating, voltage transformation ratio, losses, capital cost, isolation 

between DC ports, DC fault blocking capability and redundancy among others. For the present 

study, only the voltage and power ratings, as well as the transformation ratio are taking into 

account. These characteristics are rated as High, Medium and Low in Table I. [57] 

 

Figure 11 – Possible Applications of high power DC-DC converters [58]  

 

TABLE I – CHARACTERISTICS OF HVDC APPLICATIONS [57] 

Parameter Classification Range 

Transferred DC Power 

Low PDC < 50 MW 

Medium 50 MW < PDC < 500 MW 

High 500 MW < PDC  

Step Ratio (VHIGH/VLOW) 

Low 1 < Ratio < 1.5 

Medium 1.5 < Ratio < 5 

High 5 < Ratio 

Concerning the topologies, it is possible to associate the potential maximum rating of each 

family, taking in account their features, advantages and limitations as shown in Table II  
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TABLE II – RESUME OF THE PROPOSED DC-DC CONVERTERS CLASSIFICATION 

Converter Family 
Main 

Advantages 
Potential Challenges Voltage Power 

Transformation 

Ratio 

D
A

B
 

Two Level High 

Voltage 
-Simplicity 

- Series switches 

- High dv/dt 

- EMI 

Medium Low Low 

Cascaded Multi-

Converter 

- Modular 

- Scalable 

- Versatile  

- Insulation Medium High High 

Modular 

Multilevel 

Classical 
- Modular 

- Scalable 

- Large size and cost 

- Double Installed 

Power 

High High Low 
Hybrids 

- Modular 

- Scalable 

- Series switches 

- Balancing 

mechanisms limiting 

operation range 

- Double Installed 

Power 

Reduced 
- Modular 

- Scalable 

- DC component on 

transformer 

- Double Installed 

Power 

DC Auto Transformer 

- Modular 

- Scalable 

- Includes a 

Transformer and not 

for insulation 

High High Medium 

T
ra

n
sf

o
rm

er
le

ss
 

Resonant 

Single-

stage 

- Soft-

switching 

- Tank design 

- High electrical 

stress 

- Potential high 

energy storage 

requirements 

High Medium Medium 

Multiple-

stage 

- Soft-

switching 

- Almost 

Modular 

- Small LC 

tanks 

- Unequal 

distribution of 

currents and 

voltages 

- Low control 

capabilities 

High Low  High 

DC 

Modular 

DC-MMC 

- Modular 

- Scalable  

- Filter design (if 

needed) 

- Important AC 

circulating currents 

High High Medium 

Hybrid 

- Simplicity 

- Modular 

- Scalable 

- Series Switches 

High  High Medium 

Based on 

Classical 

structure 

- Modular - Important energy 

storage requirements 
High Low High 
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From this analysis it is observed that the trend in recent research is to go for modular designs, 

that can be easily scaled and offer higher reliability. Only two families do not follow this trend: 

the Two level high voltage DAB, and the Resonant Single-stage converters. The first one 

presents many drawbacks for a real implementation and the second one seems to be very 

challenging to be implemented as a final solution in HVDC. 

For modular approaches, the proven advantages of the DAB and the MMC topologies have 

motivated almost all the designs. Except for the Resonant Multiple-stage converters, that intend 

to be modular but there is still work to do in this direction. 

Each circuit has its own drawbacks, and in order to solve them, some ideas taken from different 

converter families could be extracted and combined. This is the case with the hybrids topologies 

for example, where combining the VSC and MMC features have created a new family of 

converters that intends to solve the problems of the Classic MMC-DAB. 

Ignoring the challenges that still remain for the implementation of each topology and based on 

the information presented in Figure 11, Table I and Table II, it is possible to associate potential 

circuit candidates for the identified HVDC applications as shown in Table III. As expected, 

there is not a unique DC-DC converter that could fit all the applications. 

TABLE III – POTENTIAL CONVERTERS FOR HVDC APPLICATIONS 

Application Characteristics Potential Converters 

HVDC TAP  

High Voltage 

Low to Medium Power 

High Step Ratio 

- Resonant: Multiple-stage 

- DC Modular: based on classical 

structures 

Offshore Windpark to 

HVDC 

Medium to High Voltage 

Medium to High Power 

Medium to High Step Ratio 

- DAB: Cascaded Multi-Converter  

- Resonant: Single-stage 

- DC-Modular: DC-MMC and 

Hybrids 

- DC-Autotransformer 

HVDC Grid 

Interconnection 

High Voltage 

Medium to High Power 

Low Step Ratio 

- DAB: Modular Multilevel 

- DC-Autotransformer 

- DC-Modular: DC-MMC and 

Hybrids 

- Resonant: Single-stage 

V.  Conclusion 

In this paper a formal classification for DC-DC Converters for HVDC applications is proposed. 

The circuits are grouped in families according to their structural similarities. The different 

families are then briefly analyzed highlighting their working principle, main advantages and 

drawbacks. To conclude, a brief analysis of their possible applications is made.  

This work has served to identify the main challenges that must be solved for each topology, and 

also their potential applications. Together with the proposed circuit classification it form a 

preliminary step towards the design of new converter topologies suitable for HVDC.  
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