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Abstract: With the rapid development of power electronics technology and its successful application,
many demonstration projects of medium/low-voltage DC (M-LVDC) distribution systems have
been constructed. The DC transformer (DCT) is the key equipment in the M-LVDC distribution
system for interconnecting the MVDC and LVDC buses. In this paper, the characteristics of DCTs are
summarized. The existing topologies of DCTs are analyzed, and the relevant control strategies are
researched, including steady-state control, transient control, and cascaded control. The engineering
application examples of DCTs are introduced by interpreting the medium and low-voltage DC
distribution system demonstration project in Wujiang City, Suzhou. Finally, the challenges faced
by the DCT are given, and the future development trend is predicted. This perspective provides a
constructive basis for DCTs and an important reference for M-LVDC distribution systems.

Keywords: medium/low-voltage DC distribution systems; DC transformers; typical structures;
control strategies; engineering application; challenges; future works

1. Introduction

As the Earth’s population grows and the economy dramatically expands, the energy
demand has increased significantly [1]. The United Nations Sustainable Development
Goals (SDGs) encourage all countries to build clean, low-carbon, safe, and efficient power
systems based on new green energy sources [2,3]. Renewable energy sources (RESs) such
as photovoltaic (PV), fuel cells (FCs), geothermal, and wind turbines have been foreseen
to replace fossil fuels, and a considerable effort is underway to make these resources cost-
competitive [4-7]. One of the most promising RES technologies is PV, which is expected
to be the future’s primary energy source and meet about 30-50% of the world’s energy
needs [8,9]. Meanwhile, there have been notable increases in direct current (DC) loads,
such as data centers, charging stations for electric vehicles (EVs), and telecommunication
equipment [10]. All types of evidence show that the power grid’s DC characteristics are
becoming more apparent.

In 1882, Edison built the first power plant in London and installed three 110 V “Giant
Han” DC generators, which can supply power for 1000 lamps [11], forming the prototype of
the DC power grid. Limited by the technical level at that time, DC power technology could
not be widely used due to its difficulties at the low-voltage level, small capacity, and other
reasons [12]. However, at the end of the 20th century, the development of semiconductor
and power electronics technology solved the problem of DC voltage transformation and DC
voltage variations in the DC grid, which promoted the fast growth of DC grids. Compared
to high-voltage alternating current (HVAC) transmission, the high-voltage DC (HVDC)
transmission is more suitable for a long-distance power supply, because its transmitted
power is fully controlled and tiny voltage drops. However, it has a higher initial investment
for HVDC transmission, because the cost of the power electronic converters in the DC
systems is very high. Considering both the losses and the initial investment, the total
cost for HVDC transmission begins to be less than that of HVAC transmission when the
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transmission length exceeds a break even distance or operation time exceeds a break even
duration [13]. Therefore, HVAC transmission has been gradually replaced by HVDC
transmission. However, the DC grid is still not economical for a short power supply length
and low DC load rate [14]. In the early years, the DC distribution system was not widely
used due to the high proportion of alternating current (AC) load, the lack of high-frequency
equipment, the immature control and protection system of the DC/DC converter, etc. [10].
In recent years, in power distribution systems, with the fast development of RESs, energy
storage systems (ESSs), and DC loads, the DC distribution system has attracted more
and more attention. Compared with the AC power distribution system, the DC power
distribution system features more significant advantages in many aspects, such as a larger
power supply capacity, larger power supply radius, better power quality, no reactive
power compensation problem, and saving corridor resources [10,15,16], which enable a
greater penetration of RESs, ESSs, and higher operation efficiency by reducing the AC/DC
conversion stages [16], etc. DC distribution technology has become vital to achieving the
large-scale convergence of renewable energy, highly reliable intelligent power distribution,
green and low-carbon building construction, etc. [10], and it is attracting more and more
attention for future grid architecture.

In the early years, most studies on DC distribution systems focused on low-voltage
DC (LVDC) bus microgrids [17-19]. However, in recent years, with the rapid development
of power electronics technology and its successful application, the DC power distribution
technology in the medium-voltage DC (MVDC) field has become increasingly mature [20].
Nowadays, many demonstration projects of medium/low-voltage DC (M-LVDC) distri-
bution systems have been constructed [21,22]; one typical example was built in Suzhou,
China, as shown in Figure 1, and consisted of a MVDC bus and a LVDC bus. The key
equipment in a DC distribution system is the DC transformer (DCT), and several DCTs
were installed to interconnect the MVDC bus and LVDC bus [23].
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Figure 1. Structure of a M-LVDC distribution system.

The DCTs are constructed based on DC-DC converters, which have a long history
of use in low-voltage applications. Different kinds of DC-DC converters have been re-
searched [5,6,24-26] and have been implemented in DC microgrids for accessing loads,
ESSs, and RESs [27]. However, none of these converters can serve as permanent interfaces
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between the MVDC bus and the LVDC bus, and they cannot meet the application require-
ments of DCTs in flexible M-LVDC distribution systems [17], such as a high conversion gain,
high power ratings, high-voltage application [5,28], etc. DCTs combine power electronic
converters and high-frequency transformers and can convert one type of DC electricity into
another via power electronic circuits [4,23,29,30]. Compared with traditional line frequency
AC transformers, the DCT is required to achieve high-gain control of the terminal voltages
and current, as well as full-range bidirectional control of the power flow, while providing
galvanic isolation [30,31]. In addition, due to the fault ride-through (FRT) requirement of
M-LVDC distribution, the DCT should have the function of output current limiting and
fast fault isolation [5].

This paper summarizes and analyzes the research status of DCT in DC distribution
systems and introduces the basic features of DCTs. The DCT topology is classified ac-
cording to the application scenarios, and the core problems faced by different DCTs are
comprehensively analyzed, such as control targets and FRT requirements. The control
strategies of the DCT in transient and steady-state operations are thoroughly researched,
and the control schemes for the cascaded DCT are fully considered. The engineering appli-
cation examples of DCT are introduced by interpreting the demonstration project. Finally,
the developing challenges of DCT are discussed, and the development trend of DCT is
proposed. In the rest of this paper, the technical requirements and features of the DCTs in
M-LVDC distribution systems are summarized in Section 2, the typical structures for DCTs
are demonstrated in Section 3, the control strategies for DCTs are introduced in Section 4,
the engineering applications of DCTs are given in Section 5, the developing trends of DCTs
are discussed in Section 6, and finally, the conclusions are drawn in Section 7.

2. Features of DCTs in M-LVDC Distribution Systems

DCTs play essential roles in M-LVDC distribution systems. This section provides a
summary of the features that DCTs should have.

2.1. High Dynamic Performance and Bidirectional Power Flow

In DC distribution systems, the RESs, ESSs, and DC loads, such as EV charging piles,
need to exchange energies with each other quickly. Furthermore, the stability of the DC
bus needs to be guaranteed. Thus, a fast dynamic response is a basic requirement for DCTs.
The dynamic performance of DCTs directly affects the power supply reliability and voltage
quality of the distribution system, which depends on the control method of the DCTs.
Multi-loop control strategies are more effective in improving the dynamic performance of
DCTs than single-loop ones. The outer voltage loop is normally used to produce the current
reference for the inner current loop, whereas the inner current loop is designed to meet
the requirement of a fast dynamic response of the converter’s transmission power [32]. In
addition to this, sliding mode control, dynamic evolution control, model predictive control,
fuzzy control, and boundary control can also lead to a high dynamic performance [6].
Moreover, direct power control is a practical and effective control method to improve
the dynamic response of DCTs [33], enabling decoupling between the power and actual
control variable, and it can cooperate with the control strategies mentioned above to further
improve the fast dynamic response of the DCT.

Fast switching between a forward and backward power flow is necessary for DCTs [34].
From the perspective of normal operations, on the one hand, DCTs should operate in the
forward direction—that is, from the MVDC bus to the LVDC bus—to provide power
support; on the other hand, DCTs should have a backward operating capability to access
ESSs for the DC grids. From the perspective of a fault situation, DCTs with the bidirectional
power flow feature are appreciated as an excellent solution to compensate for faults in
MVDC or LVDC buses [5], which makes it possible to bypass the faulted unit when the
rest of the system operates normally, providing high reliability. When external faults occur,
such as the DC bus short-circuiting, DCTs with a bidirectional power flow enable rapid
electrical disconnection between the MVDC and LVDC buses [35].
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2.2. High-Frequency Isolation

Galvanic isolation is necessary to provide safety and flexibility for DCTs [36]. From
the perspective of normal operations, isolation can reduce the voltage ratings and the
losses of power semiconductor devices on the low-voltage side and achieve a high voltage
conversion ratio [6]. From the perspective of faulty situations, isolation can isolate faults in
MVDC or LVDC terminals from each other, particularly in applications with a high voltage
ratio [5]. More importantly, isolation permits the construction of DCTs by series and parallel
connections of power conversion modules. In addition, in multi-input or multi-output
DCTs, isolated terminals can isolate faults caused by possible short-circuiting in the source
and load branches. Isolated structures can also provide different grounding platforms in
DC network interconnections.

Typically, isolation is achieved by DC-AC-DC conversion, which consists of two
power stages of AC-DC conversion. Between these two stages, high-frequency AC trans-
formers can be used [37]. Most converters utilizing transformers can be categorized as dual
active bridges (DAB) due to the similarities of the DC-AC and AC-DC stages, regardless
of the bridge types [5,17]. To achieve high-speed regulation, high-frequency isolation is
preferred to medium-frequency isolation. However, it is a huge challenge to produce
high-frequency AC transformers for power ratings larger than 100 kW, because the loss of
the magnetic core of the AC transformer is very high [38].

2.3. High Voltage Gain and High Power Ratings

The voltage levels of the DC buses that the DCT connects determine the voltage gain
that the DCT should provide. For example, in the DC distribution system project in Suzhou,
China, the voltage level of the MVDC is 10 kV, and the voltage level of the LVDC is 750 V;
the DCTs are then expected to have the capability of converting 10 kV into 750 V. The power
rating of the DCT is normally more than 1 MW [39].

The voltage gain of the DCT can be achieved by adopting a transformer with a high
turn ratio. However, a cascaded structure through series and parallel connections of two or
more converter modules is a more practical and effective way to achieve a high voltage
gain and power rating [40].

In conclusion, the dynamic performance of DCTs directly affects the power supply reli-
ability and voltage quality of the distribution system; thus, making a fast dynamic response
is an essential requirement for DCTs. The diversity of application scenarios requires that
DCTs have bidirectional power capability. High-frequency isolation is necessary for DCTs
to ensure safety and flexibility, which is the basis of normal operations and fault isolation.
Since there are also many different voltage levels in the DC distribution network, the DCTs
should have a high-voltage conversion ratio and high-power level. These characteristics
and requirements of DCTs are related to the topology and control method of DCTs, which
will be given below.

3. Typical Topologies of DCTs in M-LVDC Distribution Systems

How to construct a DCT topology with excellent performance has become a research
hotspot in recent years [23]. This section gives a brief introduction of the typical topologies
of DCTs for M-LVDC distribution systems, which can be divided into three categories:

(1) Input-Series-Output-Parallel (ISOP) structure;
(2) Modular Multi-level Converter (MMC);
(3) Hybrid structure.

Figure 2 shows the structures of ISOP, a front-to-front MMC (F2F-MMC), and a typical
hybrid structure based on MMC and full-bridge (MMEFEB).
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Figure 2. Typical topologies of DCTs: (a) ISOP, (b) F2F-MMC, and (c) MMFB.

3.1. ISOP Topology

From the perspective of power conversion, the ISOP-DCT requires both a high-voltage
bus and large power transmission capacity with the help of modularization [23,41]; thus,
the requirements of high voltage gain and high power ratings can be satisfied.

From the perspective of power devices, the ISOP-DCT overcomes the shortcomings
of the high-voltage stress of power switches; thus, high-frequency and low-voltage rating
switches can be applied to improve the power density and dynamic response speed of
DCTs [42]. From the perspective of design and production, the ISOP-DCT facilitates
the desired levels of redundancy; moreover, modules of the same type can shorten the
period of development and reduce costs [43]. The high-frequency isolation transformer
in each submodule (SM) can significantly improve the dynamic performance. However,
they should withstand medium-voltage terminal voltage stress while transmitting merely
partial power of the DCT, which substantially increases the cost and volume [23].

Two promising converters that can be used for modules of cascaded structure DCTs
are the dual active bridge (DAB) and dual bridge series resonant converter (DBSRC). By
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far, the DAB is a more mature converter than the DBSRC, because the transient process of
the DBSRC is complex and hard to control [44]. Now, multi-level and multi-phase DAB
converters are emerging that can further improve the voltage level and power density of
ISOP-DCTs but are still in the development stage.

One challenge for ISOP-DCTs is that the concentrated DC capacitor on the terminals
makes it difficult to achieve fault ride-through (FRT) [45,46], and an additional DC breaker
is required to block the fault overcurrent. It was revealed in [47] that, in a breaker-less
shipboard MVDC system, the ISOP-DCT can also achieve fault current control, even though
the DC capacitors of the ISOP-DCT are discharged to the DC grid under fault conditions.
However, this characteristic needs to be reinvestigated in M-LVDC distribution systems.
Reference [35] proposed a FRT method for a single DAB converter, indicating that the
internal and external fault currents can be eliminated in one control period by blocking the
switching signals and then restarting the circuit to provide the fault criterion current to the
fault branch. The simulation results are given in Figure 3, which can also be implemented
in the ISOP-DCT.
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Figure 3. Simulation results of the FRT proposed in [35].

3.2. MMC Topology

The MMC uses SMs to replace switches in a single converter, which improves the
voltage gain and power ratings of DCTs greatly. In addition to this, it can utilize a lumped
transformer, which has the advantage of isolation. The arrangements of SMs in one stack
can combine the reliability advantages of the modular design with the benefits of a high
effective switching frequency [48].

FRT capability is a major challenge against the widespread adoption of MMCs in
distribution projects [49]. Traditional FRT methods for the existing MMC-HVDC projects
rely on AC circuit breakers [50] or DC circuit breakers [51]. However, the mechanical AC
circuit breaker has a long response time, and the system faces great risks before the fault is
cleared. DC circuit breakers that cooperate with fault current limiters could clear and isolate
DC faults more efficiently and quickly [51]. However, due to the high cost, DC circuit
breakers are not widely used. In addition, the FRT methods relying on breakers may lead
to a long duration interruption [52]. Therefore, they are not preferable for nonpermanent
DC short circuit faults. The potential technical FRT solution for MMC is utilizing the MMC
system submodules to block the DC side fault, which has fast response characteristics.

Due to the single-directional conduction characteristic of the diode in the half-bridge
structure, the traditional half-bridge submodule (HBSM)-based MMC (HB-MMC) cannot
clear a fault current by blocking switching devices in the case of DC short circuit faults.
Therefore, several MMC submodule topologies with fault current limitation capability have
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been proposed in recent years, such as the full-bridge submodule (FBSM) topology and
clamped double submodule (CDSM) topology [50]. These submodule topologies allow the
MMC to cut off the fault current flowing path by inserting a back EMF into the fault circuit
and isolating the fault point or fault line without expensive DC circuit breakers. However,
a significant penalty in terms of additional hardware cost and power losses is involved in
expanding the submodule topologies. For example, the CDSM topology could imply a 35%
increase in losses compared to the conventional HBSM configuration.

In general, the MMC has been widely used in HVDC flexible transmission to intercon-
nect MVDC distribution grids and HVDC transmission grids [34]. However, compared to
ISOP-DCTs, when it comes to M-LVDC distribution systems, the control complexity and
high cost limit the application of MMC-DCTs [45]. Medium-frequency technology for the
MMC has a long way to go for industrialization; meanwhile, the large volume of the MMC
decreases the power density.

3.3. Hybrid Topology

The hybrid topology can combine the advantages of different topologies, such as the
MMEFB structure proposed in [53]. There is a single-phase MMC inverter on the MVDC side
and, hence, inherent in the advantages of MMC. On the LVDC side, MMFB replaced the
MMC bridge with a full bridge, decreasing the number of switches. The MMFB has a low
circulating current and a high-power factor. It can be used as the DC circuit breaker to cut
off the connection with the MVDC side when a short circuit fault occurs in the distribution
system. A redundancy design can be implemented to improve reliability in the case of
partial module failure [53]. However, the switching performance of MMFB becomes terrible,
and the loss increases when the MVDC voltage fluctuates [54]. The voltage conversion
ability of MMFB can be improved by quasi-square wave modulation [45], which decreases
the voltage stress of the switches.

In conclusion, the comparisons of the DCT topologies are listed in Table 1. The ISOP-
DCT structure meets the requirements of a high-power rating, high voltage gain, fast
dynamic response, high-frequency isolation, and bidirectional power flow, which is an
excellent solution to DCT. The performance of ISOP-DCT can be further improved by
developing multi-level and multi-phase DAB submodules. However, the FRT capability is
still an urgent problem for ISOP-DCT due to the concentrated DC capacitor on the terminals.
The MMC structure is superior in high voltage gain and high-rated power, and its FRT
technology is more mature than ISOP-DCT, but it still has a long way to go. However,
the cost, volume, power density, and medium and high-frequency technology limit the
application of MMC in DC distribution. By reasonably combining the advantages of ISOP
and MMC, it is also an attractive scheme to implement DCT with a hybrid topology.

Table 1. Comparison of the DCT topologies.

Topologies Features

(1) High-power rating and high voltage gain.

(2)  Fast dynamic response.

(3) High-frequency isolation and bidirectional power flow.
Isop (4)  Access to various DC converters easily.

(5) High risk after short circuit fault.

(6) Immature in FRT.

(1) High-power rating and high voltage gain.
(2)  Good fault isolation capability.

MMC (3) Complexity in controlling and high cost.
(4) Immature transformer technology.

Hybrid Topology Combination of the above advantages and disadvantages.
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4. Control Strategies

The DCT control strategies can be divided into steady-state control strategies and
transient control strategies, and in recent years, control strategies for cascaded DCT systems
have been put forward [55]. The steady-state control strategy mainly aims at improving
the operational efficiency of the DCT, while the transient control strategy is mainly used
to ensure stable operation of the DCT under multiple working conditions and modes,
including soft start, step change in the transmission power, and other situations. Both
steady-state control and transient control aim to improve the performance of the individual
DCT, and cascaded-system control strategies aim at dealing with the interaction problems
between the DCTs and external circuits. This paper focuses on the control strategies of
ISOP-DCTs.

4.1. Steady-State Control Strategy

One critical challenge for the steady-state control of ISOP-DCTs is to ensure voltage
sharing at the series ports and current sharing at the parallel ports among the constituent
modules while achieving a good dynamic performance in terms of output voltage regula-
tion (OVR) [56]. For an ISOP-DCT, once input voltage sharing (IVS) among the modules
is achieved, output current sharing (OCS) is achieved nearly automatically. There are
several kinds of control strategies for IVS/OCS in an ISOP-DCT, which can be divided into
decentralized control strategies and master—slave control strategies [57].

Master—slave control strategies can obtain good characteristics by adding specific
sharing regulators for each module, such as an IVS controller based on the input voltages
of modules or an OCS controller based on the output currents of modules [37]. However,
it was revealed that the ISOP is unstable with the OCS control only, whereas it is stable
with IVS control [58,59]. Therefore, OVR-IVS control is a widely used strategy for the
ISOP-DCT, but the coupling between the OVR controller and IVS controller should be
considered. A typical control structure is shown in Figure 4, where, for an ISOP-DCT
consisting of N modules, decoupling can be achieved by adopting N-1 IVS controllers and
one OVR controller. For modules No. 1 to No. N-1, the control signal is the output of
the OVR controller minus the output of its IVS controller. For module No. N, the control
signal is derived from the sum of the outputs of the N-1 IVS controllers and the output of
the OVR controller. To improve the dynamic speed, the OCS controller can be imported
into the OVR-IVS control; therefore, OVR-IVS-OCS triple-loop control is also a good
solution [32]. However, with an increase in the number of modules, the complexity of the
master—slave control is increased, and the reliability of the system is decreased [58]. For
example, the ISOP system will collapse if the common OVR controller goes wrong. To deal
with this problem, a decentralized form is more popular in situations with a high number
of modules.

IVS Controller " IVS Controller /OGS Controller
Vin_1 Vin_1 l‘u,l

Vuvg I < G _ Control signals SM;i in VWS + Guin I*% Go — Control signals SMi in

< 1SOP pe 1SOP
“< N Control signals | SMx-1 in Controlsignals | SM-1 in
% ISOP X 1SOP

\+
Control signal SMx in
1SOP

SMx in
1SOP

Gvo

(a) (b)

Figure 4. The master—slave control strategies for ISOP: (a) OVR-IVS control block and (b) OVR-IVS-
OCS control block.
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The decentralized OVR-IVS control is an updated version of the master—slave OVR-
IVS control, where each module has their own OVR controller and IVS controller, and
the outputs of all OVR controllers are compared by a diode to ensure that only the OVR
with the highest output signal is active at any time, as shown in Figure 5. The distributed

modular OVR-IVS control has the following advantages [56]:

(1) All modules are self-contained and standardized;
(2) Ease of expanding the power capacity;

(3) High redundancy.

|
I IVS
‘

! Controller

| OovR |

| Controller Vors + Gvo : %
i Vin N |

1 IVS % = ]

! Controller Y%+ < > |
i X |
i/ Vo |

1 OVR e |

| Controller Vors + Gvo : }

Control signals

Control signals SMnx in

SM in
ISOP

ISOP

Figure 5. Decentralized control block of the OVR-IVS control.

Other decentralized control strategies, such as input voltage droop control and output
current inverse droop control, which are realized by programming a positive/negative
input impedance, also have the advantages of no control interconnections between modules
and simple structures. However, there is a tradeoff between IVS/OCS and OVR perfor-
mance in droop control [56,60]; that is, the better the IVS or OCS performance, the worse

the OVR performance.

Allin all, a comparison of the ISOP control strategies is given in Table 2.

Table 2. Comparison of the ISOP control strategies.

Methods

Features

OVR-IVS control

OVR-IVS-OCS control

Decentralized OVR-IVS control

Droop control

Design OVR and IVS controller independently.
Require high-voltage isolation voltage sensors.

Fast dynamic response.

Require high-voltage isolation voltage sensor and
current sensors.

Difficult to implement with the increase in
module amounts.

All modules are self-contained and standardized.
Ease of expanding the power capacity.

High redundancy.

High cost for ISOP with small module amounts.

High reliability.
Degraded output voltage regulation.
Tradeoff between IVS/OCS and OVR.
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Studies on the efficiency optimization of DCTs mainly focus on DAB converters. There
are several kinds of control modulations for the DAB. The single-phase shift (SPS) modu-
lation is easy to implement [61], but the inductor current cannot be controlled. Moreover,
when the DAB converter works in a state of voltage mismatch, there is a large internal back-
flow power, which increases the current stress of the converter and reduces the operational
efficiency of the converter. For dealing with these problems, extended-phase shift (EPS),
dual-phase shift (DPS), and triple-phase shift (TPS) modulations were developed, which
increase the control freedom and can achieve efficiency optimization. The loss of the DAB
converter mainly includes on-state loss and switching losses of power devices, conduction
loss, and magnetic loss of the inductor and transformer. In order to optimize the above
four parts of the loss, a number of optimization objectives are selected, mainly including
a reduction in the backflow power, current stress, effective value of the current, average
value of the current, etc. For example, the current stress was optimized in [62-64] under
DPS, EPS, and TPS, respectively, and [65,66] optimized the backflow power of the DAB
under TPS and EPS, respectively.

There have been many achievements made in research to optimize the efficiency of
DAB converters, but there are still many problems. In existing studies, optimization of
the backflow power of DAB converters usually only considers the input side. In practice,
there is also backflow power flowing from the load to the input side on the output side.
It is not recommended to eliminate the backflow power completely, because it can enable
power devices to achieve zero voltage switching (ZVS). In addition, by comparing different
optimization goals, it can be found that the optimal operating points are not the same,
and different optimization objectives have great differences in selecting the phase shift
ratios for the same optimal operating point. On the other hand, it is difficult to optimize
the on-state loss and switching loss at the same time in practical applications, so it is
necessary to choose optimization targets firstly in practical applications. In high-voltage
and high-power applications, the switching frequency of power devices is relatively low,
and the on-state losses of power switches account for a large part of the total loss, so the
on-state loss is optimized first. In low-voltage and low-power situations, the power devices
operate at a higher switching frequency, and the transient loss is the main part of the total
loss, so soft switching of the device should be given priority.

4.2. Transient-State Control Strategy

During the transient processes of the DCT, such as startup and load switching, a
transient DC bias component will appear in the inductor current. This is due to the
asymmetry of the voltage waveform of the inductor in the transient process. The DC bias
component increases the current stress of the switching device and even leads to magnetic
saturation of the transformer, which affects the stable operation of the DCT. The methods
of eliminating DC bias components can be divided into hardware elimination and software
elimination. The hardware elimination method usually adds a direct divider capacitor
inside the submodules of the DCT, but the direct divider capacitor reduces the power
density of the DCT and changes the operation characteristics. Therefore, in the existing
literature, software elimination is a more practical way to eliminate the DC bias component.

The authors of [67] derived a time domain expression of the transient DC bias current
in a DAB based on the Fourier series and revealed the relationships between the transient
DC bias current and the abrupt change in phase shift angles. Then, a DC bias elimination
scheme was proposed by adjusting the phase shift angles twice a period to ensure symmetry
of the voltage waveform of the inductor, which can guarantee that the DAB will diminish
the transient process within half a switching cycle. Therefore, it can ensure the safety and
reliability of the DAB and improve its dynamic performance. The same approach can
be applied to a resonant-type DAB [44], which is given in Figure 6a, where the shadows
represent the regulation of the transient control scheme. The simulation results are given in
Figure 6b, where the transient current and voltage in resonant-type DAB can be eliminated
in one period.
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Figure 6. Transient control scheme for the resonant-type DAB proposed in [44]. (a) Control diagrams.
(b) Simulation results.

4.3. Cascaded System Control Strategy

In applications, the DCT does not work individually but is cascaded with other
converters, or there exist equivalent inductance and resistance of the transmission line on
the input port, thus forming a cascaded system. For example, a DCT with an ISOP-DAB
structure involved in an M-LVDC distribution system can be drawn as a cascaded structure,
shown in Figure 7, where L¢3 and Ry are the equivalent inductance and resistance,
respectively, on the transmission line. In a cascaded system, instability and resonance are
possible when the output impedance of the source converter and the input impedance
of the load converter are not matched due to the Nyquist criterion. For example, in the
cascaded system consisting of a LC filter and DAB converter (LC-DAB), Z,,1.c(s) is the
output impedance of the LC filter, Z;,pop(s) is the input impedance of DAB converter; when
| Zoutrc(s) | < | Ziypap(s) | for the whole frequency domain range of LC-DAB is satisfied,
the system is stable, unless it is unstable, as illustrated in Figure 8.
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Figure 7. Cascaded ISOP-DAB structure involved in a M-LVDC distribution system.
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Figure 8. The Bode diagrams of impedance in LC-DAB.

Therefore, it is necessary to derive the input/output impedance model of the DCT and
reshape the impedance to meet the stability requirements. The impedance reshaping can
be realized by both active damping and passive damping methods. Passive damping is not
recommended, because it would introduce additional cost, volume, and power losses [68].
The usage of active damping has become quite common, because it is essentially realized by
introducing a control loop into the original control scheme without any power losses [69].
By reshaping the output impedance of the source converter, the dynamic performance of
the load converter can be preserved [70]. However, when the source converter is the LC
filter, as shown in Figure 7, its output impedance cannot be reshaped by active damping.
Therefore, the input impedance of the load converter must be reshaped. Reference [71]
proposed a virtual current series impedance control to reshape the input impedance of DAB,
ensuring both a fast dynamic performance and the stability of the cascaded LC-DAB system,
which can be expanded to the cascaded ISOP-DAB structure. To improve the stability of
the DC microgrid, [72] points out that the active damping method can be implemented on
the power supply side, load side, and the intermediate level. This idea can also be used in
the DC distribution network.

In recent years, switched capacitor (SC) modules have been likely to cascade with
ISOP-DCTs to enable the DCTs to disconnect from the MVDC distribution grid effectively
as a DC breaker when a short fault occurs on the MVDC side to enhance the power
transfer capacity [55], as shown in Figure 9. Moreover, by adjusting the control signal of
the SC module, redundancy can be achieved when some SMs in the ISOP fail. However,
a large inductor has to be added in front of the SC modules to suppress the current
fluctuation [73]. The phase-staggered modulation method was proposed in [73] to suppress
current fluctuations effectively, and the cascaded system can employ smaller inductors that
also decrease the volume and cost of the system.

In summary, when controlling the DCTs, their own characteristics, such as the steady-
state and transient characteristics, and the interactive characteristics of DCTs, such as
the cascaded situation, must be considered. The steady-state control method needs to
consider two aspects: the system aspect requires OVC and IVS, and the module aspect
requires efficiency optimization. The transient control methods aim to eliminate the DC bias
components in the high-frequency voltages or currents, which are easy to achieve in single-
phase two-level converters. However, with the development of multi-phase and multi-level
converters, the corresponding transient control methods must be proposed. The cascaded
control method improves the stability of the cascaded system through active damping,
which depends on impedance modeling technology. However, impedance modeling of
DCTs is not yet mature.
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5. Engineering Application

The theoretical research of DCTs has been listed above. However, many differences
exist between academic research and practical engineering applications.

For example, in 2021, the State Grid of China Jiangsu Electric Power Co., Ltd., Nanjing,
China, invested in the demonstration project of M/LVDC distribution system in Wujiang
City, Suzhou, with a cumulative connected DC load of 10.51 MW, PV power of 6.21 MW,
and ESS of 2 MWh. In the DCT part, the £10 kV medium-voltage DC voltage is reduced
to the £375 V DC voltage level through the megawatt medium-voltage DC transformer
for easy access on the power side. The project adopts multiple structures according to the
characteristics of different application scenarios:

(1) Pure PV accesses scenario

As shown in Figure 10, the medium-voltage side adopts a half-bridge module structure
to realize fault blocking, online redundancy, voltage equalizing control, etc. At the low-
voltage side of the DCT, a rectifier full bridge replaces the active full bridge to realize
one-way power transmission, and the ISOP structure is used to achieve a higher voltage
transfer ratio.
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Figure 10. DCT for the pure PV accesses scenario.
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(2) Hybrid PV, ESS, and various industrial load access scenarios

As shown in Figure 11, the ISOP structure is used to achieve a higher voltage transfer
ratio, and the SC + resonant DAB submodule is taken to realize the bidirectional power
transmission and soft switching.
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(8) Charging pile accesses scenario

The charging pile has high light-load efficiency requirements but low reliability re-
quirements. Therefore, to reduce the volume and manufacturing costs of DCT, a three-level
structure can replace the traditional two-level structure to build the ISOP, effectively re-
ducing the number of power modules and significantly reducing the volume of DCT. The
three-level structure submodule is given in Figure 12.
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Figure 12. Submodule structure of DCT for the charging pile accesses scenario.

71

(4) Residential, commercial, data center, and other application access scenario

These application scenarios have many voltage levels and high reliability requirements.
For example, the data center has to access 750 V, and the residential loads have to access
375 V. Therefore, the ISOP-DCT can be connected as an actual bipolar structure to increase
reliability, as shown in Figure 13.

+10 kV

— 375V
ov
ISOP-DAB ISOP-DAB — =375V

-10kV

Figure 13. Bipolar DCT for residential, commercial, data center, and other application access scenarios.
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The demonstration project fully considers DCTs with high reliability, high efficiency,
and stable operations in multiple application scenarios, which have excellent guiding
significance for the future research and application of DCTs.

6. Challenges and Future Works

Great breakthroughs have been made in theoretical research and engineering sample
machine developments of DCTs. However, there are still challenges for DCTs:

6.1. Challenges
(1) Design and manufacture of high-frequency transformers

With increasing the operating frequency, the parasitic parameters of the transformers
have a great influence on the operating characteristics of power devices and further influ-
ence the performance of DCTs [74]. High-voltage and high-power applications may cause
a breakdown of the insulation materials of the transformer. With the requirement of the
power density, the transformer size is expected to be reduced greatly, thus reducing the
heat dissipation surface volume of the transformer, resulting in low efficiency [75].

(2) Limitations of DCT efficiency optimization algorithm

Multiple optimization goals of DCTs cannot be achieved at the same time, and a
unified conclusion on an efficiency optimization method for DCTs is lacking. Moreover,
there is no precise physical interpretation of quantities such as the backflow power of
a DCT.

(3) Immature FRT method

The significant current rise rate and rapid voltage drop in the DC system is a consid-
erable challenge to the design of the FRT method for DCTs. Due to the lack of fast and
reliable DC fault identification and isolation methods, the available FRT methods after a
DC fault are primarily based on locking and reclosing [76], which will reduce the power
supply reliability.

(4) Disadvantages at device level

With the optimization and improvement of the control methods, the switching device
would become the next major factor that limits the performance of DCTs. Silicon-based
power devices are currently limited in switching speeds, and the on-resistance and switch-
ing loss cannot be neglected. The low-voltage withstanding capability leads to an increase
in the number of devices and a reduction in the power density of the DCT. However, due
to the size limitations of soft ferrite and amorphous alloy, advanced SiC MOSFET cannot
be fully used in high-voltage and high-voltage DCT with high-frequency transformers [74].

(5) Cascaded instability

In a DC distribution system, DC power conversion is realized by multi-level converters
so that DCT can form a cascade structure with multiple circuits. However, impedance
modeling and control technology are still immature, as each DCT has different impedance
characteristics, and the artificial derivation takes a great deal of work. Therefore, DCTs face
a more significant risk of cascading instability.

6.2. Future Works
Aiming at the above challenges, the authors have the following outlook for future research:

(1) Improve the design theory and manufacturing method of high-frequency transformers
under high-voltage and high-power conditions by analyzing the loss characteristics of
magnetic core winding and the aging mechanism of insulation materials under harsh
conditions, exploring the high-precision measurement method of parasitic parameters.

(2) Establish a complete and accurate loss model, exploring the core factors affecting the
operation efficiency and proposing a global efficiency improvement method for DCTs.
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(38) Carry out in-depth research on the fault characteristics of DCTs, including analyses of
the operation mechanism of DCTs under fault states, characterization of the operation
boundary, and study of the FRT strategy.

(4) Develop the application of wide-bandgap (WBG) power devices in DCTs. SiC power
devices have apparent advantages in switching speed, on-state resistance, and switch-
ing losses; developing high-voltage SiC-MOSFETs can reduce the number of modules
in an ISOP.

(5) Develop an impedance sweep tool for DCTs. Recently, many equipment manufactur-
ers have focused on developing a specialized impedance analysis tool to obtain the
input/output impedance by frequency sweeping [77]. In addition to this, equipment
that can automatically design a reasonable LC filter and reshape the impedance to
achieve stabilization is also a research hotspot.

The authors believe that these future works will deal with the technical bottleneck of
DCTs and promote the better development of DC distribution technology.

7. Conclusions

A DCT is an effective electronic device connecting MVDC and LVDC buses in the DC
distribution system. The essential functions and characteristics of DCTs were summarized
in this paper by analyzing the requirements of the DC distribution system. The existing
topologies of DCTs were analyzed and compared based on the essential functions that
DCTs should have. The relevant control strategies were researched, including steady-state
control, transient control, and cascaded control. The engineering application examples
of DCTs were introduced by interpreting the medium and low-voltage DC distribution
system demonstration project in Wujiang City, Suzhou. Finally, the challenges faced by
DCTs in hardware, efficiency optimization, fault traversal mechanism, device level, and
cascade structure were given, and the future development trend was predicted.
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