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ABSTRACT The bidirectional resonant DC transformer has all the desired features to drive the development
of the DC power distribution networks of the future. This power-electronics converter provides galvanic
isolation between DC buses, has desired open loop properties, and follows the system’s power flow naturally,
requiring only a power reversal algorithm to allow a bidirectional operation and smooth transitions. This
paper proposes a solution to tackle the power reversal of the DCT with a dynamic algorithm, considering
the system behaviour and the power converter characteristics. The proposed algorithm executes the power
reversal in few switching periods and removes the DCT losses during no-load condition. Then, using low
voltage prototype of DC transformer, experimental results along the paper demonstrate how this power
reversal algorithm is applied under various operating conditions.

INDEX TERMS LLC converter, DC transformer, DCT, resonant converter, power reversal, power transition.

I. INTRODUCTION
The medium voltage DC power distribution network (PDN)
have been proposed to grid operators as an alternative to
expand their infrastructure and handle the increasing volumes
of distributed and renewable energy sources. Some applica-
tions as electric ship PDNs, photovoltaic and wind plants
collection grids, and data centers, have already found great
benefits from DC PDN as its main architecture [1], [2], [3].
However, a few milestones are yet to be reached in order to
make the MVDC PDN preferable to the MVAC solution.

One of the challenges is the development of high-power
and medium-voltage DC-DC converters to interface two DC
buses. This power converter has its crucial importance to
realize flexible DC grids, allowing the voltage adaptation and
interconnection between two different DC buses. This paper
addresses this converter as DC Transformer (DCT), relating
its functionality to the well-know AC transformer. An equip-
ment allowing for the voltage adaptation, and adjusting the
power flow naturally. Figure 1 shows an example of a DC
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PDN with 6 nodes, and one DCT. Ultimately, the goal of
the DCT is purely to connect the DC buses providing the
power exchange when the power flow changes, and galvanic
isolation.

In this sense, the main desired characteristics of a DCT are:

• High efficiency, simplicity, robustness, and no closed-
loop control;

• Load independent behavior, bidirectional, and isolation
at high frequency.

In literature, one type of solution are the converters based
on dual active bridge topology [4], [5], the closed-loop con-
trolled resonant converters [6], [7], and multilevel converters
[8], [9], often addressed as DCX converters [10], [11], [12].
These solutions are able to perform high efficient DC-DC
conversion, isolation, and bidirectional operation: However,
they operate based on a closed-loop control that would require
some strategy to issue the set-point, which can be given by
the grid operator or by some droop based control. In this way,
the DC-DC converter will not be driven by the natural power
flow of the DC grid, which will impact the complete system’s
dynamic and stability [13], [14], [15]. Consequently, different
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FIGURE 1. DC power distribution network with 2 DC buses, and one DCT.
In this system, load dynamics can change the power flow, and thus; DCT
should enable the power exchange every time it is requested. In the
shaded area the scope of the work.

solutions might be preferable to realize a DCT to fulfill the
desired characteristics.

A different solution is to use the resonant LLC converter
operating near the switching frequency. This converter pro-
vides a stiff voltage-ratio loading characteristics. Yet, the
power stages connected on each DC port can operate indi-
vidually, and do not require any synchronization or signal
feedback between them. Hence, when one side is switching,
the other side can operate as a passive rectifier, requiring
only one PWM reference for the DCT; and when the power
flow reverses, the power stages alternate their responsibilities
and redirect the current to the other side. This feature is
very welcome for DCTs, especially for DCTs using bipolar
devices (e.g. IGBTs) where the active rectification increases
the switching losses and thus reduce the overall efficiency.

Nevertheless, to allow bidirectional operation, the reso-
nant converter requires a certain minimum of intelligence to
identify where to direct the power. In literature, some papers
present solutions using the voltage gain of the converter with
voltage measurements to decide about the power direction
[6], [16]. This solution requires on a good voltage measure-
ment and complete knowledge of the DCT and the system
under analysis. For instance, in [6] a hysteresis voltage band
is used to detect the power flow direction of the converter.
In that case, the power direction changes when the output
voltage hits the borderlines of the hysteresis voltage band.

Other way to address the power reversal question is by
keeping both power stages actively switching [12], [17], [18],
[19], [20]. These solutions can ensure higher quality of the
power transition dynamics, however they require a relatively
precise knowledge of the converter circuit since both con-
verter sides are operated concurrently.

In our previous proposed solution available in [21], the
resonant currents are used to determine when to reverse
power. The active bridge switchover (ABS) method is based
on observing the peak current at the resonant current and

identifying the eminent power reversal. However, a few issues
were not addressed in that strategy, namely:
• Start of DCT: As the method relies on the resonant
current measurements, the correct direction during the
initialization of the DCT is uncertain. Thus, the DCT
needs to start with one direction, and if it is wrong
change to the other.

• Jittering around zero: During power reversal - specially
slow power reversal - the method computes several
power transitions, unnecessary transitions where any
power is really transferred.

Therefore this paper addresses these two main question.
First, the start of DCT is tackled by using the dc voltage mea-
surements that are always available on its terminals. Further,
by using only dc voltages the power direction is computed,
and the dynamic of the voltages (indirectly power dynamic)
are used to determine duration of soft-start. Second, a new
operation mode is introduced to deal with jittering and to
remove the operational losses of DCT when operating in no-
load condition. This approach leads to a more complete open
loop strategy for the DCT operation.

The next section will describe the DCT topology, and
the DC power distribution network into analysis. Then,
in Section III, the power reversal strategy will be explained
along with the description of the soft-start, Idle Mode, Power
ReversalMethod and the combination of all these strategies to
create the Power Reversal Algorithm addressed in this paper.
In Section IV, the final experiments are demonstrated and in
Section V, the conclusion of the work are summarized.

II. DCT TOPOLOGY AND DC PDN
The DC PDN under analysis is shown in Fig. 1. In this system
the DCT is connected to two different DC buses, where the
voltages of the nodes 1 and 2 are regulated by converters
1 and 2, respectively. The DCT’s goal is to interface the two
buses allowing the power flow throughout its branch, and not
creating nor regulating DC bus. In this sense, the DCT only
observes the voltages on its terminals, and is not aware of the
complete system.

Depending on the loads’ dynamics and extra elements
of the DC PDN, the voltages at the DCT’s ports change
according to the system’s power flow. An simple example
is to imagine that Load 1 is disconnected, resulting in less
current flowing through DC bus 1 and increasing the voltage
of DCT’s port. Another example is if the Load 3 stops con-
suming and turns into a Source 3, it will increase the voltage
and modify completely the power flow. Among other situa-
tions that could happen, the focus of this paper is to develop
an algorithm to perform the power reversal, which is also
robust against DC PDN transients (e.g. load disconnections,
DC voltage oscillation, etc.)

The resonant DC transformer under analysis is shown in
Fig. 2. The DCT is constructed as a symmetric LLC with
split capacitors around the Medium Frequency Transformer
(MFT). The design guidelines of such converter can be found
in [6], [23], and [24]. The power stages of eachDC port can be
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FIGURE 2. DCT with different power stages; (a) Full-bridge used for
experimental investigation presented in the paper; and (b) NPC suitable
for MV MW applications [22].

any topology capable of creating at least three level voltage in
the resonant tank. In Figure 2, twoDCTs are shown, using full
bridge modules and Neutral Point Clamped (NPC) leg with
split capacitors. The DCTs with full-bridge modules with
unipolar PWM have the ability to perform all the aforemen-
tioned requirements for a DCT (i.e. bidirectional operation
and three-level operation).

In this paper FBs power stages are used to test the methods
due to accessibility of LV equipment, sufficient to demon-
strate the power reversal methods performances. However,
presented algorithm is developed for MV prototype where
IGCT NPC leg in combination with split capacitor bank [22],
[25]. Results are not affected by the topology once the only
aspect that matters are the square wave generation on the
ac side, capacity to create three-level for the transient, and
bidirectionally.

III. DESCRIPTION OF THE POWER REVERSAL
ALGORITHM
In this section each part of the Power Reversal Algo-
rithm (PRA) is described, along with experimental demon-
stration of the specific section. The test setup and its
power ratings are presented later in Section IV. Nevertheless,
in order to anticipate experimental results, Figure 3 shows
a simplified schematic of the system, with the considered
references for the measurements. The two DC sources create
the dc buses, and the DCT transmit the power according to
the dc voltages.

In our original solution [21], the ABS is based on observing
the peak current at the resonant current. This method rely on
monitoring the resonant current and deciding which power

FIGURE 3. Simplified schematic of the DCT, from Fig. 14. Parameters and
ratings are available in Table 1. Details on voltages and current
measurement points correspond to presented experimental waveform.

FIGURE 4. Finite-state machine of ABS strategy from [21].

FIGURE 5. Illustration of the idle Mode operation principle. The DCT
initialized only when the 1VDCT overcomes 1V th

DCT , with slow soft-start.
In case the voltage variation is too aggressive, the soft-start period is
reduced. At the moment the power being processed by DCT is below a
Pth, the DCT stop switching, improving the efficiency. Vab is the output
voltage of power stages applied to the resonant tank.

stage should be actively switching. Fig 4 shows the finite
machine of this method.

However, as already mentioned, this method is not capable
of identifying the power direction when there is no current
in the DCT. What ABS does is to alternate the power stages
until the power flow is well defined to one side.

In this case, at the moment the DCT is OFF (idle), the
only variables available to predict the power direction are
the DC voltages. Therefore, this is the only way to initialize
the DCT correctly, rather than randomly. Taking this as an
advantage, the idle state of the DCT can be used to set
the operation limit of the DCT, creating a operation mode
called Idle Mode (IdM). In this case, not only the DCT will
initialized with the correct power direction when enabled,
but it will start its operation only when enough power is
expected to be transferred, avoiding unnecessary losses due
to the magnetizing current of MFT.
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FIGURE 6. Experimental waveforms showing the DCT in Idle Mode, with a power threshold. In (a) overview of the Idle mode operation; in (b) details
on the soft-start; in (c) the operation waveforms; and in (d) details on the turn off moment. During the shaded period, DCT is in idle state waiting for
the expected power to overcome its threshold. At t = 0 s the DCT turns on by noticing the DC voltages mismatch. Then, once the DC buses returns to
equilibrium after t = 3.5 s, the DCT turns off, as the power is below the threshold value. In (e), (f), (g), and (h) zoom-in on the soft-start waveforms;
(e) details on the dc current (f) details on the dc voltages; (g) details on the resonant currents, and (h) details on the three level voltage applied to the
resonant tank. In (i) zoom-in on the resonant current when DCT is processing only magnetizing current.

Therefore, this operationmode is integrated to the soft-start
strategy and power reversal detection to enhance the power
reversal algorithm.

A. IDLE MODE
Essentially, this mode defines when the DCT should turn
ON and turn OFF. Fig. 5 illustrates the Idle Mode operation
principle. In this figure is possible to see that, as soon as
the voltage difference between the primary and secondary
side, (1Vdct = Vdc,1 − Vdc,2), are different and above a
certain hysteresis band, the DCT starts transmitting power.
Then, DCT stays in the active operation mode until the power
being processed contains only the no-load losses of converter.
At that moment, the DCT enters in idle mode, and stays
idle until the voltages difference overcome the pre-defined
threshold again.

In Figure 6, the experimental demonstration of this opera-
tion mode is shown. At the first moment, the two buses are in
equilibrium, and no power is transferred. Then at t = 0 s, the
DCT detected the 1Vdct > 1V th

dct (which in this example
is 1V th

dct = 3 V), and the DCT starts its operation. After
t = 3.3 s the DC buses return to equilibrium. At that moment,
the DCT stop switching to reduce losses, when there is no
need for DCT to transfer any power. In this experiment the
power threshold was set to Pthdct = 1 kW.

Different variables could be used to identify that only
losses are present in the DCT. For instance, the threshold
could also be set by observing both resonant currents and
verifying if only magnetizing current is existing. In any case,

FIGURE 7. Illustration of the PWM initialization sequence, and zoom in
the three-level voltage in the resonant tank after power reversal. c1 is
PWM carrier, m1 and m2 are modulation index for leg 1 and leg 2
respectively. sx is the gate signal of device x , and Vab is resonant tank
voltage. After power reversal detection, DCT is in IdM for two switching
periods, and starts the initialization sequence with soft-start.

it is worth mentioning that both threshold values are set
according to the the parameters of the DCT.

Thus, the no-load losses can be avoided if DCT intelligence
turns-off DCT and enters in Idle Mode. For the case of the
prototype used in this paper, the no-load losses represents
0.45% of nominal power (100kW) [26], [27], [28].

B. SOFT START
As it is well known and demonstrated in the literature,
saturation of MFT and large inrush currents should be
avoided. There are many methods already available [6], [29],
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FIGURE 8. Experimental waveforms showing the soft-start of From the
top to the bottom, the soft-start duration is: 0.14 s, 0.08 s and 0.014 s.

FIGURE 9. Power direction identification with a threshold band to avoid
jittering. In (a) the PRM-1, based on the DC current rate of change;
(b) PRM-2, based on the DC voltages; All the PRMs run indefinitely with
DCT’s operation. Side 1 or 2 refers to power stage 1 or 2, relating to the
DC port.

[30], [31], and this paper adopts the duty cycle modulation,
applied during every DCT start.

This strategy is illustrated in Fig. 7. At first, the power
stage is switching with both modulation indices being 0.5.
Then, at certain point the DCT went OFF and at the moment
to start its operation again, the modulation indices were set
accordingly to apply a three-level waveform to the resonant
tank.

During this period the DCT operates in a strongly
non-linear and partly discontinuous behavior until it
reaches the 50% duty cycle. For that reason, one important
feature of the soft-strategy for DCTs is the ability to adap-
tively change the soft-start time duration accordingly to the
power demand.

Thus, by using the only two available variables (DC volt-
ages), the speed of the soft-start can be determined by the
rate of change of the voltage (1V ′DCT .) If this value is high

FIGURE 10. Experimental waveforms showing the response of the DCT
for the step reverse (dv/dt = 5 V /µs), using the PRM-1, based in the rate
of change of the DC currents. Zoom shows the moment of the power
reversal, where it is possible to note that DCT enters in IdM and starts its
initialization sequence with a three-level waveform. Before the method
detect the power reversal, the DCT stays during a period of time with only
the magnetizing current noticeable in the third plot in blue. During the
IdM, a resonance to equalize the voltages over switches occur in the
resonant tank.

FIGURE 11. Experimental waveforms showing the response of the DCT
for the step reverse (dv/dt = 5 V /µs), using the PRM-2, based in DC
voltages. Direction of the currents correspond to the schematic of the
system. Zoom shows the moment of the power reversal, where it is
possible to note that DCT enters in IdM and starts its initialization
sequence with a three-level waveform.

the soft-start will be fast (short) and if it is low the soft-start
will be slow (longer).

To demonstrate the different dynamics for different soft-
start speed, Fig. 8 shows an experimental results for the
soft-start with three different speeds. The considered cases
consist in: i) Fast soft-start (140Tsw), when the rate of change
of the voltage is 1V ′ > 0.1 V/µs; ii) Medium speed
(800Tsw), when the rate of change of the voltage is between

VOLUME 10, 2022 127121



R. P. Barcelos et al.: Power Reversal Algorithm for Resonant Direct Current Transformers for DC Networks

FIGURE 12. Experimental waveforms showing the response of the DCT for the slow reverse (SR), using the (a) PRM-1, based in the rate of change of
the DC currents, and (b) PRM-2, based in DC voltages. Zoom shows the moment of the power reversal, where it is possible to note that DCT enters in
IdM and starts its initialization sequence with a three-level waveform. It is noticeable from third plot that the PRM-2 detected the power reversal later.

0.01 < 1V ′ < 0.1; iii) Slow soft-start of (1400Tsw), when
the rate of change of the voltage is 1V ′ < 0.01 V/µs.

Thus, the duration of the soft-start becomes a parameter for
the Power Reversal Algorithm, where depending on the load
dynamics, the initialization of the DCT is set accordingly.

C. POWER DIRECTION IDENTIFICATION
The power direction identification is performed by the open
loop strategies that determines which power stage should be
active to follow the natural power flow. One strategy already
mentioned is the ABS [21], with its finite-machine described
in Fig. 4. This strategy could be used after the initialization
of the DCT to identify the power direction, with small adap-
tation on the IdM to avoid jittering.

In this paper, other two different strategies are described
and tested. Fig. 9 describes both strategies; One using the
DC current derivative, and the other using DC voltages. The
first method is called PRM-1 (power reversal method - 1).
It determines the necessity for the power reversal from the DC
current variation. This method can be a lead indicator, where
the method commands the power reversal when the current
is within the threshold band. Essentially, this method is mon-
itoring the sign of the rate of change of DC current (di/dt),
and in low range of values of current, it triggers the power
reversal if the derivative is leading to the opposite direction
than the current signal. Thus, this method can anticipate the
power reversal, and this can be beneficial for the very fast
transition dynamics.

The second method described in Fig. 9 is based in the
DC voltages (PRM-2). This PRM determines the power flow
direction by acknowledging which DC port is higher/lower
than the other.

Figures 10,11, and 12 show the performance of these two
PRMs for a load step change and load ramp change. In order

FIGURE 13. Power Reversal Algorithm, with PRM strategy based on the
DC voltages. Each color correspond to a different section of the operation
strategy.

to properly evaluate these two PRMs, the idle mode period
was set to a fix period. It means, that once DCT enters
IdM, the soft-start starts after a fixed amount of time (in this
example tidle = 2× Tsw.)

In Fig. 10 and 11 the load step is performed, changing
VDC,2 = 740 V to VDC,2 = 755 V . The slope of the step
change is dv/dt = 5 V/µs. In these figures it is possible to
see that both methods had similar performance as expected,
because the voltage variation is quite fast.

Now, in Fig. 12 the ramp load was performed, changing
the VDC,2 = 740 V to VDC,2 = 755 V , with slope of
dv/dt = 0.025 V/ms. In this figure it possible to see the
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FIGURE 14. Schematic of the complete system. The two DC buses are created with voltage sources. Detailed measurements correspond to the
actual measurements for the PRMs. For the test setup system, controller, relays, and power sources are accessed through PC.

FIGURE 15. Photo of the DCT prototype in. 1 - ACS: DC buses; 2 - Power
stages; 3 - MFT; 4 - Charging resisors, 5 - Grid inductor (Ls).

difference of each method. For the PRM-2, which is based on
voltage measurement, the power reversal was detected after
the PRM-1 had already set the power reversal based in the
rate of change of the DC current. Either way, both methods
were able to correctly predict the power reversal, and follow
the logic of soft-start and Idle mode.

D. POWER REVERSAL ALGORITHM
In summary, the IdM strategy determines when the DCT
should be activated, the SS determines how fast the power

FIGURE 16. Experimental waveforms of forward and backward operation
of DCT. Sub-resonant operation and turn-off current of Im,off = 16 A.

transition should be according to the load dynamic, and lastly,
the PRM determines the active power stage of the DCT.

Figure 13 shows the complete scheme for Power Reversal
Algorithm (PRA). In this schematic, the required variables
are the twoDC voltages, indispensable for the DCT initializa-
tion, and at least one current in order to compute the power.
Nevertheless, variations of this schematic can be created
according to the available measurements.

With this algorithm, the DCT has a well defined open
loop operation. The DCT starts operating when the voltage
difference reach certain level, with a soft-start weighed with
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FIGURE 17. Experimental waveforms showing the response of the DCT for a fast power reverse, and slow power reversal. The DCT uses PRA to determine
its operation limits and set the proper initialization time. Direction of the currents correspond to the schematic of the system. The DCT process power in
both directions and a load profile is performed to test and validate the PRA. Squares mark the zoom available in Figures 18 and 19.

TABLE 1. DCT and system parameter.

the load dynamics, always to the correct direction. And then,
goes OFF only when the processed power is below a defined
power threshold. In this sense, the PRA is a robust strategy
because in case of voltage spike or big transients in the
voltage, the PRA will not issue any command, while the
power stays above the minimum limit.

Besides that, the PRA brings the IdM operation that avoid
unnecessary power consumption with magnetizing current,
and eliminates any jittering around zero for fast and slow load
dynamics.

IV. EXPERIMENTAL VALIDATION
In this section, the experimental setup used to gather all pre-
viously presented intermediate results is presented. The DCT
is using a three-phase VSI developed in the lab, with only two
legs operated as FB. The resonant tank consists of a 100 kW
MFT with integrated resonant capacitors developed in [27].
The DC buses are created with two switched power ampli-
fier - TC.ACS from Regatron, where two legs of 3-phase
50 kW were used, reducing the DC power ratings available
for the experiments. The DCT is controlled by the ABB’s AC
800PEC, and the schematic and experimental prototype are
shown in Fig. 14 and Fig. 15, respectively. Table 1 shows the
parameters of the system.

The design of the DCT follows the same procedure of the
LLC converter. The design of the magnetizing inductance is

related to the desired turn-off current of power switches. The
choice of the leakage inductance is usually guided by the
desired quality factor. Then, the choice of the resonant capac-
itor is related to the desired resonant frequency in relation to
switching frequency. More details can be found in [7], [21],
[23], and [31].

The experimental setup consists in two energized DC
buses from ACS, and the DCT with the charging resistors
proceed with the start-up sequence. First the capacitors of
DCT are charged through charging resistors which are further
bypassed. Then, the DCT is enabled and PRA starts oper-
ating. Now, to simulate any load variation, the voltages of
the two DC buses are modulated in order to provoke various
power flows.

For all the experiments, the DC bus 1 was regulated to
VDC,1 = 750 V , while the DC bus 2 varies following the
emulated load dynamic. Therefore, in order to provoke a
power flow around PDC ≈ 20 kW, the DC bus 2 is set to
VDC,2 = 742 V . Figure 16 shows the experimental results
for the resonant currents and voltages. On top the forward
operation and on the bottom the backward operation. It can
be notice that the turn-off current of DCT is around 16 A, and
the converter is operating below the resonant frequency.

Now, Figures 17, 18, and 19 show the DCT operation
with PRA. In Fig. 17, the complete operation with the step
load and ramp load variation is shown. This figure make
each function of the PRA clear. Firstly, the DCT is operating
processing 18 kW, when suddenly, the power reverses when
VDC,2 increases from VDC,2 = 744 → 760 V, with a
slope of (dv/dt = 5 V/µs). The PRA, quickly identifies
that the power was reduced and put DCT in idle, when the
minimum power was reached (here set to Pth = 3kW for the
purpose of demonstration); then, by noticing that the power
direction changed, and that the variation of the voltage is
higher then the 1V ′th, (here set to 1V ′th = 0.01 V/µs), the
PRA triggered the fast initialization of the DCT, for the power
stage 2.
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FIGURE 18. Experimental waveforms showing the response of the DCT for the fast power reversal (Zoom-in in the first transition of Fig. 17.) In (a) the
moment DCT enters in Idle Mode by reducing the processed power below the threshold. Zoom-in in the moment DCT goes idle. In (b) the moment DCT
starts the soft-start with fast dynamic load. Zoom-in the in the moment the power stage start switching.

FIGURE 19. Experimental waveforms showing the response of the DCT for the slow power reversal (Zoom-in in the second and third transition of Fig. 17.)
In (a) the moment DCT enters in Idle Mode by reducing the processed power below the threshold. Zoom-in in the moment DCT goes idle. In (b) the
moment DCT starts the soft-start with slow dynamic load. Zoom-in the in the moment the power stage start switching.

The details of the first transition can be seen in Figure 18.
Fig. 18(a) shows the details in the transition from the oper-
ation mode to the Idle mode; and in Fig. 18(b), the details
of the soft-start initialization with a fast initialization time of
tss = 14 ms.

Now, after a while the load changes again and start decreas-
ing the VDC,2 voltage slowly. At this moment, as soon as the
power reduces and reach the power threshold, the DCT enters
to the Idle Mode. Then, the VDC,2 voltage keeps decreasing
until the voltage difference between the two DC ports is
bigger than the voltage threshold 1th

v (here set to 1th
v = 3V.)

Thus, Fig. 19 shows details on the dynamics of this transi-
tion. Firstly, in Fig. 19(a) the DCT enters the Idle Mode at the
moment the processing power is below the threshold. Then,
in Figure Fig. 19(b) the soft-start of the power stage 1 of the
DCT with a initialization time of tss = 0.14 s, as the load
variation is slow.

In the end, the PRA performed well and as expected,
following naturally the power flow given by the DC buses.

All the threshold values used in the paper were set with the
knowledge of the DCT’s parameters. For that, the dependence
of the voltage gain on the power transferred curve of LLCwas
be used.

V. CONCLUSION
This paper proposed and demonstrated a power reversal algo-
rithm for the DCT combining available voltages and current,
and load dynamics. The presented algorithm contains essen-
tial features for the operation of the DCT including power
reversal strategy, and idle mode operation. This approach led
to a more complete open loop strategy to set the operation
limits and allow bidirectionally of the DCT.

As demonstrated with experimental results along the paper,
the operation of DCT with these features is very similar to
the ac transformers. What makes the DCT operate with the
desired characteristics to enable the future dc grids. Neverthe-
less, extra challenges could be found when the DCT operates
with an MVDC grid.
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The use of the Idle Mode to set the DCT operation lim-
its was demonstrated and the main advantages are: correct
and smooth initialization, no jittering in power reversal, and
reduce losses in no-load conditions. This mode simplifies the
control strategies of the DCT and let it operates according to
the natural power flow, which is very beneficial for the DCT.

Finally, the operation of the DCT, as any open-loop control,
requires some pre-set thresholds, based on the parameters
of the DCT. Similarly, this paper relies on these values to
define its operation limits; however, using the available mod-
els in the literature these values can be well determine, and
fine-tuned with experimental characterization.
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