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Abstract—This paper gives a comprehensive comparison of
multilevel high-frequency-link (HFL) dc transformer (abbrevi-
ated MDCT) based on modular multilevel converter (MMC) and
multilevel-dc-link dc transformer (abbreviated ADCT) based on
dual-active-bridge (DAB) for medium-voltage dc (MVDC) appli-
cation. The topology, operation, HFL voltage and current, active
and circulating power, characteristic currents, switching behav-
iors, and power loss are analyzed in detail. Both MDCT and ADCT
have fault treatment ability for MVDC application. However, the
installation and commissioning of ADCT are more flexible and
simpler. In addition, the MDCT needs more switches and high-
frequency (HF) inductors than ADCT in the MVDC side with the
same voltage level, but the number of HF transformer can be re-
duced. Compared with MDCT, the ADCT has higher power trans-
fer ability and lower circulating power, lower HFL voltage, and
RMS current and peak values with the same transmission power
in the MVDC side. However, the arm RMS and average currents
of MDCT are lower than those of ADCT in the MVDC side. The
switching performance of MDCT deteriorates when the MVDC
voltage fluctuates, but the switching behaviors of half bridges are
added to ADCT. The loss of ADCT almost keep the same when
the MVDC voltage fluctuates, but the loss of MDCT changes a lot.
Finally, a small-scale prototype platform with 1 kW/450 V/150 V
is built and experimental results verify the correctness and effec-
tiveness of the theoretical analysis.

Index Terms—dc distribution, dc transformer, Dual-active
bridge (DAB), high-frequency link (HFL), high-voltage dc
(HVDC), medium-voltage dc (MVDC), modular multilevel con-
verter (MMC), solid-state transformer.
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I. INTRODUCTION

M EDIUM-VOLTAGE dc (MVDC) distribution grid is a
key link to build modern dc grid [1]–[3], especially as

an intermediate link to connect high-voltage dc (HVDC) trans-
mission grid and low-voltage dc (LVDC) microgrid [4], [5]. In
this case, dc–dc transformer (DCT) is a key component to di-
rectly achieve dc power conversion and transfer [6]. The DCT
may exist for different links in future dc grid. This paper mainly
focuses on the DCT scheme between MVDC and LVDC sys-
tems. In fact, compared to HVDC system, the MVDC system
will have more flexibility. In particular, considering integration
of renewable energy and power supply security, unidirectional
power transfer [7] and nonisolation [8] schemes cannot satisfy
the requirements of future MVDC system, the DCT should be
designed as a bidirectional system with electrical isolation. Dif-
ferent with ac magnetic transformer, which is easily achieved
in ac grid, achieving DCT in MVDC application is difficult [9].
A common solution is to achieve high-frequency (HF) ac link
by power electronic converters and then to achieve electrical
isolation by ac magnetic transformer [10]. In fact, in LVDC ap-
plication, isolated bidirectional dc–dc converter has been widely
researched. A typical topology is dual-active-bridge (DAB) dc–
dc converter [11], which has bidirectional power transfer capac-
ity and fast dynamic response [12]. In addition, DAB has good
soft-switching performances and can achieve high efficiency
even operating at high switching frequency [13], so the power
density is high, and it is commonly considered as a core circuit
for next-generation high-density power conversion system [14].

However, because of the limitation of power electronic
switches, accessing MVDC grid is hard for a single DAB. Based
on the standard single-phase full-bridge DAB, three-phase DAB
is proposed to increase power capacity and power density [15];
three-level neutral-point-clamped (NPC) DAB [16] and T-type
DAB [17], [18] schemes are also proposed to improve high-
frequency-link (HFL) performances and voltage level. How-
ever, these schemes still cannot reach the requirements of volt-
age level, power capacity of MVDC application. To further
increase the voltage level of DAB, switch-series scheme is also
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discussed [19]; however, balance operation of series switches
in HF states is a technical bottleneck, and normally, open de-
vices are employed. Based on these studies, a typical solution
for MVDC application is the input-series output-parallel (ISOP)
topology [20]–[23], which has been widely studied and applied
in literatures because of good modularity and simple operation.
The series connection can increase the voltage level, whereas
the parallel connection can increase the power level. However,
if we put this kind of DCT into MVDC grid, then a large over-
current will be produced because of concentrated dc capacitor
when a short-circuit fault occurs in MVDC grid. Thus, an ad-
ditional dc breaker should be added. In addition, because of
the power/voltage limitation of semiconductor switches, dozens
of DAB cells are needed in MVDC application. If a DAB cell
breaks down in operation, it is possible for DCT to bypass a
fault DAB because there is a concentrated dc capacitor for each
DAB in series side; otherwise, the dc capacitor will be short-
circuited. Therefore, the system will stop operating even if just
a DAB cell breaks down. Thus, the reliability of the system will
be decreased without redundant unit. Moreover, for DAB, both
the primary and secondary voltages of the transformer in HFL
are two-level square waves. A large circulating current is pro-
duced when the terminal voltages do not match the turn ratio of
the transformer. Then, the current impact will be high and the
efficiency will be low.

To solve the problems stated earlier, the current research tends
to employ modular multilevel converter (MMC) into DCT [20]–
[29]. Especially, a multilevel and multiplex HFL DCT topology
based on MMC (abbreviated as MDCT in this paper, where
“M” represents the MMC-based system) was proposed to con-
nect MVDC and LVDC buses [29]. In fact, the control of MMC
may be difficult or unprocurable in HVDC applications because
of hundreds of series submodules (SMs). However, in MVDC,
the voltage is just several kilovolts, the number of SMs is just
dozens, which decreases the control difficulty. In [30], an im-
proved DAB-based DCT topology (abbreviated as ADCT in
this paper, where “A” represents DAB-based system) based on
switched capacitor was also proposed. In fact, ADCT can also
be seen that an MMC arm is added in the MVDC side, and the
multilevel modulation can be used in the dc side. Although the
losses of the added MMC arm may decrease the efficiency of
ADCT during matching state, the efficiency of ADCT is still
higher than standard ISOP topology during mismatching state
because the MMC arm can make DAB in ADCT always operate
with a matching state [30].

In both MDCT and ADCT topologies, MMC structure
changes concentrated capacitor into discrete capacitors, which
can operate as a dc breaker and enhance the reliability and
flexibility of the system. However, they have different solution
thinking. MDCT employs a whole MMC as an MVDC interface,
and then the HFL can be operated with multilevel modulation.
ADCT is still to employ DAB as a basic cell and just employs
an MMC arm as an MVDC interface, and then the dc link can
be operated with multilevel modulation. Thus, the operation and
performances have similar aspects and many differences. This
paper gives a comprehensive comparison of MDCT and ADCT
to make a clear understanding on how to effectively operate
DCT based on MMC and DAB in MVDC application.

TABLE I
TECHNICAL CHARACTERISTICS OF MDCT AND ADCT

Item MDCT ADCT

Switch 8∗n for MVDC 6∗n for LVDC
4∗m for LVDC 4∗n for LVDC

Transformer m HF transformers n HF transformers
Power density Low density in the MVDC side High density in the MVDC side

High density in the LVDC side Low density in the LVDC side.
Reliability Treatment ability for short-circuit

fault and redundancy
Treatment ability for short-circuit
fault and redundancy

Control
implementation

Concentrated control for a whole
system

Distributed control for each
extended DAB

Installation and
commissioning

With a whole MMC With an extended DAB

The paper is organized as follows. Section II analyzes the
topologies of MDCT and ADCT and compares the technical
characteristics. Section III gives a comprehensive comparison
of HFL operation, especially the dual-active phase-shift princi-
ple, HFL voltage and current, transmission power, and circulat-
ing power performances. Section IV compares the characteris-
tic currents of MDCT and ADCT with the same transmission
power. On this basis, Section V gives a comparison of switch-
ing performances. In Section VI, power loss is also analyzed.
Section VII gives a comprehensive experimental verification.

II. TOPOLOGY COMPARISON

The topologies of MDCT and ADCT are shown in Fig. 1.
MDCT employs an MMC structure to increase the voltage level.
Each bridge arm is composed of n SMs and an HF inductor. The
HFL is composed of m HF isolated transformers, which are
connected in series in the primary side. The LVDC interface
of MDCT is composed of m full bridges, which are connected
in parallel in dc side to increase the current level. ADCT still
employs DAB structure as a basic cell. The system is composed
of n DAB modules, but the series multilevel dc link (MDCL)
based on half-bridge SM is used as the interface for MVDC.
The comparison of the basic technical characteristics of MDCT
and ADCT are shown in Table I. By using the SM, no con-
centrated capacitor was produced in the MVDC side for both
MDCT and ADCT. The redundant module can be added easily
in both DCTs, and then the DCTs can operate well when some
SMs fail. Moreover, when a short-circuit fault is produced in the
MVDC grid, the DCTs can work as a dc breaker to cut off the
connection between MVDC and LVDC buses. According to
the earlier analysis, both MDCT and ADCT have treatment abil-
ity for short-circuit fault and redundancy in MVDC application.
With the same voltage level, MDCT and ADCT, respectively,
need 8∗n and 6∗n switches for the MVDC side that means
MDCT also needs more driving and control auxiliary circuits.
In addition, MDCT needs 4∗n discrete dc capacitors but ADCT
just needs n discrete capacitor in the MVDC side, and MDCT
needs four-arm HF inductors but ADCT does not need four-
arm HF inductors. Although the switches in MMC of MDCT
can have smaller rated current, but the increased volume will
not that much compared with the more switches, capacitors,
inductors, and auxiliary circuits. Therefore, ADCT has higher
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Fig. 1. Comparison of topology for (a) MDCT and (b) ADCT.

Fig. 2. Dual-active phase-shift principle for (a) MDCT and (b) ADCT.

power density in the MVDC side. In the LVDC side, the num-
ber of H-bridges for MDCT in the LVDC side is just decided
by the power and can be fewer than the number of SMs in the
MVDC side. Thus, m can be fewer than n, but the number of
H-bridges for ADCT should be equal to n. Therefore, the num-
ber of switches in MDCT can be fewer than that in ADCT in
the LVDC side. In this case, with the same rated power, the
number of HF transformers in MDCT also can be fewer than
that in ADCT. Therefore, MDCT has higher power density in
the LVDC side.

In fact, in practice, the transformers in MDCT are connected
in series and in ADCT are distributed to each DAB, that just
cause the operation voltages of primary and secondary sides
of transformer are not high. However, in order to satisfy the
isolation of the MVDC system, the isolation voltage between
primary and secondary sides of each transformer needs to be
high, which increases the manufacturing difficulty and the vol-
ume of HF transformer greatly. Therefore, reducing the number
of HF transformer in a certain degree is welcome in practice.

In addition, although MDCT employs modular structure in
topology, it still needs concentrated control system to modulate
all the SMs in an MMC, especially because the number of SMs is
high and all the SMs operate in HF states in MVDC application,
the control complexity is increased. In ADCT, each SM of the
MMC leg can be seen as a separate buck/boost converter; then
one SM and one DAB can be seen as a two-stage dc–dc cell,
and the balance control of the MMC leg can also be embedded

to the corresponding DAB cell, so the control of ADCT has
more modularity. Moreover, the MDCT just can operate with
a whole system, but every cell of ADCT can operate not only
independently but also in series to connect the MVDC bus,
which decreases the difficulty of installation and commissioning
in practice.

III. OPERATION CHARACTERIZATION COMPARISON

A. Dual-Active Phase-Shift Operation

Both MDCT and ADCT employ dual-active phase-shift prin-
ciple to transfer power, as shown in Fig. 2. For MDCT, the whole
system is equivalent to two HF waves va and vb connected with
an inductor. For ADCT, each cell is equivalent to two HF waves
vai and vbi connected with an inductor. Then, for both DCTs,
the magnitude and direction of power flow can be adjusted by
controlling the magnitude and direction of phase-shift angle
between two HF waves.

In HFL modulation, the ADCT can just employ square
modulation, whereas the MDCT can employ not only square
modulation but also multilevel modulation, such as triangu-
lar, sine, and trapezoid modulations. However, according to the
analysis in previous literatures, the square modulation has higher
power transfer ability, better current performance, and simpler
control method. Therefore, the square modulation will be em-
ployed for MDCT to compare with the performance of ADCT
in this paper. In practice, to decrease the voltage stress of square
modulation, there will be a phase-shift angle between neighbor-
ing SMs. However, because the phase-shift angle is very small,
the performance can be approximated with the ideal square
modulation to simplify the theoretical analysis [24]. In Fig. 2,
LT is equivalent HFL inductance of each DAB cell, and LM

is equivalent HFL inductance of the whole MDCT. In this pa-
per, assuming that both DCTs have the same HFL inductances
L, we have

L = nLT = LM . (1)
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B. Balance Control

Voltage balance of dc capacitors in MMC and current balance
in H-bridges are the key for the stable operation of MDCT.
Because the transformers are connected in series in the primary
side and the turn ratio of the transformer are the same, so the
current flows to H-bridges are balanced automatically. As for
the MMC part, because there is a phase shift between different
SMs, although the currents in the same position of different
arms are the same, the capacitor currents for different SMs in
the same arm are also different. To ensure the voltage balance of
MMC capacitors, the alternate modulation should be employed,
as shown in Fig. 3(a). The output of every SM is not constant but
changes alternately. However, the output voltage of the whole
arm remains the same. In this case, the average current of the
dc capacitor during an alternate period will be the same. In
addition, to adjust the unbalance caused by inconsistency of
hardware and software, an additional control link is also needed.
The arm current’s direction is measured every moment, and
the SM controller will delay the rising or falling edge of the
pulse received according to the direction of the arm current and
the error of voltage between the SM voltage and the average
voltage, to adjust the capacitor voltage.

For ADCT, the voltage balance of discrete capacitors in SMs
and the current balance in the LVDC side are the key for the
stable operation. From [30], if the voltage balance of discrete
capacitors is controlled, the current balance in the LVDC side
will be achieved automatically. The voltage balance for ADCT
can be achieved by SMs and DABs. In order to avoid centralized
control, the balance control can be distributed to each DAB
cell, as shown in Fig. 3(b). There is also an additional balance
controller for each DAB. However, the alternate balance is not
needed, each DAB can achieve balance control by itself.

According to the earlier analysis, each SM in MDCT will need
an additional balance controller and the alternate modulation for
each arm should be provided. Each DAB in ADCT will need
an additional balance controller and the alternate modulation is
not needed. From Section II, with the same voltage level, there
are 4n SMs in MDCT and n DABs in ADCT, so the calculation
of balance control for MDCT will be more complex than that of
ADCT.

In Fig. 3, β is the phase-shift angle for the whole MDCT to ad-
just the power flow and βi is the phase-shift angle for each DAB
in ADCT; Vcij and Vci are the voltages of discrete dc capacitor in
MDCT and ADCT, respectively; Vciaver = (Vci1 + Vci2 . . . +
Vcin )/n are the average voltage of dc capacitors for each arm
in MDCT, and Vcaver = (Vc1 + Vc2 + . . . + Vcn )/n are the
average voltage of discrete capacitors in ADCT; iri is the arm
current in MMC of MDCT; and ILV i is the dc current for each
DAB in the LVDC side.

IV. HFL CHARACTERIZATION COMPARISON

A. HFL Characterization

For MDCT, the circulating power, current stress, and power
loss will increase greatly when the voltages of MVDC grid
are not rated voltages. Considering the voltage-adjusting ability

of SMs in ADCT, no matter how the voltage of MVDC grid
fluctuates, the HFL voltages always match the turn ratio of the
transformer. Thus, the current keeps a constant value during the
peak point, which decreases the current stress and switching
loss. Although the losses of the added MMC arm may decrease
the efficiency of ADCT during matching state, the efficiency of
ADCT is still higher than the standard ISOP topology with the
same transmission power during most of ranges of mismatching
state because the MMC arm can make DAB in ADCT always
operate with a matching state. In fact, because the real MVDC
system has not been applied widely until now, there is no com-
mon standard or requirement for MVDC voltage fluctuations.
However, because there are a lot of power electronics systems to
help adjusting voltage in MVDC grid, so the voltage fluctuation
requirements of a grid bus can be not that strict as an ac gird.

Assuming that all the voltages of dc capacitors are balanced,
D is the duty ratio of MDCL in ADCT, which represents the
voltage-adjusting ability of SMs. In practice, we have

VcN A =
VMV

n(1 − D)
(2)

where VcNA
is the rated voltage of dc capacitors in ADCT.

To ensure voltage matching, D will be controlled according
to the change of MVDC voltage VMV to ensure that VcNA

is
constant. From (2), the MMC stage for ADCT is a boost con-
verter, the controller just can adjust dc capacitor voltage to be
higher than MVDC voltage. To make sure that the system can
still keep match when MVDC voltage reaches the maximum
value, the rated voltages of dc capacitors are defined based on
the maximum MVDC operation voltage in practice, that is

VcN A =
(1 + λmax)VMVN

n
(3)

where λmax is the maximum fluctuation rate of MVDC grid and
VMVN is the rated voltage of MVDC grid.

The allowable fluctuation rate of MVDC voltage is assumed
as 5% in this paper, that is, λmax = 5%. Thus, to ensure
voltage matching, the turn ratio of the HF transformer is de-
signed based on the rated voltage of dc capacitors (the maxi-
mum MVDC voltage) for ADCT, that is, nTA

= VcNA
/VLV =

(1 + λmax)VMVN/(nVLV). As for MDCT, the turn ratio of the
HF transformer is designed based on the rated MVDC volt-
age and the series number of transformer, that is, nT M =
VMVN/(mVLV). From [29] and [30], the HFL voltage and the
current and power of MDCT and ADCT are shown in Table II,
where A1 , B1 , A2 , and B2 are the rated coefficients as follows:

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

A1 = VMVNcos(kβM ) − VMV

B1 = VMVNsin(kβM )

A2 = (1 + λmax)VMVN[cos(kβA ) − 1]

B2 = (1 + λmax)VMVNsin(kβA )

. (4)

B. HFL Voltage and Current Performance

Fig. 4 shows the HFL voltage and the current performance
for MDCT and ADCT. As shown in the figure, the HFL voltage
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Fig. 3. Balance control for (a) MDCT and (b) ADCT.

TABLE II
HFL VOLTAGE, CURRENT, AND POWER OF MDCT AND ADCT

Variable MDCT ADCT

HFL voltage in MV side va =
∑

k = 1 , 3 , 5 , . . .

4 V M V
k π sin(kw 0 t) va i =

∑

k = 1 , 3 , 5 , . . .

4 V M V
k n π ( 1−D ) sin(kw 0 t)

HFL voltage in LV side vb =
∑

k = 1 , 3 , 5 , . . .

4 V M V N
k π sin k(w 0 t − βM ) vb i =

∑

k = 1 , 3 , 5 , . . .

4 V M V
k n π ( 1−D ) sin[k(w 0 t − βA )]

HFL current ia =
∑

k = 1 , 3 , 5 , . . .

4

√
A 1 2 + B 1 2

k 2 π w 0 L
sin(kw 0 t + arctan A 1

B 1
) ia i =

∑

k = 1 , 3 , 5 , . . .

4

√
A 2 2 + B 2 2

k 2 π w 0 L
sin(kw 0 t + arctan A 2

B 2
)

Transmission power PM =
∑

k = 1 , 3 , 5 , . . .

8 V M V V M V N
k 3 π 2 w 0 L

sin(kβM ) PA =
∑

k = 1 , 3 , 5 , . . .

8 V M V V M V N (1 + λm a x )
k 3 π 2 w 0 L ( 1−D )

sin(kβA )

Fig. 4. Comparison of HFL voltage and current for MDCT and ADCT: (a) HFL voltage and (b) HFL current.

and current of MDCT will change with the voltage fluctuation
of the MVDC grid, but the HFL voltage and current of ADCT
always remain the same. As a result of the square modulation of
MDCT, the maximum value of HFL voltage in ADCT is just l/n
times of VMV , which is lower than that of MDCT. In addition,
no matter how the MVDC voltage changes, the HFL current in
ADCT is lower than that of MDCT with the same transmission.
The detailed analysis of current rating will be introduced in
Section IV. In Fig. 4, the LVDC voltage is controlled by DCT
with rated voltage; VMV changes with maximum fluctuation

rate 5%; HFL voltage and current are normalized by VMVN and
IMVN in Section IV; and the number of SMs is n = 3.

C. HFL Transmission Power Performance

Assuming the stray inductances of the systems hold, the trans-
mission power performance is shown in Fig. 5(a). It can be
seen that the transmission power achieves the maximum value
when the phase-shift angle is π/2 both for MDCT and ADCT.
The transmission ability is greater than that of MDCT because
of the voltage-adjusting ability of SMs in ADCT. In fact, the
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Fig. 5. Comparison of power performance for MDCT and ADCT. (a) Transmission power. (b) Circulating power.

power transmission ability of ADCT can be further increased
if the voltage of the dc capacitor is adjusted higher than that
of the rated voltage. According to the earlier analysis, ADCT
can always get higher power ability than MDCT. In Fig. 5, the
power is normalized as

PN =
VMVNVMVN

8fsL
. (5)

D. HFL Circulating Power Performance

For DCT, the circulating power can be described by HFL
power factor, that is

⎧
⎪⎪⎨

⎪⎪⎩

γM =
PM

SM
=

PM

VaIa

γA =
PA

SA
=

PA

nVaiIai

(6)

where Va , Ia , Vai , and Iai are the HFL voltage and RMS current
of MDCT and ADCT, respectively.

Then, the curves of HFL power factor varied with trans-
mission power is shown in Fig. 5. No matter how the MVDC
voltage fluctuates, the ADCT always has a higher power fac-
tor (that is lower circulating power) than MDCT with the same
transmission power. In addition, the power factor when π/2 ≤
βM , βA ≤ π is lower than that when π/2 ≥ βM , βA ≥ 0,
because the transmission power characterization is the same, so
the phase-shift angle just need to be designed during [0, π/2]
in practice. In fact, there are also some advanced modulations,
which are proposed to suppress the circulating current in tradi-
tional DAB [10], such as dual phase shift, extended phase shift,
triple phase shift, etc. These methods are also can be employed
to MMC in MDCT; however, no matter which advanced mod-
ulation is used, it just can suppress the circulating current in
a certain degree, and the circulating current of MDCT will be
still higher than that of ADCT because the dc voltage of each
capacitor in MMC is still a constant.

According to the earlier analysis, compared with MDCT,
ADCT has lower HFL voltage and current peak, higher power
transfer ability, and lower circulating power.

V. CHARACTERISTIC CURRENT COMPARISON

A. Characteristic Current Comparison in MVDC Side

From Table II, the HFL RMS current Ia of MDCT can be
derived based on the RMS value of each component in Fourier
series

Ia =
4

πw0L

√
∑

k=1,3,5,...

A1
2 + B1

2

2k4 . (7)

For MMC in MDCT, the arm current is composed of the
MVDC current and the HFL current; so we have
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

Ir M =

√(
IMV

2

)2

+
(

Ia

2

)2

=

√(
PM

2VMV

)2

+
(

Ia

2

)2

�

I r M =
1
T

∫ T

0

∣
∣
∣
∣
IMV

2
+

ia
2

∣
∣
∣
∣ dt =

1
T

∫ T

0

∣
∣
∣
∣

PM

2VMV
+

ia
2

∣
∣
∣
∣ dt

(8)
where IrM

and ÎrM
are the arm RMS current and the arm

absolute average current of MDCT, respectively.
From Fig. 4, when VMV < nTM

mVLV , the current stress for
MMC in MDCT will be achieved for the HFL current at ω0t =
βM ; when VMV ≥ nTM

mVLV , current stress will be achieved
for the HFL current at ω0t = π. From Table II and (4), we have

Im M

=

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

PM

2VMV
+

∑

k=1,3,5,...

2[VMVN − VMVcos(kβM )]
k2πw0L

w0t=βM

PM

2VMV
+

∑

k=1,3,5,...

2[VMV − VMVNcos(kβM )]
k2πw0L

w0t=π
.

(9)

Similar to ADCT, for DAB cell, the arm RMS current can
be described with HFL RMS current; for SMs, the arm RMS
current can be described with MVDC RMS current. In addi-
tion, for DAB cells in ADCT, the current stress will be achieved
for HFL current at ω0t = βA or ω0t = π. In fact, for DAB
cells in ADCT, the currents for ω0t = β and ω0t = π are the
same during the matching state. For SMs in ADCT, if ignoring
the current fluctuation in the MVDC side, the current stress is
the same with average current in the MVDC side. Then, the
current characterization for MDCT and ADCT is shown in
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TABLE III
CURRENT CHARACTERIZATION OF MDCT AND ADCT IN THE MVDC SIDE

Table III, where Iai , Ir H 1 , Îr H 1 , and Im H 1 are the HFL RMS
current, arm RMS current, arm absolute average current, and
current stress of H-bridges in the MVDC side in ADCT, respec-
tively; and Ir SM , Îr SM , and Im SM are the arm RMS current,
the arm absolute average current, and the current stress of SMs
in ADCT, respectively.

According to the earlier analysis, the characteristic current
comparison in the MVDC side is shown in Fig. 6. It can be
seen that the HFL RMS current of MDCT changes with the
change in the MVDC voltage, but the HFL RMS current of
ADCT remain the same. No matter how the MVDC voltage
fluctuates, MDCT has higher HFL current than ADCT with
the same transmission power in the entire the range. Although
MDCT has higher HFL RMS current, the MDCT has lower
arm current than ADCT with the same transmission power at all
ranges, and the SMs in ADCT have lower arm RMS current than
the DABs during most of the ranges. Similar to the arm RMS
current, MDCT has lower arm average current than ADCT with
the same transmission power during most of the range; this may
increase the conduction loss of switches. Moreover, the SMs in
ADCT also have lower arm average current than DABs during
most of the range. MDCT has lower arm current than ADCT,
but the current stress is higher than that of ADCT with the same
transmission power during most of the range, and the SMs in
ADCT have the lowest current stress.

In Fig. 6, VMV changes with maximum fluctuation rate of
5%, and all the currents are normalized by IMVN as

IMVN =
PN

VMVN
=

VMVNπ

4w0L
. (10)

According to the earlier analysis, with the same transmission
power, MDCT has higher HFL current and current stress than
that of ADCT during most of the range, but the arm RMS and
average currents are lower than those of ADCT. Usually, high
HFL RMS current will increase the power requirement and
conduction loss of HF transformers and inductors, high arm
average and RMS currents will increase the current requirement
of employed switches and also increase the conduction loss of
switches, and high current stress will increase the switching loss
and EMI of the system.

TABLE IV
CURRENT CHARACTERIZATION OF MDCT AND ADCT IN THE LVDC SIDE

Variable MDCT ADCT

HFL RMS current Ib = nT M Ia Ib i = nT A Ia i

Arm RMS current Ir H = Ib Ir H 2 = Ib i

Arm absolute average current
�
I r H = 1

T

∫ T
0 |ib |dt

�
I r H 2 = 1

T

∫ T
0 |ib i |dt

Current stress Im H = nT M Im M Im H 2 = nT A Im H 1

B. Characteristic Current Comparison in the LVDC Side

From the earlier analysis, both the LVDC sides for MDCT and
ADCT are H-bridges and the characteristic current in the LVDC
side is simpler compare with the characteristic current in the
MVDC side. For H-bridges in MDCT, because the transformer
is connected in series, all the HFL currents are the same and the
HFL RMS current Ib of MDCT is nTM

Ia ; the arm RMS current
can be described with the HFL RMS current; the current stress is
also achieved for HFL current at ω0t = βM or ω0t = π. Simi-
lar to the H-bridges in ADCT. Then, the current characterization
for MDCT and ADCT in the LVDC side is shown in Table IV,
where Ib , IrH

, ÎrH
, and ImH

are the HFL RMS current, the arm
RMS current, the arm absolute average current, and the current
stress of H-bridges in MDCT; Ibi , Ir H 2 , Îr H 2 , and Im H 2 are
the HFL RMS current, the arm RMS current, the arm absolute
average current, and the current stress of H-bridges in the LVDC
side in ADCT, respectively.

Although both the LVDC sides for MDCT and ADCT are H-
bridges, the number of H-bridges may be different. In ADCT,
the number of H-bridges in the LVDC side is equal to that
in the MVDC side, i.e., n. In MDCT, because the MVDC and
the LVDC sides are decoupled, the number of H-bridges in the
LVDC side can be more than, less than, or equal to n, which
is decided by the employed switches. Therefore, in the LVDC
side, the analysis should contain three different cases when
m < n, m = n, and m > n.

Fig. 7 shows the characteristic current comparison of MDCT
and ADCT in the LVDC side. When m < n, all the characteristic
currents of MDCT are higher than that of ADCT. When m > n,
all the characteristic currents of MDCT are lower than that of



2042 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 3, MARCH 2018

Fig. 6. Comparison of characteristic current for MDCT and ADCT in the MVDC side. (a) HFL RMS current. (b) Arm RMS current. (c) Arm average current.
(d) Current stress.

Fig. 7. Comparison of characteristic current for MDCT and ADCT in the LVDC side. (a) HFL or arm RMS current. (b) Arm average current. (c) Current stress.

ADCT. When m = n, all the characteristic currents of MDCT
are almost the same with that of ADCT; however, because the
HFL voltage of MDCT also changes with the fluctuation of the
MVDC voltage and the HFL voltage of ADCT keep the constant,
the characteristic currents of MDCT is an area but ADCT is
a constant line. In Fig. 7, all the currents are normalized by
nN IMVN , where nN = VMVN/(nVLV).

In practice, in order to satisfy the isolation of the MVDC sys-
tem, the isolation voltage between the primary and the secondary
sides of each transformer needs to be high, which increases
the manufacturing difficulty and the volume of HF transformer
greatly. Usually, reducing the number of HF transformer to a

certain degree is welcome in practice. Therefore, considering
that the number of H-bridges in ADCT is n, we usually do not
select the number of H-bridges m > n in MDCT.

VI. SWITCHING PERFORMANCE COMPARISON

A. Switching Performance Comparison in MVDC Side

Here, we just analyze the switching characterization when the
power flows from MV side to LV side; the characterization with
the different power flow can be analyzed similarly. In addition,
because the turn-on loss of diode is very small in practice, it can
be ignored in the analysis.
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Fig. 8. Switching performance of MMC in MDCT. (a) Switching State 1. (b)
Switching state 2.

Fig. 9. Switching performance of ADCT in the MVDC side. (a) H-bridges in
the MVDC side. (b) SM.

From the earlier analysis, there are different operation states
for SMs in MDCT. Each operation state contains two typical
switching behaviors. When MDCT operates with low voltage
fluctuation, the arm current at switching time will have different
polarity, as shown in Fig. 8(a). When vij : 0 → Vc , the current
is positive; when vij : Vc → 0, the current is negative. Then,
during one switching period, the soft switching behaviors are
as follows: Saij1 turns on with zero voltage switching (ZVS),
Dij2 turns off with zero current switching (ZCS), Sij2 turns on
with ZVS, and Dij1 turns off with ZCS. The hard switching
(HS) behaviors are as follows: Sij2 turns off, and Sij1 turns off.
When the MDCT operates with high voltage fluctuation, the
arm current at the switching time will have the same polarity, as
shown in Fig. 8(b). When vij : 0 → Vc , the current is positive;
when vij : Vc → 0, the current is still positive. Then, during one
switching period, the soft switching behaviors are as follows:
Sij1 turns on with ZVS. The HS behaviors are as follows: Sij2
turns on and turns off, and Dij1 turns off.

In ADCT, the DAB cell can always operate in matching state.
No matter how the MVDC voltage fluctuates, all H-bridges in
the MVDC side have the same switching behaviors, as shown
in Fig. 9(a). All switches turn on with ZVS, and all diodes turn
off with ZCS. The HS behaviors are just turn off for all the
switches. The switching behaviors of SMs are shown in Fig.
9(b). All switching behaviors for the SMs are HS. During one
switching period, there are turn on and turn off of switches
and turn off of diodes. However, because the SMs in ADCT

Fig. 10. Switching performance of H-bridges in MDCT. (a) Switching State
1. (b) Switching state 2.

Fig. 11. Switching performance for H-bridges of ADCT in the LVDC side.

do not need to operate with HFL modulation, so the switching
frequency can be small.

B. Switching Performance Comparison in the LVDC Side

Similar to the operation states for MMC in MDCT, the
H-bridges in the LVDC side also contains two typical switching
behaviors. As shown in Fig. 10(a), the MDCT operates with low
voltage fluctuation or heavy load; the soft switching behaviors
during one switching period are as follows: Qi1 − Qi4 turn on
with ZVS, Mi1 − Mi4 turn off with ZCS. The HS behaviors
are as follows: Qi1 − Qi4 turn off. As shown in Fig. 10(b), the
MDCT operates with high voltage fluctuation or load; the soft
switching behaviors during one switching period are as follows:
Qi1 − Qi4 turn off with ZCS. The HS behaviors are as follows:
Qi1 − Qi4 turn on, and Mi1 − Mi4 turn off.

Similar to the operation states for H-bridges of ADCT in the
MVDC side, the H-bridges in LVDC also always operate in the
matching state. No matter how the MVDC voltage fluctuates,
all H-bridges have the same switching behaviors, as shown in
Fig. 11. All switches turn on with ZVS, and all diodes turn off
with ZCS. The HS behaviors are just turn off for all the switches.

According to the earlier analysis, the switching performance
of MDCT will become worse when the MVDC voltage fluctu-
ates, especially for the light-load situation. The switching per-
formance of DABs in ADCT always remains the same, but the
switching behaviors of SMs are added. However, in the MVDC
side, because there exist 4n SMs for MMC in MDCT, so the
number of switching behaviors of MDCT will be more than that
of ADCT, even if SMs in ADCT are taken into account.
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VII. POWER LOSS COMPARISON

In power loss analysis, to make a fair comparison, the MVDC
and LVDC voltages and device rating voltage for MDCT and
ADCT are the same, so if the number of SMs and DAB in
ADCT is n, then the number of SMs for each arm is n. As for
the number of H-bridges in MDCT, it can or cannot be n, which
is defined with m. In this case, the number of switches in MDCT
is 4 ∗ 2 ∗ n + 4 ∗ m = 8n + 4m and the number of switches
in ADCT is 2 ∗ n + 8 ∗ n = 10n, where n and m can be any
positive integer according to the practical system.

A. Power Loss in the MVDC Side

In order to simplify the analysis, let us assume that the switch
and the diode have the same voltage drop with the same current,
which can be derived as

vS = VS0 + RS |iS | (11)

where vS is the voltage drop, iS is the current across the
switches, VS0 is the threshold voltage, and RS is the slope
resistance. VS0 and RS can be achieved from the datasheet of
switches and diodes.

In MDCT, the current will always flow through one switch or
diode for each SM. Then, n voltage drops are produced with the
arm current for each arm. Similarly, in ADCT, each SM has one
voltage drop and each H-bridge in DAB has two voltage drops.
The instantaneous conduction power for MDCT and ADCT in
MV side can be derived as

⎧
⎪⎨

⎪⎩

pCON M = 4n
(
VS0 |ir M | + RS i2r M

)

pCON H 1 = 2n
(
VS0 |ir H 1 | + RS i2r H 1

)

pCON SM = n
(
VS0 |ir SM | + RS i2r SM

)
(12)

where pCON M , pCON H 1 , and pCON SM are the instantaneous
conduction power of MMC in MDCT, H-bridges, and SMs of
ADCT in the MVDC side, respectively.

From (12), the average conduction loss during one switching
period in the MVDC side can be derived as

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

PCON M =
1
T

∫ T

0
pCON M dt

= 4nVS0
�

I r M + 4nRS I2
r M

PCON A1 =
1
T

∫ T

0
(pCON H 1 + pCON SM) dt

= nVS0

(�

I r SM + 2
�

I r H 1

)
+ nRS

(
I2
r SM + 2I2

r H 1

)

(13)
where PCON M and PCON A1 are the average conduction power
of MDCT and ADCT in the MVDC side, respectively.

From (13), the conduction loss can be divided into two parts,
which are

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

PCON M 1 = 4nVS0
�

I r M

PCON M 2 = 4nRS I2
r M

PCON A11 = nVS0

(�

I r SM + 2
�

I r H 1

)

PCON A12 = nRS

(
I2
r SM + 2I2

r H 1

)

. (14)

In this case, the two parts of conduction loss in (14) can
be normalized by PCON1 and PCON2 , respectively, where
PCON1 = nVS0IMVN and PCON2 = nRS I2

MVN . Then, the
conduction loss of MDCT and ADCT in the MVDC side can
be compared with two parts, as shown in Fig. 12(a) and (b). Al-
though the current flows more switches in MDCT, because the
arm current of MDCT is lower and the SMs are added in ADCT,
the conduction loss of MDCT is lower than that of ADCT. How-
ever, the loss of the ADCT almost remains the same when the
MVDC voltage changes, but the loss of the MDCT changes
a lot.

From the analysis in Section VI, the HS behaviors of both
DCTs involve not only turn off but also turn on. However, every
turn-on behavior of the switch will be accompanied with a turn-
off behavior of the diode. In order to simplify the analysis, let
us assume that the turn-off loss of the switch is equivalent to the
sum of the turn-on loss of the switch and the turn-off loss of the
diode. Assuming that the normalized switching loss based on
voltage and current is eSW , from the analysis in Section VI, the
switching loss of each SM during a switching period for MMC
of MDCT in the MVDC side can be derived as

ESW M =
eSW VMV (|I1 | + |I3 |)

n
(15)

where ESW M is the switching loss of each SM during a switch-
ing period in MMC of MDCT.

For ADCT, because DAB always operates with matching
state, ignoring current fluctuation in the MVDC side, the switch-
ing loss of each H-bridge and SM during a switching period in
the MVDC side can be derived as

⎧
⎪⎪⎨

⎪⎪⎩

ESW H 1 =
4eSW (1 + λmax)VMVNIm H 1

n

ESW SM =
2eSW (1 + λmax)VMVNIm SM

n

(16)

where ESW H 1 and ESWS M are the switching losses of each
H-bridge in the MVDC side and each SM during a switching
period in MDCT, respectively.

From the switching characterization in Section VI, the aver-
age switching loss in the MVDC side can be derived as

{
PSW M = 4nfsESW M

PSW A1 = n (fsESW H 1 + fSMESW SM)
(17)

where PSW M and PSW A1 are the average switching loss of
MDCT and ADCT in the MVDC side, respectively.

From (15) to (17), the comparison of the switching loss for
MDCT and ADCT in the MVDC side is shown in Fig. 12(c),
where the switching loss is normalized by PSW = fseSW PN .
From Fig. 12(c), although the arm current of MMC in MDCT
is lower than that of ADCT in the MVDC side, the peak cur-
rent increases greatly when the MVDC voltage fluctuates, es-
pecially the number of switching behaviors of MDCT is more,
the switching loss of MDCT will be higher than that of ADCT
in the MVDC side, especially for light loads. In fact, for ADCT,
although SMs are added, the switching frequency can be less
than the HFL frequency. In this section, the switching frequency
ratio for SM and DAB is fSM/fs = 1/2.
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Fig. 12. Comparison of power loss for MDCT and ADCT in the MVDC side. (a) Part 1 of conduction loss. (b) Part 2 of conduction loss. (c) Switching loss.

Fig. 13. Comparison of power loss for MDCT and ADCT in the LVDC side. (a) Part 1 of conduction loss. (b) Part 2 of conduction loss. (c) Switching loss.

Fig. 14. Comparison of multilevel modulation for (a) MDCT and (b) ADCT.

B. Power Loss in the LVDC Side

Different with MMC in MDCT, there are just two voltage
drops for the H-bridges in the LVDC side, and the number
of H-bridges is m which can equal to n or not as analysis in
Section V. Then, similar to the analysis in the MVDC side,
the average conduction loss during one switching period in the
LVDC side can be derived as

{
PCON H = 2mVS0

�

I r H + 2mRS I2
r H

PCON A2 = 2nVS0
�

I r H 2 + 2nRS I2
r H 2

(18)

where PCON H and PCON A2 are the average conduction power
of MDCT and ADCT in the LVDC side, respectively.

Then, the conduction loss of MDCT and ADCT in the LVDC
side can also be compared with two parts, as shown in Fig. 13(a)
and (b), where the two parts are normalized by nN PCON1 and
(nN )2PCON2 . It can be seen that the conduction loss of ADCT
is almost kept the same when the MVDC voltage changes. Part
1 of conduction loss related to average current does not change
with the number of H-bridges in MDCT, but it changes with
the fluctuation of the MVDC voltage, and the part 1 loss of
MDCT is higher than that of ADCT because the average current
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Fig. 15. Comparison of HFL operation for (a) MDCT and (b) ADCT.

Fig. 16. Comparison of HFL operation for MDCT with MVDC voltage fluctuation. (a) λ = −5%. (b) λ = 5%.

Fig. 17. Comparison of HFL currents for MDCT and ADCT with different voltage fluctuation. (a) λ = −5%. (b) λ = 0. (c) λ = 5%.

Fig. 18. Comparison of arm currents for MDCT and ADCT with different voltage fluctuation. (a) λ = −5%. (b) λ = 0. (c) λ = 5%.
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Fig. 19. Comparison of efficiencies for MDCT and ADCT with different voltage fluctuation. (a) λ = −5%. (b) λ = 0. (c) λ = 5%.

is higher. Part 2 of conduction loss related to RMS current in
MDCT not only changes with the number of H-bridges but also
changes with the fluctuation of the MVDC voltage. If we just
consider m � n in practice, the part 2 loss of MDCT is also
higher than that of ADCT.

Similar to the analysis in the MVDC side, the average switch-
ing loss in the LVDC side can be derived as
{

PSW H = mfsESW H = 2mfseSW VLV (|I2 | + |I4 |)
PSW H 2 = nfsESW A2 = 4nfseSW VLVIm H 2

(19)

where PSW H and PSW A2 are the average switching loss of
MDCT and ADCT in the LVDC side, respectively.

The switching loss of MDCT and ADCT in the LVDC side is
shown in Fig. 13(c), where the switching loss is also normalized
by PSW . It can be seen that the switching loss of ADCT is also
kept the same when the MVDC voltage changes. The switching
loss of MDCT in the LVDC side does not change with the
number of H-bridges in MDCT but changes with the fluctuation
of the MVDC voltage, and the loss is higher than that of ADCT
during most of the ranges.

Notice that the analysis in this section mainly compares the
power loss performance of ADCT and MDCT; we do not need to
quantify absolute rationality and just need to make sure that the
contrast to the law is reasonable, so some general assumptions
are made in this section to simplify analysis.

VIII. EXPERIMENTAL VERIFICATION

To verify the theoretical earlier analysis, the small-scale
MDCT and ADCT prototypes with 1 kW are built, and the
parameters are as follow: MVDC- and LVDC-rated voltages
are VMV = 450 V and VLV = 150 V, respectively; the num-
ber of SMs and full bridges is n = m = 3; the transformer
ratio is nT = 1 : 1; the arm inductance is 30 μH; the leakage
inductance of each transformer is 40 μH; the dc capacitors are
Cij = 450μF and Ci = 450 μF; and the switching frequency
is fs = 20 kHz.

Fig. 14 shows the comparison of multilevel modulation of
MDCT and ADCT. In MDCT, the duty cycle for each SM is
50%. However, to decrease dv/dt in HFL, there is a small phase
shift between the output voltages of each SM, so the HFL voltage
is a multilevel trapezoidal wave in practice. In addition, from
Section III, the alternate modulation for SM is employed to keep

the balance of the dc capacitor, but no matter how it alternates,
both the total high and low levels are 50% during one period.
In ADCT, the multilevel modulation is in DCL, but the output
of each SM is not a square wave with 50% duty ratio, which
changes with the MVDC voltage. In order to decrease the current
ripple, there is a 2π/3 phase-shift angle between neighboring
SMs.

Fig. 15 shows the comparison of HFL waveforms of MDCT
and ADCT. Both MDCT and ADCT employ dual-active phase-
shift control method. However, the HFL peak voltage of MDCT
is almost three times that of ADCT, which is higher than that
of ADCT. With the same transmission power, the HFL peak
current of MDCT is higher than that of ADCT. In Fig. 16,
VMV = 450 V and VLV = 150 V, and both DCTs operate in
matching state.

If voltage fluctuation in MVDC distribution grid is consid-
ered, the HFL waveforms of MDCT are shown in Fig. 16.
With the voltage fluctuation of MVDC grid, the MDCT changes
from matching state to mismatching state, and the current stress
increases greatly. In addition, for ADCT, no matter how the
MVDC voltage changes, the HFL current in ADCT remains the
same with Fig. 15(b), which is lower than that of MDCT with
the same transmission.

Fig. 17 shows the comparison of HFL currents of MDCT and
ADCT with different voltage fluctuation. It can be seen that the
HFL current of MDCT changes with the change of the MVDC
voltage but the HFL current of ADCT almost keep the same. No
matter how the MVDC voltage fluctuates, the MDCT has higher
HFL current than that of ADCT with the same transmission
power.

Fig. 18 shows the comparison of arm currents of MDCT and
ADCT with different voltage fluctuation. It can be seen that
the MDCT has lower arm current than ADCT with the same
transmission power during most of the range. With the increase
in the MVDC voltage, the current of SMs in ADCT decreases.

Fig. 19 shows the comparison of efficiencies of MDCT and
ADCT with different voltage fluctuations. With the increase in
the MVDC voltage, the average efficiency of ADCT increases.
However, for MDCT, the conduction and switching losses have
different regulation with the change of the voltage, and thus, the
change is different. The matching state of MDCT has the highest
efficiency. During matching state, the efficiency of MDCT may
be higher than that of ADCT in some situations, but the ADCT
has higher efficiency during most of the range.



2048 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 3, MARCH 2018

IX. CONCLUSION

The performances of MDCT and ADCT are compared com-
prehensively for MVDC application in this paper. From the the-
oretical and experimental results, both MDCT and ADCT have
fault treatment ability. However, the installation and commis-
sioning of ADCT are more flexible and simpler. MDCT needs
more switches and HF inductors than ADCT in the MVDC side,
but the number of HF transformer can be reduced, which is
welcome in practice. Compared with MDCT, ADCT has higher
power transfer ability and lower circulating power and has lower
HFL voltage and RMS current and peak values. However, the
arm RMS and average currents of MDCT are lower than those
of ADCT. The switching performance of MDCT becomes bad
when the MVDC voltage fluctuates, but the switching behaviors
of half bridges are added to ADCT. The loss of ADCT almost
remains the same when the MVDC voltage fluctuates, but the
loss of MDCT changes a lot.
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