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Dual-Mode Operation of Quasi-Square-Wave
Modulated DC-DC Converter for Enhanced
Efficiency Across a Wide Operating Range

Peizhou Xia"”, Xinyun Zhang *“, Paul D. Judge

and Stephen J. Finney

Abstract—Extending the use of dc—dc converters, such as the
dual active bridge (DAB) to high voltage applications, will require
voltage sharing among series-connected power devices. Initial so-
lutions used snubber capacitors to limit voltage rise and balance
the turn-OFF voltage. However, this mechanism is not viable at
low currents, which leads to high capacitor discharge currents.
The quasi-square-wave modular multilevel dc—-dc converter (QSW-
MMC) has been proposed as an option for high voltage DAB
converters. This circuit employs an additional switch in series with
the capacitor, which acts as a controlled voltage clamp. This avoids
problems at low loading but loses the benefit of switching loss
reduction at high currents. In this article, a dual-mode operation
based on the QSW-MMC is proposed, which actively controls the
auxiliary switch to use the submodule capacitor as a clamping
component at low currents and as a snubber component at high
currents. In addition, the presented control strategy can achieve
smooth transitions between two modes. Finally, simulation and
experimental results from a scaled test rig validate the efficiency
improvement achieved by the proposed dual-mode operation.

Index Terms—DC transformer, dc—dc power conversion, dual-
active bridge (DAB), modular multilevel converter (MMC), zero-
voltage switching (ZVS).

1. INTRODUCTION

EDIUM-VOLTAGE dc (MVdc) power networks
M are increasingly being adopted as alternatives to
conventional ac systems with the growing integration of
renewable energy sources. This trend is driven by the advantages
of MVdc systems, which includes higher efficiency and
reliability, reduced size, improved controllability, and lower
overall cost [1], [2], [3], [4]. A key enabler for integrated dc
networks is the ability to transform voltage and current levels in
amanner similar to that of conventional ac power networks. This
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functionality can be readily achieved in lower power systems,
such as data centers and automotive platforms, which operate at
voltage levels compatible with well-established dc—dc converter
technologies [5], [6], [7], [8], [9]. In high-power applications
with conversion from MVdc to high-voltage dc (HVdc) levels,
high-gain dc—dc converters also offer a more compact and
cost-effective solution compared to original ac systems, making
them a promising alternative for future high-power applications,
such as offshore wind farms [10], [11], [12].

Several key requirements exist for high gain dc—dc convert-
ers, which include high power, galvanic isolation, bidirectional
power transfer, and a high step-up ratio. A range of solutions has
been proposed, among which dual-active-bridge (DAB) dc—dc
converters serve as a core converter unit [12]. DAB converters
can be implemented using various connection strategies, for
example, the input-parallel output-series (IPOS) configurations,
as shown in Fig. 1(a) [13], [14], [15]. Nevertheless, the straight-
forward setup of DAB arrays requires the distributed transform-
ers to block the system’s maximum voltage, which leads to a
complex transformer core design under MV [16]. In addition,
the high voltage and power levels require the DAB converter unit
capable of operating beyond the voltage rating of single power
semiconductor devices.

An early solution employed the series connection of power
switches, such as insulated gate bipolar transistors (IGBTs). This
approach has been proven viable, which uses a reduced number
of passive components and simplified circuit structures. How-
ever, achieving proper voltage sharing among series-connected
power switches remains concerned [17], [18]. To address this
issue, two main approaches have been proposed: active gate
drive techniques and passive snubber circuits. Dedicated active
gate drives control the switching speed of each power switch
by regulating the gate voltage [17], [19], [20], [21]. However,
this implementation requires high bandwidth current and voltage
feedback to realize the synchronization among power switches,
which increase the circuit complexity and cost.

Passive snubber circuits utilize a simple, component-based
topology connected in parallel with power switches to slow down
the switching transients. A common configuration consists of
a resistor, capacitor, and diode, forming a reliable and widely
adopted snubber circuit [16], [22], [23], [24], [25]. In DAB
converters, soft turn-ON is typically achieved, as the snubber
capacitor voltage reaches 0 V before the power switches are
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Fig.1. Schematics of (a) IPOS based high-gain DC-DC converter. (b) DC-DC
module with SCDCT topology. (c) DC-DC module with MMDCT topology.

turned ON [25]. As a result, the snubber resistor is not required
to limit the inrush current and an individual snubber capacitor
is sufficient. However, the energy stored in stray inductance
can resonate with the snubber capacitor, resulting in switching-
frequency related power losses [26].

Another drawback of passive snubber circuits is the increased
power loss under light-load conditions, which is especially
critical in applications with a high peak-to-average power ratio,
such as wave energy systems [27]. In such cases, the snubber
capacitor may not fully discharge during the dead-time interval
and can experience a short-circuit at the turn-ON instant of the
power switch, leading to excessive losses [16]. Therefore, the
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snubber capacitor must be carefully designed: a capacitance
value that is too low may result in inadequate voltage sharing,
while an excessively large value can cause substantial losses
during low-current operation.

In addition to the series connection of power switches, numer-
ous studies have explored the use of quasi-square-wave (QSW)
modulated modular multilevel converters (MMCs), which ex-
tend conventional two-level DAB converters by incorporating
trapezoidal transition edges. Unlike traditional MMC imple-
mentations, the submodule capacitors under QSW modulation
conduct only at switching transients, during which they are
dealing with voltage overshoot caused by the commutation of
arm inductor current [28], [29], [30], [31]. Dwell transition times
are typically on the order of microseconds, allowing for a sig-
nificant reduction in submodule capacitance and consequently
a decrease in overall capacitor volume. Similar strategies have
been proposed in [26] and [32], commonly referred to as active
clamping circuits. The integration of auxiliary switches within
MMC submodules enables consistent clamping voltages across
power switches, thereby alleviating voltage sharing challenges
in series-connected configurations. Meanwhile, snubber-related
losses at low-current levels are significantly reduced as the
submodule capacitors remain charged.

Although the studies in [29] and [30] present a comprehensive
analysis of submodule capacitance sizing to mitigate exces-
sive voltage overshoot, high switching losses during turn-OFF
events remain a significant concern. In [33] and [34], addi-
tional snubber capacitors are introduced for both the main and
auxiliary power switches. However, this approach does not
address snubber-related losses under low-current conditions.
Furthermore, to recover the energy losses originating from the
arm inductance, a low submodule capacitance is often desir-
able to generate high-frequency oscillations [30]. Nevertheless,
this also leads to increased voltage overshoot at high-current
levels. The reduced submodule capacitance, made feasible by
QSW-modulated MMC operation, allows the submodule ca-
pacitors to function as snubber elements for series-connected
power switches. This article also demonstrates that the auxil-
iary switch can be actively controlled to suppress the ringing
during switching periods. In addition, given the variable load
demands of dc—dc converter units, the required power transfer
can be used to determine the appropriate operating mode of the
QSW-modulated MMC stack.

In this article, a control methodology featuring dual-mode
operation is proposed to control the auxiliary switch within
the submodules. This determines whether the QSW-modulated
MMC arm operates as a series-connected switch stack with
complete zero-voltage switching (ZVS) under high-current con-
ditions, or reverts to its original QSW-modulated mode under
low-current operation to minimize snubber-related losses. The
boundary transferred power between these two modes is investi-
gated, which considers both the minimum load current required
to fully achieve ZVS and the allowable voltage overshoot across
the power switches.

The rest of this article is organized as follows. Section II
reviews the operation of dc—dc modules based on series-
connected power switches and QSW-modulated MMCs.
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Fig. 2.
load.

Section III analyzes the proposed dual-mode operation and
the boundary conditions between the two modes. Section IV
presents the practical implementation, including the design
of a hybrid controller and the analysis of mode transitions.
Sections V and VI provide simulation and scaled experimental
results to validate the effectiveness of the dual-mode operation
in QSW-modulated dc—dc converters, demonstrating their
capability to improve conversion efficiency over a wide
operating range. Finally, Section VII concludes this article.

II. STRUCTURE AND OPERATING PRINCIPLE OF ANALYZED
HiGH-GAIN DC-DC CONVERTER.

This section introduces the high-gain dc—dc converter based
on two configurations, with an IPOS layout, as shown in Fig. 1,
which enables current sharing on the MV side and voltage
sharing on the HV side. For each dc—dc module, the individual
power switch used in a conventional two-level DAB converter is
replaced by an arm structure. This arm can be implemented using
either series-connected power switches, as shown in Fig. 1(b),
or MMC submodules, as depicted in Fig. 1(c).

Between the primary and secondary sides, a low-frequency
or medium-frequency ac transformer is used to provide galvanic
isolation and high-gain voltage conversion. This transformer can
be modeled as a leakage inductance L in series with an ideal
transformer.

A. Series-Connected Power Switches

In this article, the series-connected power switch configu-
ration is referred to as the series-connected dc transformer
(SCDCT). The power switches are denoted as ()1, to @y,
and (Q1; to @y, with subscripts u and [ indicating the up-
per and lower arms, respectively. L represents the equiv-
alent arm inductance, which is primarily attributed to the
stray or parasitic inductance of the power modules and bus-
bar connections. C denotes the snubber capacitor, which is
implemented to enable ZVS and voltage sharing for power
switches.

Voltage and current waveforms of the SCDCT under (a) heavy load and (b) light load. (c) Voltage and current waveforms of the MMDCT under light

The operational modes of the proposed SCDCT are cate-
gorized into four distinct conditions based on the dead-band
duration and the relationship between the switch voltages and
currents: forward power flow under light load, forward power
flow under heavy load, backward power flow under light load,
and backward power flow under heavy load. Given the applica-
tion of the discussed SCDCT, this article primarily focuses on
forward power flow. The light-load and heavy-load conditions
are analyzed, as illustrated in Fig. 2.

The heavy-load condition can be characterized by the fact that
all power switches achieve ZVS. Q1,—Qn,, of the upper arm
(represented by (), in Fig. 2) are turned OFF at ¢, with snubber
capacitors C's slowly ramp to realize ZVS of turn-OFF switches.
At t.,, every snubber capacitors are charged to nominal voltage
Ven. Q1 — @y (represented by @ ;; in Fig. 2) will then be turned
ON at t;, after the dead-band time tq;,. Due to the inductive
loading, the turn-ON of Q1; — Qn; will see ZVS. Therefore,
under heavy-load conditions, the switching losses from series-
connection side are completely removed.

The voltage imbalance among power switches can be derived
based on the maximum delay time between the turn-OFF events
of the first and last power switches, denoted as Ty, and the load
current at the switching instant, represented by I for the upper
arm of the primary bridge. Since T} is short relative to the entire
switching period, the arm current responsible for generating the
voltage imbalance can be assumed to remain constant during
this interval. Accordingly, the voltage imbalance AV can be
expressed as

TuI,

A =
|4 c.

ey

Under light-load condition, as shown in Fig. 2(b), snubber
capacitors C cannot be fully discharged during the dead-band
time tqp. Therefore, at the turn-ON instant t; of Q1 — Qny,
the output voltage v, will drop abruptly to —V,/2 and the
snubber capacitors release the remaining stored energy, which
causes significant losses. The maximum losses can be calculated
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where f; is the switching frequency of the SCDCT.

Psnub - Csvjef (2)

B. OSW Modulated MMC

To mitigate the excessive losses encountered under low-
current conditions in the SCDCT, the QSW-modulated MMC
stack, as depicted in Fig. 1(c), can be adopted as an active
clamping circuit. This configuration is referred to as the modular
multilevel dc transformer (MMDCT).

To ensure a consistent comparison between the SCDCT and
MMDCT, both topologies employ a QSW-modulated MMC
stack on the low-current secondary side, so the loss analysis
can be concentrated on the high-current primary side of two
topologies. The voltage change under QSW modulation at each
level is limited to the nominal voltage of a half-bridge submodule
(HBSM), denoted as V,,,. This voltage is ideally equal to Vi, /N
on the primary side and Vj.s/N, on the secondary side. The pa-
rameters T}, and T}, ; define the dwell time for each intermediate
voltage level in the two bridges, enabling precise control of the
output voltage’s dv/dt.

The series arm inductance, Lg;y,, helps limit the inrush arm
current and protects the converter components. Each HBSM
consists of two semiconductor devices, Sj,, and Sj,, along
with their antiparallel diodes, D, and Dgj,. As for the lower
arm, the switches are denoted as S;; and Sg;;. Sj,, and S;; are
positioned in the main power path, while S, and S, together
with the HBSM capacitor Csyp, are connected in an auxiliary
path to provide the clamping voltage V,,; and V,;;, where u and
[ denote the upper and lower arm, respectively.

During the transitions T}, T}, defined in (3), the SMs will be
switched ON in sequence according to their voltage sorting

Ty =(N—-1)T,
Tts = (Ne - ]-) Tws~

(3a)
(3b)

C. Current and Power Derivation of DC-DC Module

The authors in [28], [30] and [33] provided a comprehensive
analysis of the inductor current profile of a DAB converter
employing QSW-modulated MMC stacks. The arm current ob-
served in the upper arm of the MV side at the inserted switching
instant is denoted as I, which can be derived as

I = KVM + 21)VvdcsfvdcS - KVJWTtp - VdcsTts (4)
0 SKLf, AKL '

where K denotes the turns ratio of the ac transformer. Further-
more, the dc voltage ratio p is defined as the ratio between the
voltages across the equivalent series inductance (ESL) L, where

_ V:jCS
P= K

Then, Ij in (4) can be reformulated using the dc voltage ratio
p, and I can be derived as

(L+2Dp—p) Ve~ VuTyp — pVarTis
8L f 4L

®

Iy = (6a)
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j (1 +2Dp — p) Vi B Vi (Ttp + 20Ty, — ths)
! LT, 4L

When operating in reverse power transfer mode, with D €
[—0.5, 0], the current seen by the primary bridge at the inserted
switching instant on the MV side becomes

(—p —2Dp + 1) Vi V]uTtp + pVrTis
8L fs 4L '

The value of this current is close to that in forward power
transfer when operating at the same absolute values of phase shift
D and dc voltage ratio p, except for the difference introduced
by staircase transitions.

In the QSW-modulated MMC stacks, the additional current
points can be derived using symmetry, where

. (6b)

Iy = (7

Iy=—1y, Is=-h, Ig=—D, I;=-1I3 (3)

and the transferred power in the forward direction can be com-
puted as

_ Vi
- 8Lf,

The duty ratios of staircase transitions are defined as Dy, =
Ty /Ts and Dy = Ty, /T, thus the power degradation factor A
in (9) can be derived as

P

[D(1— D) — AJ. )

4 3
A= 3 (Dfp + D?, — 2Dtths) + (1 =2D) (Dyp — Dys) -
(10)

From (9), by introducing the base values, the normalized
power transfer in the dc—dc module can be expressed as in the
following equation:

V2
Prose = 2L ase = Vs Zbase = 8L 11
base 8Lfs ) Vbabe VJW; base 3 fs ( a)
P =p[D(1—-D)—A], Del0,0.5] (11b)
P =p[D(1+ D)+ Ag], D e[-0.5,0] (11c)

where the power degradation factor for reverse power transfer,
AR, is different from A, as

3
2Dtths> +(142D) (Dys — Dyp) .

12)

4
Ap=3 <D$p+D§S—

To avoid high power degradation caused by increased transi-
tions Dy, and Dy, a boundary equation is introduced to limit
the maximum power drop within 10% of transferred power as
(A/D(1 — D) < 0.1), where

P* > Pga(p, D)

:4% (Dfp—i—Dfs—ththS) +10p (1-2D) (Dy,—Dys)
13)

and for reverse power flow, (13) becomes
Ppa(p, D) = 10pAg. (14)
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Fig. 3. Switching signals, capacitor voltages, switch voltages, and currents of
the operating submodule (S, Sq1.) under. (a) Clamping mode at low currents.
(b) Snubber mode at high currents.

III. DUAL-MODE OPERATION OF MMDCT

This article proposes a dual-mode operation strategy for
QSW-modulated MMC stacks. At high-current levels, the aux-
iliary switch is turned ON, allowing the submodule capacitor to
function as a snubber component for the main power switch.
Under this condition, the MMDCT exhibits a structure and
operating behavior similar to that of the SCDCT. The auxiliary
switch is actively controlled based on the current magnitude
without interrupting the operation of the DAB converter.

At low-current levels, to avoid excessive losses caused by
the snubber capacitors, such as in SCDCT, the proposed dual-
mode MMDCT reverts to its original clamping mode, which
corresponds to a typical QSW-modulated MMC stack, where
the submodule capacitor maintains a nominal voltage. During
this low-current operation, both the switching losses and the
capacitor voltage overshoot are effectively limited.

A. Clamping Mode

Clamping mode will be utilized at low currents, where
Fig. 3(a) provides a detailed sketches of switching signals,
HBSM voltages V., and V,;, along with switching waveforms
of power-semiconductor devices.

According to [30], under the clamping mode of a QSW-
modulated MMC stack, one of the HBSMs switchesOFFits aux-
iliary switch to block the oscillatory circulating current, thereby
improving conversion efficiency by recovering the energy stored
in the arm inductance. The switch-OFF delay time in clamping
mode, denoted as Tj., can be derived as

15)

9713

where w, indicates the oscillation frequency, which can be
computed as
1
Csm
N

wq = (16)

2Larm

The work in [29] and [30] analyze the HBSM capacitor
voltage overshoot, denoted as  and defined as

Ven

‘/c,max -

v a7

’y =
and the voltage overshoot with different loading conditions is

given as

N (N = 1) waTwlo + 2N T
2wqCsm VM '

Y= (18)

Based on the voltage overshoot limit criteria, the operating
range of clamping mode with different HBSM capacitance can
be investigated. By combining (4), (11), and (18), the boundary
of transferred power can be derived as

P*> Pp.(p,D)

’YCUdDCSM Vrcn Zbase

. 19
(WdCSM/N + 1) Woase (19)

=D+ pD + pD? —

B. Snubber Mode

Asthe MMDCT primary bridge always sees inductive loading
under forward power flow, the stack arm current is suitable for
realizing zero-voltage turn-ON in MMDCT. Under heavy-load
conditions, HBSM capacitor can be used as snubber capacitance
for the main switches S, and \Sj; to realize zero-voltage turn-
OFF, with auxiliary switches Sq;, and Sg;; being turned ON
during all operating time.

Fig. 3(b) gives an illustration of the switching signals, along
with the voltage and current waveforms under the snubber mode
of MMDCT. At the turn-OFF instant, it can be noted that V., ; =
0 and will be charged relatively slowly compared to the turn-OFF
of the main power switch, hence ZVS is realized. Consequently
the submodule capacitor Cs) is allowed to be fully discharged
during the dead-band between two bridges and the MMDCT
operates similar to the SCDCT.

Fig. 4 depicts the equivalent circuit of the MMC stack under
snubber mode, during the inserted interval of upper arm. At ¢,
the main switches S1,, — S, of upper arm are turned OFF with
the maximum time delay 7}, as shown in Fig. 3(b). The upper
arm capacitors start to be charged from 0 V and the lower arm
start to be discharged from nominal voltage V.,. The average
capacitor voltages of the upper and lower arms are denoted as V,,
and V,;, respectively. During [ty — .|, by applying Kirchhoff’s
voltage law (KVL) we have

iy

cu ‘/c Larmi Larmi = chn

Vew + Vo + 7t + 7t

. . AVeu dVy .

tup — l1p = lo, CSMW = fup, OSMTCé =i (20)
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Equivalent circuit and current commutation path of the snubber mode.

Rearrange (20) leads to a third-order differential equation

a3V, N dV, N2
Ve Ve lo=Ven Q2D
dt3 Larm C(SM dt 2Larm CSM
and it can be solved as
NI . Nlpt
Vou = ——=——sin (\/iw t) + 22a
2v/ 2wy Cs ¢ 2Csm (22a)
NI, Nyt
V= ——29  &n (\/iwdt) _ 2500 Ly (22b)
2v/2wqCsm 2Csm

After the lower arm capacitors are completely discharged,
the arm current will conduct the auxiliary diode D, and keep
charging upper arm capacitors. Meanwhile the output current
is commutating through the diodes of lower arm D ;. The arm
current now becomes

iy 2Ramm ding N
tu
dt? Larm dt LarmCSM P

The upper arm current %,,;, will then show a oscillatory behav-
ior with the oscillation frequency of w,, and damping factor of
o = Rarm/QLarm-

This oscillation also occurs on the SCDCT structure. With the
auxiliary switches S, and Sg;; implemented in the MMDCT
structure, this oscillation can be interrupted by switching OFFthe
auxiliary switch at the correct time, which is referred to as
switch-OFF delay time T;,. During [tqp, Zis], the upper arm
capacitors are first charged and then discharged and ideally
at T;, the voltage across upper arm submodule capacitors are
discharged back to nominal voltage V,,.

After T;,, a brief time interval 77, follows, during which
D1, conducts and causes a nominal voltage drop in the output
voltage. The duration of 77, is short, and once the arm current
drops to zero, the submodule enters an idle state, denoted as Tiqje,
providing a clamped submodule voltage. Since the negative
current commutation path is blocked by the idle HBSM, no arm
current and conduction loss will occur in the auxiliary switches
of the inserted arm.

During the inserted interval, as shown in Fig. 4, the upper
arm HBSM capacitors experience a lower voltage overshoot

—0. (23)
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than in clamping mode when operating under the same power
transfer. This is because the HBSM capacitors are charged from
0 V. Instead of numerically solving (20) and (22), the voltage
overshoot in snubber mode can be approximated by considering
the energy transferred from the arm inductors and lower arm
capacitors to the upper arm capacitors. Therefore

1 1
§NCSM‘/CQ7max - 5 (2Larmlg + NCSM‘/C%L)
2Lam I3 + NCsy V2
‘/c max — = : 24
o \/ ene (24)

C. Required Load Current for Snubber Mode

For varying dead-band time ¢4y, the minimum required load
current, noted as Iy, can be derived by letting V,,; = 0 in (22)
as

2C'SMchn
N .

Ntdb — — S1n (\@wdtdb)
Wq

Ipr = (25)

tap here is designed to cover the discharging time of Cgy for
bypassed arms, which also specifies the duty ratio of staircase
transition of primary bridge, yielding Dy, = tqi,/Ts. According
to (10), higher Dy, results in transferred power drop, which has
to be compensated by higher phase shift D and subsequently
higher current. In this article, Dy, is designed to be lower than
0.05 to avoid power degradation and the load current [, must
satisfy

Iy > Ipr. (26)

The initial computation toward 7;, can be based on the
approximation of using the addition of discharging time with
the half cycle of oscillation period, where

Ti _ 2CSM‘/CTL + 1
NI BL Wd

This time would be used as the feedback control to regulate
the steady state turn-OFF voltages of main power switches.

As for a specified Dy, by combining (4), (11), (25), and (26),
the required power transfer in per unit Pp,,, of boundary for
minimum phase shift can be obtained, and mathematically the
normalized power P* has to satisfy the power requirement of
(28), where

P* < P (p,D)

27

DIBLZbase B D-Dtp - pDDts
Vbase 4Lfs

According to the derivation of transferred power in (9)—(11),
the power under snubber mode is highly sensitive to passive
components as the selection of Cgy will determine Dyy,. In
Fig. 5, the transferred power in terms of various normalized
HBSM capacitance, C'§y;, and phase shift D is demonstrated.
The HBSM capacitance is normalized using

CéM = 27TstbaseC’SM~

(28)

=D+ pD? —

(29)

As shown in Fig. 5, under the same D), the transferred power is
degraded with the increasing Csyy, as larger Csyy leads to higher
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Soft-Switching Snubber Mode

Hard-Switching
Clamping Mode - |

Civ 1.54

Fig. 5. Normalized transferred power P* in terms of normalized HBSM
capacitance, C'g);, and phase shift D.

Dy,,. Therefore, D is required to be greater than a certain value
by solving (25) to guarantee that the proposed snubber mode is
applicable. Otherwise, only clamping mode can be employed.

After tqy,, the turn-ON of complementary switch, for example,
the S att = tqyp, in Fig. 4, is expected to see soft turn-ON, which
indicates that i, at this instant is negative and conducting D ;.
This criteria can be translated to I; > 0, thus by combining (4)
and (11) we have

P* < Pg,(p, D)

= —2DDy, — 2pD (2Dy, — D) + D + pD?. (30)

Based on the aforementioned analysis, Fig. 6 illustrates the
boundary region along with the normalized power transfer P*
(black dashed line) for snubber mode across different values of
Csnm. It can be observed that as Csy; decreases, the snubber
mode region expands while the clamping mode region becomes
more constrained due to the voltage overshoot exceeding the
specified limits.

Under reverse power transfer, where the phase shift D €
[—0.5, 0], the criteria for operating the two modes are identical
to those in forward power transfer. The successful operation of
the proposed snubber mode depends on the minimum required
power, where the current seen by the primary bridge on the MV
side, Iy, is positive and higher than the boundary current Ip .
Recall the current derivation in (7), the boundary power transfer
is then given by

DIBL Zbase
Vbase

DDtp + ,DDDts
ALf,

Pgu(p, D) = pD* = D +
(31)

In addition, the criterion I; > O still applies under reverse
power flow to ensure that the complementary arm experiences a

negative current while enabling soft turn-ON. Therefore
Pp, = pD? — D +2DDys + 2pD (D, — 2Dys).  (32)

Fig. 7 depicts the boundary curves of the operating modes
for the MMDCT as functions of the dc voltage ratio p and
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phase shift D. In deriving Fig. 7, the normalized submodule
capacitance is set to C§y; = 0.8. The figure indicates that at
lower dc ratios, the snubber mode is easier to implement for
both forward and reverse power transfer, since the MV side
experiences a higher positive current at the inserted instant. The
cross-sectional area of | Pg,,,| < |P*| < |Pp.| indicates regions
where both modes are valid. However, as the dc voltage ratio
p further decreases, a region appears where neither mode is
feasible, indicating that the dc—dc module can only operate at
partial load, or that the passive component sizes may need to be
redesigned.

IV. SWITCHING SEQUENCE CONTROL

The control system for the proposed dual-mode MMDCT
consists of two parts: a high-level controller that manages the
behavior of the two MMC stacks, and a low-level controller that
regulates the arm behavior of each MMC stack. The proposed
controller in this section can shift between the clamping and
snubber mode according to the current magnitude.

A. High-Level Controller

The robust control method proposed in [9] for conventional
DAB converters can be adapted for the MMDCT, as the control
objective remains the regulation of phase shift in response to
voltage or power references. In this article, the power transfer
of the MMDCT is regulated using this method, as illustrated in
Fig. 8(a). This approach enhances the robustness of phase shift
D regulation in the presence of perturbations and step changes
in the reference signal.

The generated phase shift D determines the inductor current
magnitude seen by the submodules. According to the defined
region for the operating sequence provided in Fig. 6, whether
clamping mode or snubber mode will be determined for the
MMC stack, while a hysteresis band is introduced to avoid
consecutive transition between switching modes.

B. Low-Level Controller

The snubber mode is activated when the operating point lies
within the boundary region defined by (28), which typically
corresponds to high load current conditions. Under light-load
conditions, the clamping mode is applied.

A voltage balancing algorithm (VBA) is required when op-
erating in clamping mode to regulate the submodule voltage
seen by the power switches, by determining the inserted order
of HBSMs. However, when the snubber mode is applied, it
is unnecessary to determine the inserted order through VBA,
since the HBSM capacitor voltages are fully discharged before
insertion, and all HBSMs are inserted simultaneously.

Unlike the switch-OFF delay time of clamping mode T;.,
which is independent with the load current, the switch-OFF delay
time for snubber mode, 7}, varies under different loading con-
ditions. Therefore, a feedback control, as shown in Fig. 8(a), is
implemented to regulate the voltage of the submodule capacitors
and ensures that the voltage imbalance among the main power
switches remains within safe limits.
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Fig. 7. Boundary curves and normalized transferred power of the operating
modes with respect to the DC voltage ratio p and phase shift D.

To achieve that, the initial 77, is calculated based on (27).
Subsequently, the error voltage signal, V.., is used to determine
a corrective time delay, T¢,,, which adjusts 7T} as

ﬂs = T’Z*g - Terr~ (33)

However, both lower and higher T} result in increased capac-
itor voltages. Therefore, the trend of the voltage error signal is
incorporated into the calculation of 7%;,, which determines the
adjustment direction of 7.

Moreover, implementing a variable switch-OFF delay time in
both clamping (7;.) and snubber modes (7;) provides flexibility
in addressing issues, such as passive component uncertainties or
in particular the capacitance variations, which may negatively
affect converter operation.

In high-power, high-gain dc—dc converters, film capacitors are
generally preferred over electrolytic or ceramic capacitors for
achieving high-efficiency conversion, due to their superior char-
acteristics of low ESL and low equivalent series resistance [35],
[36]. Specifically, film capacitors typically exhibit a tolerance
of £10%, and their capacitance may decrease by about 5% due
to aging [37].

Mode

Selection Con.N, T,
—{ (28)

32)

Clamping
mode

T,

MMC
Stack

Snubber
mode

Clamping

H H : . Ereétore{" | |E | Saju
2T, T,

1 et 0 kel s

1 [ ] 9i Pro L LT[ s

I_l l_ldischarge e | | . I_l |_|_|_|_ Sﬂ

N O O A 7
(1011 . [ [1s

Clamping

= y pr. T State changed of sec. bridge
250 to hold negative current
(b)
Fig. 8. (a) Controller diagram of the proposed dual-mode MMDCT.

(b) Switching signals of state transitions.

In clamping mode, a decrease in capacitance can lead to
a higher oscillation frequency and greater voltage overshoot,
as indicated by (16) and (18). For example, considering the
worst case of a 15% reduction in total submodule capacitance,
the voltage overshoot v would increase by approximately 17%
compared to its original value. This implies that if the original
v is 20%, the final voltage overshoot after the capacitance drop
could reach to 23.5%.

The integrated VBA can mitigate potential voltage imbalances
caused by capacitance reduction by adjusting the switching order
so that the capacitor with the lowest voltage is inserted first. In
addition, for the energy recovery technique, 7;. can be slightly
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reduced in response to the capacitance drop to ensure that the
steady-state voltages of the submodule capacitors remain close
to their nominal values.

In snubber mode, a total decrease in submodule capacitance
does not significantly affect the voltage overshoot, as indicated
by (24). A 5% reduction in the inserted arm capacitance results in
only a 2.6% increase in voltage overshoot, and the steady-state
voltages can be controlled by regulating the switch-OFF delay
time T;s. However, if there is capacitance drop of an individual
submodule, then this can cause voltage imbalance since this
individual capacitor will see a faster charging than the remaining
capacitors. This can result in a 5.3% voltage imbalance accord-
ing to CdV/dt = i. Although this deviation is tolerable relative
to the nominal voltage, an additional delay T; can be introduced
for the submodule with the lowest capacitance, which can be
detected as having a higher voltage than the other capacitors.

C. Transitions Between Different Modes

The transitions between clamping and snubber modes must
be completed within fewer cycles to avoid disruptions in power
transfer. Meanwhile, itis necessary to make sure that the inductor
current is stable during the transition without any current distor-
tion, which can subsequently result in over-voltage of submodule
capacitors and power switches.

The transition from clamping to snubber mode requires the
HBSM capacitors to be fully discharged before the next switch-
ing edge, while the transition from snubber to clamping mode
requires the HBSM capacitors to be restored to their nominal
voltage. A hysteresis band is shown in Fig. 6, which is applied
to facilitate transitions and prevent frequent toggling between
different switching sequences. Fig. 8(b) depicts the transitions
between these states.

In the proposed control strategy, the inserted period of upper
arm will be used as the execution cycle of mode transition.
Once the transition from clamping to snubber mode triggers, all
submodules in the upper arm of the primary bridge are switched
to idle, after switch-OFF delay time T;.. Then, the lower arm
submodules are inserted and discharged, taking advantage of
the negative arm current of 7.

In some applications where a high-frequency operated
MMDCT is required, during the transition it would be required
to regulate the ac output voltage of the secondary bridge to
ensure that the inductor current 77, remains negative, allowing
for the continued discharge of the primary lower arm submodule
capacitors.

The transition from snubber to clamping mode requires all
the lower arm submodules to remain idle, while charging all
the primary upper arm capacitors to their nominal voltage at the
moment the upper arm is inserted. The detailed gate signals are
provided in Fig. 8(b).

V. SIMULATION OF THE MMDCT UNDER DUAL-MODE
OPERATION

This section presents the simulation results of the dc—dc
converter module based on the proposed dual-mode MMDCT,
which is configured for a step-up conversion from MVdc to
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TABLE I
PARAMETERS OF THE PROPOSED DUAL-MODE MMDCT

Primary bridge  Secondary bridge
DC voltage (Vas, Vies) 10kV 25kV
Number of HBSMs per arm 10 25

HBSM capacitance (C'sr) 15 uF 20 uF
Arm inductance (Lgrm) 10 uH 5 uH
Arm resistance (Rgrm) 5 mQ 30 mQ2
Dwell transition time (7%,) 1 us 500 ns

Output voltage (Vi) 100 kV
Number of dc—dc modules (n) 4

Rated duty ratio (D) 0.4

Rated power (P) 10 MW
Operating frequency (fs) 1 kHz
Equivalent inductance (L) 1.2 mH

Coupling transformer 11kV/25kV—power: 3MVA
series inductance: 10%
series resistance:0.3%

Base impedance: 40.3 2 (primary)

HVdc in Simulink, with the corresponding circuit parameters
listed in Table I. The subsequent loss analysis is done with the use
of 1700 V 1800 A FF1800R17IP5P IGBT for medium-voltage
high-current primary side.

Fig. 9 compares the ac outputs v, and v,, inductor current
17, HBSM capacitor voltages V,;, and upper arm current %,
under different loading conditions and switching patterns of the
proposed dual-mode MMDCT. Under the light-load condition
with clamping mode, as illustrated in Fig. 9(a), QSW modulation
is achieved in v, and vs. With the implementation of switch-OFF
delay time T, the oscillations in the HBSM capacitor voltage
and arm current are eliminated, which ensures a high conversion
efficiency.

According to the (28) and Fig. 6, the phase shift D is expected
to be greater than 0.35 for MMDCT operating under snubber
mode. The submodule capacitors are fully discharged during the
turn-ON period of main power switches. At turn-OFF switching
instant, the submodule capacitor voltage slowly ramps, acting as
a snubber capacitor to the main power switches. Under this con-
dition, the MMDCT operates similar to SCDCT. The regulation
of switch-OFF delay time, 75, blocks the ringing commencing
on the power switch voltages and arm currents. Meanwhile, the
steady-state voltage is controlled to be close to nominal voltage,
Ven.

The transitions between two modes are finished within a few
cycles, as shown in Fig. 10. The energy stored in the submodule
capacitors from clamping action is smoothly released to the
secondary bridge during the transition with the negative arm
current, which prevents the high circulating current caused by
sudden voltage change of submodule capacitors. In addition, the
inductor current shows a stable transition, which ensures there
is no overvoltage for both clamping and snubber modes.

In order to validate the efficiency improvement of the pro-
posed dual-mode MMDCT, a loss analysis is applied to SCDCT
and MMDCT of the high-gain MV/HV dc—dc converter, under
different transferred power. The conduction losses of the main
power switches P ¢ and diodes P, p can be calculated as

Pes = nNVie(on) (in,p + tup,p) (34a)
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Fig. 10. Inductor current, capacitor voltages, and arm currents under mode
transition from clamping to snubber mode (left), and from snubber to clamping
mode (right).

PQD = nNVf (iL,n + iup,n) (34b)
where iz, , and iy, ,, denote the positive and negative inductor
current, respectively, and 4, ,, and ¢, ,, represent the upper arm
circulating current when it is positive and negative, respectively.
Moreover, the resistive losses are calculated as
2 2
-Pres = Rarm (ZL,p,rms + Zup,p,rms) . (35)
Under clamping mode, the switching losses of power switches
and antiparallel diodes can be calculated as

IOVcn
Piw s =2nNf,E, 36a
o f 1 Iref‘/ref ( )
IO‘/CH
P@w =2nN SETT‘ (36b)
P f Irefv;ef

where I.s and Vit are the rated current and voltage under the
test conditions from the datasheet, respectively. Under snubber
mode, the switching losses P, ¢ and P, , becomes 1/N of
the clamping mode since only one auxiliary switch will see a

AC output v), and v, inductor current i 7,, HBSM capacitor voltages V., arm current of upper arm 4y, under (a) light load with clamping mode, and (b)
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Fig. 11.  Percentage of total losses in DC-DC converters employing SCDCT

and the proposed dual-mode MMDCT under varying transferred power levels.

hard turn-OFF to enter the idle state, which gives

1 1
SIW,S = N s/w,D = NPSW’D'

The conduction losses associated with resistive losses are
computed using the current values from simulated model, while
the switching losses are from mathematical derivations. The
snubber-related losses of SCDCT at low currents are calculated
using (2), with the simulated capacitor voltage at the turn-ON
instant of the main power switches.

Since the current through the transformer remains similar
across different cases, the transformer losses are expected to be
comparable. In the simulation, these losses are estimated to be
approximately 0.5% of the transferred power [12]. In addition,
the losses of the secondary bridge are lower than those of the
primary bridge due to the reduced current on the secondary side.

As shown in Fig. 11, loss analysis is conducted for both the
SCDCT and the MMDCT under various loading conditions.
Under light-load conditions at 2.5 and 5 MW, the SCDCT
exhibits significant snubber-related losses, as the snubber capac-
itors cannot be fully discharged within the dead-band interval. In

Psw,Su (37)
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Fig. 12.  Impact of submodule capacitance variations under (a) total capaci-
tance drop and (b) single-capacitor variation in snubber mode operations.

Fig. 13.
nections.

Overall experimental setup of the scaled MMDCT, with IPOS con-

contrast, the clamping mode of the MMDCT effectively avoids
this loss and improves conversion efficiency.

Under medium-load conditions at 7.5 MW, the overall
losses of the SCDCT and the MMDCT are comparable. The
SCDCT exhibits higher conduction losses due to current ring-
ing, whereas the MMDCT incurs higher switching losses.
Under heavy-load conditions at 10 MW, the MMDCT oper-
ates in snubber mode and behaves similarly to the SCDCT.
As a result, both converters present similar total losses. The
charging current through the auxiliary switch in the MMDCT
does not lead to significant additional losses, as it is inter-
rupted upon the turn-OFF of the auxiliary switch. Further-
more, compared to the original QSW-modulated MMDCT,
the dual-mode operation significantly reduces switching
losses.

Fig. 12(a) presents the capacitor voltage overshoots of both
clamping and snubber modes under the 15% total capacitance
reduction. It can be observed that in clamping mode, the voltage
overshoot increases from 1.16 to 1.19 kV, corresponding to an
18.75% increment. In contrast, the effect on voltage overshoot
in snubber mode remains limited.

As discussed in previous sections, capacitance mismatches or
single capacitance drop can introduce voltage imbalance under
snubber mode. Fig. 12(b) illustrates the voltage overshoot in
snubber mode with a single capacitance reduction. Without
compensation, a voltage imbalance of up to 20% of the nominal
voltage can occur. However, by introducing a corrective delay
time Ty through the low-level controller, this imbalance can be
effectively minimized.

9719

izl

| 50V/div ,

Vdcs(l)

50V/div A
irg >

10A/div U

i

10A/div ¥ \’-/

5
E 5
I

r-..\

=~

2\
~

~
W
A\

~
~

4

-7

i

t[100 ps/div]
Fig. 14.  Experimental waveforms of the IPOS connected DC-DC converter.
TABLE II
PARAMETERS OF THE EXPERIMENTAL SETUP FOR THE PROPOSED DUAL-MODE
MMDCT
DAB parameters Values Arm parameters ~ Values
Vie 100 V Csm 4.7 uF
p [0.8,1] Larm 10 uH
D [-0.5,0.5] N 4
Ls 220 pH Tw 2 ps
fs 5kHz Tip 6 ps
K 1:1 Ven 25V

VI. EXPERIMENTAL RESULTS

A scaled test rig of the MMDCT with a rated power of
500 W was constructed to validate and analyze the practical
performance of the proposed dual-mode operation. As shown in
Fig. 13, the test rig consists of two MMC stacks, which serve as
the primary sides of the MMDCT, and the MMDCTs are con-
figured in an IPOS connection, with two H-bridges connected
in series on the output side. Each MMDCT achieves voltage
step-down conversion from 100 V at a switching frequency of
5 kHz, with a ferrite transformer providing galvanic isolation.
An STM32H7-based microcontroller is used as the high-level
controller, performing phase shift generation between bridges.
Each MMC arm contains /N = 4 submodules, and a 100-MHz
Artix-7 FPGA is employed to implement the MMC arm switch-
ing control and dual-mode operation.

Table II lists the selected circuit parameters of the primary
bridge in detail. The submodule capacitance Cs)y is selected to
emulate the required discharging time, which maintains a similar
ratio of nominal voltage V., to load current [ as in the simulated
medium-voltage MMDCT.

A scaled SCDCT test-rig was also constructed for comparison
purposes. The snubber capacitor C is chosen as 1 F to emulate
practical medium-voltage converter behavior and ensure proper
voltage sharing by following (1) across four series-connected
MOSFETs. Both the snubber capacitance and arm inductance
in the SCDCT setup are lower than those in the dual-mode
MMDCT, ensuring a fair comparison between the two topolo-
gies under appropriately scaled conditions.

Fig. 14 depicts the experimental waveforms of the IPOS-
connected dc—dc module units with p set to 1. The output
voltages of the two converters, Vj.q1) and Vg2, are both
regulated at 50 V. The inductor current waveforms, i,y and
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Fig. 17.  MMDCT operation under snubber mode during heavy loads. (a) Output voltages of two bridges, and inductor current. (b) Stack arm voltages and

currents. (c) HBSM capacitor voltages of upper and lower arms.

i1,(2), as shown in Fig. 14, confirm that the power conversion is
evenly shared between the two dc—dc modules.

Fig. 15 presents the experimental waveforms of the out-
put voltages from both bridges in the SCDCT topology with
p = 0.8. Under light-load conditions with a duty cycle of
D = 0.2, a rapid change in the output voltage v, can be
observed in Fig. 15(a). This is resulted from the insuffi-
cient current to fully discharge snubber capacitors during
the dead-band period, leading to considerable snubber-related
losses.

Under heavy-load conditions, snubber-related losses are neg-
ligible, as the higher current enables full discharge of the snubber
capacitors before the main power switches turn ON, thereby
achieving ZVS at all turn-OFF instants. However, efficiency
degradation still occurs due to the ringing, which results from the
interaction between stray inductance and snubber capacitance.

The proposed dual-mode MMDCT operates in the original
clamping mode during light-load conditions, as shown in Fig. 16,

where turn-OFF of the auxiliary switch suppresses oscillatory
circulating currents [30]. In this mode, the submodule capacitors
remain charged to their nominal voltage, which ensures uniform
voltage sharing across the main power switches. In addition,
snubber-related losses at low currents are effectively avoided, in
contrast to the SCDCT.

Under heavy-load conditions with a high phase shift value D,
the proposed dual-mode MMDCT operates in snubber mode,
as illustrated in Fig. 17(a). In this mode, the auxiliary switch
is turned ON to enable the submodule capacitors to be fully
discharged under high-current conditions, facilitating effective
energy transfer and ZVS. To suppress undesired oscillations,
one submodule selectively turns OFF its auxiliary switch during
the inserted state, thereby blocking circuit ringing and reducing
conduction losses caused by the inserted arm currents. This
behavior is evidenced by the near-zero values of i, and iz,
during insertion, as shown in Fig. 17(b). Furthermore, the
snubber mode ensures sufficient voltage sharing across the main
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Fig. 18. Experimental results under reverse power transfer. Output voltages of the primary and secondary sides and inductor current for (a) SCDCT. (b) MMDCT

with clamping mode. (¢) MMDCT with snubber mode. Arm behaviors of stack voltage, two upper arm capacitor voltages, and upper arm currents for MMDCT
with clamping mode under (d) light load, (e) heavy load, and (f) MMDCT with snubber mode under heavy load.

power switches by using the submodule capacitors as passive
voltage-balancing components, as demonstrated in Fig. 17(c).

Compared to the original MMDCT, the implementation of
snubber mode is able to further reduce the voltage overshoot
at high currents, since the capacitor voltage is charged from
0V instead of the nominal voltage. Moreover, the nonnegligible
switching losses are significantly reduced at high currents, as
the submodule capacitors slow down the voltage rise across the
main power switches.

Both SCDCT and MMDCT are bidirectional de—dc convert-
ers, as their high-level architectures are derived from the DAB
converter. Fig. 18(a)—(c) illustrates the reverse power flow opera-
tion of SCDCT and MMDCT by showing the output voltages and
inductor currents. It can be observed that the output voltage of
the secondary bridge leads that of the primary bridge, indicating
reverse power flow. SCDCT still exhibits ringing during the
turn-OFF of the power switches, as shown in Fig. 18(a), which
contributes to oscillation losses.

For MMDCT, the clamping mode is used under light-load
conditions and the snubber mode under heavy-load conditions,
as shown in Figs. 18(b) and 1(c), respectively. The results con-
firm stable operation of the proposed dual-mode MMDCT under
reverse power flow. In addition, the arm behaviors, including the
stack voltage, capacitor voltages, and the upper arm current, are
tested under reverse power flow. As shown in Fig. 18(d)—(f),
the MMC arm still experiences inductive loading at turn-OFF
because the absolute phase shift exceeds the boundary con-
dition, which also ensures proper operation of the snubber
mode.

Compared with SCDCT, no oscillation occurs in the dual-
mode MMDCT, which confirms that the integrated energy re-
covery technique remains effective during reverse power flow.
Moreover, Fig. 18(e) shows the arm behavior of the original
MMDCT with clamping mode under heavy-load conditions. It
can be noted that, compared with the original MMDCT, the

proposed snubber mode of MMDCT, as shown in Fig. 18(f), fur-
ther reduces the capacitor voltage overshoot by approximately
20%.

The proposed dual-mode operation ensures that the high-
current side of the MMDCT adopts an optimized switching
mode based on the instantaneous current level. During the
transition from clamping mode to snubber mode, as illustrated
in Fig. 19, the lower arm submodule capacitors [see Fig. 19(c)]
are fully discharged while the upper arm remains in the in-
serted state. This is accomplished by switching the upper arm
submodules to the idle state and then reinserting the lower
arm submodules. In high-frequency operation, the output of
the secondary bridge [see Fig. 19(a)] is regulated to provide
sufficient positive load current, enabling the full discharge of
the lower arm submodule capacitors.

Fig. 20 illustrates the reverse transition from snubber mode to
clamping mode, during which the voltages of the lower arm
submodule capacitors are restored using the positive current
in the arm. Once the target voltage is reached, the lower arm
submodules are switched to the idle state to prevent further
discharge of the capacitors, even as the upper arm is being
charged, as shown in Fig. 20(c).

The transition between the two operating modes is completed
within approximately one switching cycle, and the inductor cur-
rents remain stable throughout the process. Therefore, it can be
concluded that the mode transitions introduce no current distor-
tion or overvoltage, and enable fast, smooth switching between
modes without interrupting power transfer in the MMDCT.

Fig. 21 presents the measured efficiency 7 across the full
operating range for the SCDCT, the original MMDCT em-
ploying only clamping mode, and the proposed dual-mode
MMDCT. Under light-load conditions with low-current levels,
the MMDCT achieves higher conversion efficiency than the
SCDCT due to the elimination of snubber-related losses. This
improvement is verified under both forward and reverse power
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Fig. 21.  Conversion efficiency 7 of the SCDCT, MMDCT, and the proposed

dual-mode MMDCT under different transferred power levels with bidirectional
power flow.

flow. The original MMDCT exhibits a similar efficiency to the
dual-mode MMDCT in this region, as both operate in the same
switching mode.

Under heavy-load conditions with high-current levels, the
zoomed-in view of Fig. 21 shows that the dual-mode MMDCT
exhibits a higher efficiency than the original MMDCT, indicating
a clear tendency of efficiency improvement due to the reduction
of switching losses. Moreover, the dual-mode MMDCT main-
tains a higher efficiency than the SCDCT, as the snubber mode
effectively suppresses circuit ringing and mitigates oscillation
losses associated with the energy stored in the arm inductors.
This efficiency improvement trend is consistently observed un-
der both forward and reverse power flow conditions.

Fig. 22 illustrates the impact of submodule capacitance varia-
tions on the submodule capacitor voltages. In this test, the origi-
nal 4.7 uF capacitors in the lower arm were replaced with 3.9 uF
capacitors, corresponding to a reduction of approximately 17%.
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Fig. 22. Experimental waveforms of submodule capacitor voltages under

capacitance variations.

Under clamping mode, the overall capacitance decrease leads to
a higher capacitor voltage overshoot, with the measured value
increasing from 20.8% to 24%. In contrast, the snubber mode
shows limited sensitivity to the total capacitance reduction, as
previously analyzed. To further evaluate this, a single submodule
capacitor was replaced with a 3.9 uF capacitor to investigate
potential voltage imbalance under steady-state operation. With
the implemented low-level controller, a compensating delay is
introduced to the submodule exhibiting higher steady-state volt-
age, which effectively minimizes the voltage imbalance during
snubber mode operation.

VII. CONCLUSION

This article first presents a comparative analysis of modular
dc—dc converters for medium- to high-voltage applications,
based on the series-connected power switches (SCDCT)
and the QSW modulated MMC (MMDCT). The analysis
indicates that the SCDCT exhibits relatively low efficiency
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due to snubber-related losses at light loads, but demonstrates
improved performance under high-current conditions owing to
the realization of ZVS.

Therefore, a dual-mode operation for the MMDCT is pro-
posed in this article. At low-current levels, the submodule ca-
pacitors are utilized as active clamping components for the main
power switches, thereby eliminating snubber-related losses ob-
served in the SCDCT. At high-current levels, a newly introduced
snubber mode leads to a reduction in switching losses compared
to the original MMDCT. In this mode, the auxiliary switch is
actively controlled to suppress circuit ringing, further enhancing
overall efficiency compared to SCDCT.

The operational regions of the two modes are investigated,
along with the transition mechanism between them. The aux-
iliary switch is dynamically controlled based on the instan-
taneous current magnitude without interrupting power trans-
fer. Simulation and scaled-down experimental results confirm
the improved conversion efficiency of the proposed dual-mode
MMDCT across the entire operating range.
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