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Modified Auxiliary-Resonant Commutated Pole
Applied in a Three-Phase Dual-Active

Bridge DC/DC Converter
Johannes Voss and Rik W. De Doncker

Abstract—The purpose of this study is to present the concept
and properties of a dual-active bridge dc–dc converter with a mod-
ified auxiliary-resonant commutated (MARC) pole concept, and
to discuss preliminary test results of a high-power setup. In this
approach, the dual-active bridge based on IGCT is considered.
First, the soft-switching boundaries for the converter with loss-
less snubbers and high switching delays are introduced. Second,
the MARC pole is presented to overcome this border to receive
full soft-switching capability in the entire operation range of the
dc–dc converter. This is of crucial importance since IGCTs will be
destroyed in case of a snubber dump. The advantage of the mod-
ified circuit is the guaranteed switching under zero-voltage con-
ditions without applying an additional boost current as needed in
the classic auxiliary-resonant commutated pole (ARCP) approach.
Thus, complexity is reduced and reliability is increased. Measure-
ment results of the MARC are presented from a mega-watt dc–dc
converter where the concepts are fully implemented. The results
of large-scale systems impressively show how the ARCP reduced
the impact of parasitic elements, which would normally affect the
switching transitions tremendously.

Index Terms—DC-DC power converters, zero-voltage switching,
three-phase electric power, snubbers.

I. MOTIVATION

TODAY’s renewable energy sector is growing steadily. Re-
newable power plants in the MW range, such as wind

turbines, are primarily connected to the medium-voltage level
[1]. In contrast to wind turbines, for example, photovoltaic cells
which are installed on private roof tops are connected at low-
voltage levels. Both systems feed power back into different
voltage levels. Thus, the classic top-down structure of distri-
bution grids, where the high-voltage grid classically feeds the
lower voltage levels, changes towards a structure, which al-
lows bidirectional power flow. In terms of controlling this power
flow, direct current (dc) grids with power electronic converters

Manuscript received September 20, 2018; revised December 4, 2018, January
22, 2019, and April 20, 2019; accepted May 15, 2019. Date of publication May
19, 2019; date of current version November 12, 2019. This work is part of the re-
search conducted in the Flexible Electrical Networks Research Campus, Project
2: Equipment and Network Technologies for Medium-Voltage DC Applications,
funded by the German Federal Ministry of Education and Research (03SF0489).
Recommended for publication by Associate Editor T. Mishima. (Corresponding
author: Johannes Voss.)

The authors are with the Institute for Power Generation and Stor-
age Systems, RWTH Aachen University 52062, Aachen, Germany (e-mail:
post_pgs@eonerc.rwth-aachen.de; dedoncker@ieee.org).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPEL.2019.2918009

Fig. 1. Two-level dual-active bridge with snubber capacitors.

have advantages over classic alternating current (ac) solutions
with forced commutating behavior [2]. Therefore, a connection
equivalent to a 50 Hz transformer in ac systems is needed be-
tween different dc voltage levels. A dc–dc converter suitable for
this application is the dual-active bridge (DAB) converter [3]–
[6], as shown in Fig. 1. This converter allows a bidirectional
power flow and ensures galvanic isolation. Due to its wide soft-
switching range, it reaches high efficiencies and is compatible
with 50 Hz transformers. Such a dc–dc converter has been built
at the E.ON Energy Research Center based on integrated gate-
commutated thyristor (IGCT) Power Electronic Building Blocks
(PEBBs). The dc–dc converter will be linked to a 5 kV medium-
voltage dc (MVDC) grid, which will connect several test benches
that are located at RWTH Aachen University campus. To max-
imize the efficiency of high-load operations, lossless snubbers
are connected to the main switches. However, it is well known
that this will limit the soft-switching boundary of the DAB [7].

II. STATE-OF-THE-ART

One method to fully ensure soft-switching is the auxiliary-
resonant commutated pole (ARCP) first proposed in [8]. It has
been shown in literature that the ARCP can reduce the occur-
ring switching losses by almost a factor of eight [9]–[11]. Con-
ventional converters using IGCTs need RCD clamping circuits
[12] and di/dt limiters to restrict their operation to the safe op-
eration area (SOA) of the devices. These conventional di/dt
limiters must be rated for the total dc-link current and therefore
often require water cooling. In part load conditions or at high
non-symmetrical input or output voltages, the DAB converter
loses its soft-switching capability because the residual magnetic
energy stored within the load is insufficient to fully commu-
tate and charge the voltage of the snubber capacitors that are
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placed across the main power switches. In this work, to ensure
soft-switching capability and to avoid the losses of the clamping
circuit, a quasi-resonant [13] modified auxiliary-resonant com-
mutated pole (MARC) is applied, as explained in more detail in
Section IV. Thus, conventional clamping and snubber systems
of an IGCT-based converter are not necessary. The MARC con-
cept, first introduced in [14], proposes two auxiliary inductors,
which are rated only for the rms current of the resonant phase
and are considerably less expensive than the di/dt limiter in the
conventional clamping circuit. In [14], low power tests at 60 V
were conducted. In [15], a similar approach for three-level stacks
is introduced and experiments were conducted with a dc-link
voltage up to 200 V, based on IGBTs for a single converter leg.
Another approach for three-level converter leg based on IGBT is
introduced in [16]. Here the auxiliary path is magnetized by the
full dc-link voltage. Results using a half-bridge are examined at
1200 V. In [17], the auxiliary inductors are replaced by a trans-
former. This topology only guarantees zero-voltage switching
for the lower switches. Instead of forcing a zero-voltage condi-
tion per converter leg, e.g., in [18], the dc-link voltage is actively
forced into resonance. In [19], another topology for the auxiliary
resonant commuted pole is presented to minimize the losses in
the auxiliary switches. Example of pulse width modulated con-
verters with ARCP can be found in [20] and [21]. Besides the
aim of reducing losses or limiting the du/dt, the auxiliary res-
onant commutated pole is today investigated for EMI reduction
with special focus on new semiconductor materials such as SiC
or GAN. For example, in [22], benefits in the MHz range were
observed. Also, in [23], the ARCP employed EMI reduction
without significant efficiency improvements. Other techniques
to reach zero-voltage switching without quasi-resonant topolo-
gies can be found in [25] or [30]. However, in these approaches,
the full operation area is not covered.

III. SOFT-SWITCHING BOUNDARIES OF A SNUBBERED

DAB CONSIDERING HIGH-SWITCHING DELAYS

In this section, the soft-switching boundaries are summarized
and extended, in particularly for high-power devices with high
switching delays, which affect the soft-switching boundaries.

The converter topology with snubber capacitor but without
ARCP/MARC is given in (1). It consists of two three-phase
half-bridges, which are linked by a three-phase transformer. The
basic operation mode of the converter is the six-step mode in
which the bridges are operated at a duty cycle of 50%. The
legs of each converter are shifted in phase by 120° from each
other. The transmitted power is set by variation of the phase shift
between the primary and secondary phase voltages, known as
the load angle ϕ. This phase shift creates a voltage drop across
the transformer leakage inductance, resulting in a power flow
between primary and secondary sides.

For the conventional dual-active bridge without snubber ca-
pacitors, the soft-switching boundaries can be solved whenever
the current crosses zero. In [3], [28], the dynamic voltage ratio
d = Udc,s/Udc,p is introduced representing the ratio between
the primary dc-link voltage and secondary dc-link voltage. The
phase shiftϕ represents the phase-shift between the primary and
secondary sides of the six-step voltage as shown in Fig. 2.

Fig. 2. Basic phase current wave forms of 3PH DAB for (a) d = 0.7 and
(b) d = 1.3.

For example, in Fig. 2, the primary converter bridge for a dy-
namic voltage ratio of d = 0.7 is operating in soft-switching,
since the phase current is conducting via the anti-parallel diode
and thus the device will turn on at zero voltage. On the other
hand, the secondary converter is hard-switched since the current
is positive with respect to the secondary side [29]. For d = 1.3,
the primary converter is hard-switched and the secondary con-
verter is soft-switched, respectively.

The currents in the switching instant for the primary side
ip1(0) and the secondary side ip1(ϕ) are given in (1) and (2), re-
spectively. To derive the soft-switching boundary, the dynamic
voltage ratio dzv(ϕ) at zero-voltage switching is introduced. Us-
ing (1) with ip1(0) = 0 for the primary converter and (2) with
ip1(ϕ) = 0 for the secondary bridge results in dzv(ϕ), which
can be found in [30].

The primary-side current at the primary-side switching instant
t = 0 is

ip1(0) =
Udc,p

3Xser
·
{

2πd
3 − dϕ− 2π

3 for 0 ≤ ϕ ≤ π
3

πdzv − 2dϕ− 2π
3 for π

3 ≤ ϕ ≤ π
2

(1)
and the primary-side current at the secondary-side switching
instant t = ϕ is

ip1(ϕ) = 0 =
Udc,p

3Xser
·
{
ϕ+ 2πd

3 − 2π
3 for 0 ≤ ϕ ≤ π

3

2ϕ+ 2πd
3 − π for π

3 ≤ ϕ ≤ π
2
(2)

with Xser = 2πfswLσ

fsw the switching frequency of the converter

Lσ the equivalent inductance of the load.

In (3), the normalized power pnorm(ϕ) excluding the dynamic
voltage ratio d is

pnorm(ϕ) =
P (ϕ)

d
·

=
U2
dc,p

Xser

⎧⎪⎨
⎪⎩

2ϕ

3
− ϕ2

2π for 0 ≤ ϕ ≤ π
3

ϕ− ϕ2

π − π
18 for π

3 ≤ ϕ ≤ 2π
3

(3)
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Fig. 3. Unified commutation cell of the dual-active bridge: (a) the converter
leg, (b) the unified resonant cell, (c) dc-cell after commutation.

The soft-switching boundaries for the primary Pzv,p(ϕ) and
for the secondaryPzv,s(ϕ) can then be computed for the primary
and secondary converters, as widely explained in the literature
[3], [5], [7].

To derive the power at zero-voltage switching for the primary
and secondary bridges, the normalized powerpnorm is multiplied
by the dynamic voltage ratio appearing at the soft-switching
border (4)

Pzv,p(ϕ) = dzv,p(ϕ)pnorm(ϕ)

Pzv,s(ϕ) = dzv,s(ϕ)pnorm(ϕ). (4)

In order to increase the efficiency of the converter, lossless
snubber capacitors Csn are connected in parallel to the main
switching devices as illustrated in Fig. 3. When introducing loss-
less snubber capacitors, the zero-voltage switching range will be
further reduced.

Reactive power is needed to discharge and charge the capaci-
tors, respectively, before switching on the main devices. To reach
soft-switching, the phase current has to be of proper direction at
the switching instant but should also have sufficient magnitude
to commutate the snubber capacitors.

In fact, the circuit of the DAB with snubber capacitors can be
reduced to the equivalent resonant pole converter leg as shown
in 3(a) [7]. The unified cells represent the transformer leakage
inductances multiplied with a factor of 3/2 because the leak-
age inductances are connected in star. Hence, in the DAB, one
is always connected in series with two in parallel. The cell in
Fig. 3(b) represents the commutation cell when the capacitors
2Csn are charged.

The reflected equivalent voltage Ueq (5) depends on the phase
shift ϕ of the converter and the dynamic voltage ratio d [7].

Ueq =
1

2

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

Udc,p(1 + 2d) for −π
3 ≤ ϕ ≤ −π

3

Udc,p(1 + d) for −π
3 ≤ ϕ ≤ 0

Udc,p(1− d) for 0 ≤ ϕ ≤ π
3

Udc,p(1− 2d) for π
3 ≤ ϕ ≤ π

3 .

(5)

While for positive phase shifts the reflected equivalent Ueq is
negative, meaning that the primary side is leading, it is positive

Fig. 4. Resonant commutation including the turn on delays Td,on of a switch.

for negative phase shifts. In consequence, a lagging phase will
always be supported in its commutation process by the other
converter leg.

The inductor forces a current into the capacitor iC,sn(t) and
the snubber voltage uC,sn(t) will rise until it reaches the value of
the dc-link voltageUDC within the commutation timeTcom. This
is only true if the energy stored in the inductive elements is high
enough to fully commutate the snubber capacitors. When the
capacitor voltage reaches UDC, the anti-parallel diode clamps
the voltage and the remaining inductive energy is fed back into
the dc-link. Therefore, the unified dc commutation cell, as shown
in Fig. 3(c), is valid during this sequence. When the diode clamps
the current, the main switch is at zero voltage and has to be turned
on.

To avoid a snubber dump in the main IGCT switches, the
gate signals GMAIN must be released first by a high-speed zero-
voltage detection (ZVD) [33]. Here, the turn-on delay of the
gate drivers and the switches (3.5 µs [40], [35]) as well as the
ZVD time (1.5 µs [33]) is summarized in Td,on. If the current
is not high enough to overcome the delay Td,on, the capacitor
voltage swings back, and soft-switching would fail. This may
result in an unwanted hard-switching event (snubber dump) with
the potential to destroy the switch, unless the switch will be left
off, which would halt the DAB operation. In Fig. 4, a resonant
commutation is sketched.

The analytical solution (6) for the capacitor voltage uC,sn(t)
and the phase current ip(t) during the resonant commutation is
described by

uC,sn(t) = ip(0)Zr sin(wrt)− Ueq cos(wrt) + Ueq

−ip(t) = ip(0) cos(wrt)−
Ueq

Zr
sin(wrt) (6)

with Zr =

√
3Lσ

4Csn
and wr =

1√
3LσCsn

with the current ip(0) at the switching instant of the primary side
(1). Due to symmetry, only the primary converter is considered
here.

Using the values given in Table I, the commutation times at
three operation points according to the introduced equations are
plotted in Fig. 5.
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TABLE I
CHARACTERISTICS OF THE CONVERTER

Fig. 5. Transient behavior of the resonant cell for d = 1, Csn = 0.68 µF at
various load angles ϕ = 15◦, 45◦.

A load angle of ϕ = 45◦ corresponds to a switching current
of ip(0) = 751 A. In this case, the commutation time Tcom is
9 µs and the remaining current is about 674 A high. In case ϕ
= 15◦, the current at the switching instant is ip(0) = 250 A and
a non-successful commutation occurs. The phase current falls
to zero and the voltage of the switch does not reach the dc-link
voltage.

Similar effects are observed when the size of the resonant
capacitor is changed from Csn = 0.25 to 1.5 µF as shown in
Fig. 6. At a load angle of ϕ = 30◦, a phase current of 501 A
in the switching instant is present. The commutation time Tcom

tremendously increases from 5 µs up to 27 µs.
The plot illustrates that due to the relatively low leakage in-

ductance Lσ of the DAB transformer, a constant load current
cannot be considered. This is often done for motor drives or
grid-connected active rectifiers with very large inductors.

Additionally, the phase current does not only have to be high
enough to commutate the snubbers, but also high enough to allow
a sufficient diode clamping time to overcome the turn on delay
Td,on of the main power switches (7)

ip(Tcom)Td,on
≥ 2Td,on

3Lσ
(UDC − Ueq). (7)

In the following, the current at Tcom, which is high enough
to fulfill minimal required diode conduction time, is named
ip(Tcom)Td,on

. To derive the dynamic voltage ratios dzv,Td,p and

Fig. 6. Transient behavior of the resonant cell ford = 1,ϕ = 30◦ with various
snubber capacitors Csn = 0.25 µF, 1.5 µF.

dzv,Td,s for the converter with snubbers and switching delays,
the energy balance is considered (8)

ΔEi,p ≥ EC,SN

3

2
Lσ

(
ip(0)

2
Td,on

− ip(Tcom)
2
Td,on

)
≥ CsnU

2
DC

3

2
Lσ

(
ip(ϕ)

2
Td,on

− ip(Tcom)
2
Td,on

)
≥ CsnU

2
DC. (8)

The equation introduces the energy in the inductive elements
of the transformer ΔEi,p, which must be as high as the energy
EC,SN to fully commutate the snubber capacitors. The residual
energy stored in the inductive elements has to ensure a demag-
netization over Td,on.

Using (1), (2) and (8), (9), the dynamic voltage ratios
dzv,Td,p(ϕ) and dzv,Td,s(ϕ) can be derived, as given in (12).
Since the converter is not operating in the SOA forϕ > π

3 (phase
currents exceeds the rms transformer currents), calculations in
this area are ignored.

The current in the switching instant ip1(0) must be as high as
the derived current with the unified resonant cell ip(0)Td,on

ip(0)Td,on
= ip1(0)

ip(ϕ)Td,on
= ip1(ϕ) (9)

The commutation time Tcom can then be given as (10) shown
at the bottom of this page, and also the load angle for the pri-
mary and secondary sides where both conditions given in (9) are
fulfilled

ϕzv,Td,on,p =
1

3d

(
3w

√
12CsnLσ + (d+ 1)2T 2

d,on

+2πd− 2π)

ϕzv,Td,on,s = w
√
12CsnLσ + (d+ 1)2T 2

d,on − 2/3π(d− 1).

(11)

Tcom = 1
wr

arccos

(√
3Lσip(0)2(−4CsnU2

dc,p+8CsnUdc,pUeq+3ip(0)2Lσ)−4CsnUdc,pUeq+4CsnU
2
eq

4CsnU2
eq+3i2pLσ

)
(10)
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Fig. 7. Soft-switching boundaries of DAB without snubbers (Pzv,p, Pzv,s)
and boundaries (Pzv,Td,p,Pzv,Td,s) of DAB with snubbers and delays with
Csn = 0.68 µF and turn-on delay of Td,on = 5 µs.

Solving (11) for the dynamic voltage ratios dzv,Td,p and
dzv,Td,s leads to (12) shown at the bottom of this page.

The power Pzv,Td,p describes the soft-switching boundaries
of the converter extended with snubber capacitors and switching
delays according to (13). Fig. 7 illustrates the difference of the
the conventional converter without snubbers and ideal switching
behavior versus a converter with snubbers and switching delays.

By use of dzv,Td,p and dzv,Td,s the transmitted power for soft-
switching can be calculated as

Pzv,Td,p(ϕ) = dzv,Td,p(ϕ)pnorm(ϕ)

Pzv,Td,s(ϕ) = dzv,Td,s(ϕ)pnorm(ϕ). (13)

When introducing snubbers or considering switching delays,
even for d = 1, the DAB converter is hard-switched in a wide
operation range, as illustrated in Fig. 8 with Csn = 3 µF and
Td,on = 5 µs.

In Fig. 9, the minimal required phase current to ensure soft-
switching at the switching instant is plotted using (1), (2), and
(11). For d = 1, a symmetrical operation is given and thus the
same minimal currents for the primary and secondary appear.
Hence, for Csn = 0.68 µF and Td,on = 5 µs, the phase current
in the switching instant must fulfill |ip| � 361A for d = 1.

Fig. 8. Soft-switching boundaries (Pzv,Td,p,Pzv,Td,s) of the extended con-
verter with Csn = 3 µF and Td,on = 5 µs. The converter only reaches soft-
switching at higher phase shifts, ϕ > 30◦.

To overcome the limited soft-switching area due to the min-
imal current restriction of a snubbered IGCT-based DAB con-
verter without violating the di/dt restrictions for IGCTs, the
modified ARCP will be introduced in the following section.

IV. INTRODUCTION OF THE MODIFIED-AUXILIARY

RESONANT COMMUTATED (MARC) POLE

As mentioned previously, the ARCP is widely discussed in
the literature. The general sequences of the modified auxiliary
resonant commutated MARC pole are very similar to the clas-
sic ARCP and thus only the main differences are introduced.
To design the size of the resonant elements, we refer to [10],
[31], and [11]. Various boost current strategies have been intro-
duced in [32] and [33]. Also, a special optimized GCT driver for
soft-switching operation has been proposed in [34]. The MARC
concept will help to overcome some challenges of the ARCP
converters such as accurate boost current control [32].

In the following, “classical ARCP” refers to an ARCP phase
leg with auxiliary resonant inductors connected to the dc mid-
point voltage. The MARC [14], [26], and [27] is based on a
separated dc-link with three parts as shown in Fig. 10. The natu-
ral behavior of anLC resonant tank is to oscillate to twice the dc
voltage behind the inductor. Hence, in the classic lossless ARCP

dzv,Td,p =

−
√

(12πϕ−18T 2
d,onw

2−8π2)2−4(9ϕ2−12πϕ−9T 2
d,onw

2+4π2)(−108CsnLσw2−9T 2
d,onw

2+4π2)−12πϕ+18T 2
d,onw

2+8π2

2(9ϕ2 − 12πϕ− 9T 2
d,onw

2 + 4pi2)

dzv,Td,s=
−3

√
−108CsnLauxT 2

d,onw
4+48π2CsnLauxw2+9ϕ2T 2

d,onw
2−24πϕT 2

d,onw
2+16π2T 2

d,onw
2+6πϕ−9T 2

d,onw
2−4π2

9T 2
d,onw

2 − 4π2

(12)
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Fig. 9. Minimal phase current to ensure zero-voltage switching.

Fig. 10. Simplified circuits of a three-phase DAB with classic auxiliary-
resonant commutated pole (top) and the modified auxiliary-resonant commu-
tated (MARC) pole extension.

withLaux connected to the mid-point voltageUDC/2, the voltage
would swing up to UDC. Initiating the resonance with a voltage
higher than UDC/2 would result in a resonance oscillating above
the dc-link voltage. To achieve this, a second separated dc-link
with three capacitors connected in series, Cc1, Cm, and Cc2, is
applied instead or in parallel to the regular dc-link capacitors.
Instead of initiating the resonance with UDC/2 as it is done on
the classic ARCP [8], the initial voltage can be set higher by
selecting the ratio between the three capacitors. Thus, the mid-
point capacitor Cm supports both commutations—from bottom
to top and top to bottom. Example of a commutation from the
bottom to the top is illustrated in Fig. 12.

To derive the equations of the MARC commutations, three
equivalent circuits representing the sequences are given in
Fig. 13. Here, the voltages of the capacitorsUC1=UC2=UC are
equal resulting in an initial voltage ofUC +Um >UDC/2. When
the oscillation reaches the dc-link voltage, the anti-parallel diode
starts to conduct and the residual energy of the resonant tank is
fed back into the dc-link, creating a zero-voltage condition at the

Fig. 11. MARC topology of one leg in detail with separated auxiliary switches
(AS), balancing resistors, zero-voltage detection (ZVD), and zero-state chopper
(ZSC).

Fig. 12. Resonance caused by unsymmetrical voltage during initiating. No
boost current for a successful recharging is needed. From bottom switch to top
switch.

Fig. 13. Equivalent circuits for the MARC sequences.

main switch, as shown in Fig. 12. The auxiliary inductor Laux

will then be demagnetized. The slope dires/dt and thus the de-
magnetization time can be chosen by selecting Um accordingly.
For simplicity, the phase current ip during the commutation is
assumed to be constant. However, the diode conduction time is
reduced whenever an inductive element is connected. The reso-
nant current ires(t) of the MARC concept is given in (14).

ires(t) =

⎧⎪⎪⎨
⎪⎪⎩

UDC(1+rm)
2Laux

t t0 ≤ t < t1

ip + UDC(1+rm)
2Zaux

sin(waux(t− t1)) t1 ≤ t < t2

ires(t2)− UDC(1−rm)
2Laux

(t− t2) t2 ≤ t < t3
(14)

with Zaux =

√
Laux

2Csn
, waux =

1√
2LauxCsn

, rm =
Um

UDC
.
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The peak current can be described by (15).

Ipk = ip +
UDC(1 + rm)

2Zaux
. (15)

Without additional phase current, the voltage us1 is described
by (16).

us1(t) = UDC

(
1 +

(
1 + rm

2
cos (waux(t− t1))− 1

))

for t1 ≤ t < t2. (16)

As previously explained, the turn-on time Td,on is of crucial
importance for the converter’s safe operation. In the modified
concept, the voltage of the capacitor Um has direct impact on the
diode conduction time TDiode and, thus, Td,on can be compen-
sated. The diode conduction time TDiode can be derived analyti-
cally as given in (17). Equation (17) is valid when the converter
would operate in hard switching without activated MARC.

TDiode =
2

1− rm

√
2rm
w2

res

. (17)

This means that the diode conduction time caused by the phase
current ip of the present operation state does not exceed the diode
conduction time caused by the resonant tank.

Whenever the amount of the phase current ip is too small to
overcome the delays, the auxiliary switches must be triggered
to support (in case of phase current of proper direction) or even to
force (in case of phase current counteracting) the commutation.

By solving (17) to the ratio of the middle capacitor rm, the de-
lay timesTd,on of the system can be taken into account, resulting
in (18).

rm ≥ 1 +
2

(wauxTd,on)2

(
1−

√
(Td,onwres)2 + 1

)
. (18)

In the simplified approach and for the given setup with the
component values given in Table I, the commutation process
should commutate with a voltageUm ≥ 1050 V, e.g., rm = 0.21.

As indicated, (17) and (18) are valid when the output phase
current ip is constant, i.e., when the output inductance is much
larger than the resonant inductance Laux. Whenever the DAB
transformer has small leakage inductance values compared to
those of the auxiliary inductors, the diode conduction time is
reduced, regardless of the current direction. In the equivalent
circuit given in Fig. 13, the current source must be replaced by
Lσ and differential equations of third order must be considered.
For positive phase currents within the sequence t0 ≤ t < t1, the
same equations hold true. In this sequence, the phase current ip
freewheels via the anti-parallel diode, and the auxiliary inductor
is magnetized by the voltage UDC

1+rm
2 . In the second sequence

t1 ≤ t < t2, the differential equations given in (19) describe the
resonant commutation for positive (counteracting) phase current

ip, representing the worst case condition.

dires
dt

=
1

Laux

(
UDC

1 + rm
2

− uC,sn(t)

)

duc,sn

dt
=

1

2Csn
(ires(t)− ip(t))

dip
dt

=
1

Lσ
uC,sn(t) (19)

with Lσ =
3

2
Lσ.

Hence, the snubber voltage uII
C,sn(t), given in (20), the reso-

nant current iII
res(t), and the phase current iII

p(t) can be derived.

uII
C,sn(t) =

1 + rm
2

UDC
Lσ

Lσ + Laux
(cos(wMt)− 1)

for t1 ≤ t < t2 with wM =

√
Laux + Lσ

2CsnLauxLσ
.

(20)

The commutation timeTcom,II in the MARC concept can then
be computed by uII

C,sn(Tcom,II) = UDC as given in (21)

Tcom,II =
2

wM
arcsin

√
Lσ + Laux

Lσ(rm + 1)
. (21)

The diode current idiode(Tcom,II) in the moment of commu-
tation can be calculated by (22)

iII
diode(Tcom,II) = iII

res(Tcom,II)− iII
p(Tcom,II)

= UDC
1+rm

2

2CsnLσ

Laux + Lσ
wM sin(wMTcom,II).

(22)

Additionally, during demagnetization for t2 ≤ t < t3, the ini-
tial current iII

diode(t2) of the anti-parallel diode must fulfill the
time criteria Td,on and thus resulting in (23).

iII
diode(t2) = UDCTd,on

(
1− rm
2Laux

+
1

Lσ

)
. (23)

Subsequently, (21) and (22) should be equal for Tcom,II re-
sulting in (24) and solved for rII

m.

iII
diode(Tcom,II)

!
= iII

diode(t2). (24)

An analytical solution is found for rII
m, given in (25) shown at

the bottom of this page.
Additionally, (21) and 22 are plotted in Fig. 15 with the values

given in Table I. The minimal required diode current can be
computed to iII

diode(t2) ≈ 732 A.
Finally, when considering the transformer inductance, the

voltage ratio can be calculated to rII
m ≈ 0.28. The detailed anal-

ysis shows that rm and rII
m differ significantly, proving the need

rII
m =

T 2
d,on(2L

2
aux + L2

σ + 3LauxLσ) + 8C2
snL

2
auxL

2
σw

2
M − 4CsnLauxLσwM

√
4C2

snL
2
auxL

2
σw

2
M + T 2

d,on(Laux + Lσ)2

T 2
d,onLσ(Laux + Lσ)

(25)
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Fig. 14. Equivalent circuits for the MARC sequences for 0 < ϕ < π
3 consid-

ering transformer leakage inductances.

Fig. 15. Numerical solution of voltage ratio rII
m.

for a detailed analysis. The equations for a lossless commutation
have been verified using MATLAB/PLECS circuit simulation.
In addition, turn-on losses, voltage drops of the semiconductor
switches, and resistive losses must be considered for a precise
selection of the voltage Um.

To set the voltage of the middle capacitor, a galvanic isolated
power supply is preferred. The power PCm, which has to be fed
into the middle Cm capacitor, depends on the size of the snubber
capacitors Csn, the switching frequency fsw, the amplitude of
the dc-link voltageUDC, and the ratio rm. Considering the energy
Esn,leg of the snubber capacitors per leg, the power PCm can be
estimated according to (26)

PCm =
2rm

1− rm
3fswEsn,leg

=
2rm

1− rm
3fswCsnU

2
DC

≈ 57 kW. (26)

With the data given in Table I and rII
m = 0.28, an average

power of PCm = 57 kW at a rms current of ≈35 A is required.
Here, an auxiliary winding added to the existing transformer is
proposed, which can be set to the required ratio rII

m. Thus, the
voltage ratio is always constant, and variations in the dc-link
voltage do not affect the system. Since the circulated power is
not of a high amount and the core of the medium-frequency
transformer already exists, only additional windings and a sim-
ple diode rectifier are required.

In Fig. 16, an exemplary transformer configuration, with the
auxiliary windings highlighted in gray, is presented.

Fig. 16. Medium-frequency transformer with auxiliary windings to ensure
constant voltage of the middle capacitors.

Fig. 17. Operation strategy of the converter.

Using a three-phase diode rectifier allows to shrink the size
of Cm. The characteristic 50% duty cycle of the DAB and the
three-phase system guarantees constant input voltage from the
ac link.

The MARC concept is a self-balancing topology regarding
the dc-link capacitor. The voltage of the middle capacitor is
always fixed due to the ratio of the auxiliary windings. In case
the voltage is UC1 < UC2, the resonance from bottom to top
is generated with UC1 + Um. Due to the higher voltage, the
resonant current will be higher as well and the additional energy
will be fed back into the upper capacitor C2, which will then
rise in voltage. On the other hand, the resonance from bottom
to top causes a lower peak current, and less energy is circulated
back to the lower capacitor.

V. OPERATION STRATEGY OF THE CONVERTER

The basic operation is initiated with the start-up sequence
described in [33] and briefly described in the following.
Since the converter is supposed to be installed into a dc-grid
where voltage can be supplied before switching, the converter
must be capable of a black start. The main switches are protected
using the ZVD and cannot be turned on if a voltage across a
switch is higher than 25 V. Here, the bottom snubber capaci-
tors of the primary and secondary converters are first discharged
using the zero-state chopper (ZSC), shown in Fig. 11, which
consists of a switch, a series diode, and a resistor. Thus, the
converter can be started from a defined switching state. Here,
the converter is started to operate, beginning with all bottom
switches turned on.

Since the switch of the ZSC is selected only for discharging
of the snubber capacitors at low power, a current into its anti-
parallel diode must be avoided. Thus, a series diode is needed
to ensure that a positive phase current ip commutates into the
anti-parallel diodes of the main devices in the PEBB stacks.
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Fig. 18. Simplified CAD drawing of primary-side converter and dc-link design. For improved visibility, the second converter leg is not shown.

Fig. 19. Complete circuit of the test setup. Primary and secondary dc links are connected and tests are performed at a dynamic voltage ratio of d = 1. The
capacitor Cm is charged by a diode rectifier and an additional auxiliary transformer which can be integrated into the existing transformer to save one additional
core.

After the start-up phase, the DAB is operating in soft-
switching mode supported by the MARC extension. Whenever
the converter is running in natural soft-switching, the phase cur-
rent ip(0), ip(ϕ) ≥ ip,Td,on

and the auxiliary switches can be
left off. Thus, conduction losses of the inductor and switches
are saved and the efficiency increases. If the phase current de-
creases again, the DAB must be supported by the quasi-resonant
switching again; otherwise, the converter will stop its operation.
The flowchart of the operation strategy is illustrated in Fig. 17.

This is different to conventional clamping circuits for IGCTs,
since the losses due to the diode clamping will increase with
higher load currents. For the presented high-power setup in [24],
a simulative approach prospects loss savings of 50 kW in partial
load under ARCP operation at 2 MW, but also 50 kW in high-
power operation at 5 MW when the ARCP is left off.

VI. EXPERIMENTAL SETUP

All components of the modified setup are fully integrated in
the cabinets as illustrated in Fig. 20. The electronics are located

Fig. 20. General setup used for measurements: highlighted the medium-
frequency (MF) transformers and the PEBB stacks.

at the top of the cabinets and the three single-phase transform-
ers (600 kg per transformer) at the bottom. A 3D CAD presen-
tation of the primary converter is given in Fig. 18. Here, the
general arrangement of the PEBB stacks, the copper rails, the
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TABLE II
SYSTEM COMPONENTS

Fig. 21. SiC diodes soldered on a printed circuit board to suppress reverse
recovery. Three diodes connected in series and eight in parallel.

auxiliary devices, and passive components is given. The aux-
iliary switches (AS) and snubber capacitors Csn are mounted
as close as possible to the IGCT PEBB stacks [36]. The sepa-
rated dc-link for the MARC is in parallel to the classic dc-link
as shown. The auxiliary inductors Laux are mounted close to
the separated dc link. They are connected to the MARC copper
rails to which all PEBB stacks are connected as well. Due to
the distance to the capacitors Cdc,1, Cdc,2, and Cm, the resulting
auxiliary inductance increases for the second and third stacks,
as shown in the test results.

The primary converter has a length of 3 m. The complete
DAB is about 7 m long, including water pumps and deionization
units. Water-to-air heat exchangers are mounted on the roof of
the laboratory.

In Table II, the key components of the converter are summa-
rized.

One auxiliary switch for one PEBB stack is constructed using
two Infineon FZ800R45KL3 medium-voltage IGBTs connected
in series with 3× 8 1.2 kV SiC diodes as shown in Fig. 21. Using
SiC diodes almost eliminates the reverse recovery. The circuit
of the experimental setup is given in Fig. 19.

VII. EXPERIMENTAL RESULTS

In the following, initial test results conducted with the exper-
imental setup up to a dc-link voltage of 500 V are presented.
The dc links of the primary and secondary sides are connected
to each other; only the power losses of the converters need to be
supplied by an external power supply.

In Fig. 22, one commutation of leg s3 (according to Fig. 1)
and the voltages us,t3, us,b3 and the resonant current is plotted.
Overshoots of 20% and the a peak resonant current of 75 A are
measured. The gate signals of the ZVD are additionally mea-
sured to show the turn on and turn off of each PEBB stack.

Fig. 23 plots the current distribution within the PEBB stack
s3. Although the capacitor voltages and the resonant current
show almost ideal behavior, high current oscillation in the

Fig. 22. Commutation phase of a modified PEBB stack including the ZVD
logic signals.

Fig. 23. Detailed commutation phase, and high oscillations during current
commutation with fast diodes.

PEBB stacks accrues. Since high-power devices have high space
charges, and thus capacitance, high oscillations occur during
commutation. Very fast diodes were added temporarily to il-
lustrate the commutation from the resonant capacitors into the
anti-parallel diode.

As derived analytically, the ratio rm has a direct impact on the
diode conduction time. For illustration, various ratios rm were
applied by changing the winding configurations of the auxiliary
transformer. The results are plotted in Fig. 24.

As mentioned, the start-up sequence is needed whenever the
dc-link and thus the resonant capacitors are pre-charged. To over-
come the floating state of the converter, the zero-state choppers
are turned on. In Fig. 25, the start-up sequence is plotted.
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Fig. 24. Resonant phase and diode conduction time manipulated with various
rm = 0.1–0.7 illustrating the impact at a dc-link voltage of 300 V.

Fig. 25. Start-up phase of the three-phase system initiated with the zero-state
choppers.

Fig. 26. Input and output voltage of the auxiliary transformer up,aux, us,aux

and the rectifier output current irec. Transformer supplies both middle capaci-
tors.

Fig. 27. No-load operation of the three-phase DAB.

Fig. 28. Operation under phase-shift of the three-phase system. The peak-
resonant currents decrease due to supporting load current.

The primary and secondary voltages of the auxiliary trans-
former and the output current of the diode-rectifier irec are plot-
ted in Fig. 26.

Fig. 27 shows the plot of a dc-link voltage of 400 V at zero-
phase shift ϕ = 0. The characteristic six-step voltage of the pri-
mary and secondary sides in the DAB are visible and the phase
current ip is negligible. Due to the large setup, the peak resonant
currents of each converter leg change depending on its distance
to the resonant inductor and the dc-link, hence Laux increases
with greater distance.

In Fig. 28, the results are plotted at a higher phase shift with a
phase current of up to ip = 380 A. The inductive load currents
support the commutations in time and damps the resonance.
Thus, the peak resonant currents on the primary and secondary
sides decrease.
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VIII. CONCLUSION AND OUTLOOK

Whenever a dual-active bridge converter is equipped with
lossless snubber capacitors, the soft-switching area is reduced.
The snubber size has a strong impact on the soft-switching range,
as was analytically derived. The presented prototype is con-
structed with IGCT power electronic modules with integrated
gate drivers. It was shown that these power modules have long
turn-on delay times, which limit the soft-switching area fur-
ther. To overcome these challenges, the ARCP concept was
introduced. However, precise control of the required boost cur-
rent was found to be a major challenge with the existing gate
drivers. To overcome these issues, a novel auxiliary circuit that
does not require boost current control was introduced to com-
mutate the snubber capacitors, which are placed in parallel to
the main IGCTs. This modified ARCP circuit, simply called
MARC, uses a mid-point capacitor to set off the voltage that
drives the auxiliary resonant current above the dc-link mid-
point voltage. Consequently, the commutation of the snubber
capacitors does not require any boost current. Hence, no addi-
tional fast boost current control is needed, as is necessary for
the classical ARCP concept. This leads to a reduced control
complexity and cost reduction. Losses and delays can be com-
pensated easily by choosing the voltage of the mid-point capac-
itor Um properly. The presented setup uses auxiliary switches
constructed with medium-voltage IGBTs in combination with
SiC diodes to suppress the reverse recovery losses of the con-
verter. This contributes to achieve higher efficiencies. The reso-
nant inductor is rated for the resonant rms current, which is much
lower in contrast to the di

dt limiter that is needed in hard-switched
IGCT-based converter systems carrying the complete dc-link
current.

PROS
1) higher efficiency
2) no clamping circuit needed
3) simple control
4) reduced EMI
5) limited du

dt
6) self-balancing dc-link
7) no complex boost current control
CONS
1) higher amount of devices
2) slightly higher investment
The MARC concept requires an additional galvanic isolated

power source for constant voltage of the mid-point capacitor. It
is shown that this auxiliary power supply can be powered by the
main switches. Its auxiliary transformer can be integrated in the
DAB transformers by adding windings into the DAB medium-
frequency transformers, both at the primary and secondary
sides.
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