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Abstract— This paper examines modular high-gain isolated
DC/DC converter topologies for energy storage systems (ESS).
The structure and operation of the topologies discussed resemble
modular multilevel converter (MMC) and dual-active-bridge
(DAB), in that regulated bidirectional power flow is realized with
traditional circuit building blocks by applying classic phase shift
control. The operation of two topologies is presented. Both can
realize a high voltage step-down ratio from a medium-voltage
(MV) bus to a medium frequency (MF) transformer primary
winding so that reduced winding insulation is achieved to shrink
the transformer size. These two topologies are compared in terms
of their step-down ratios, frequency multiplication factors,
switching and conduction losses, submodule (SM) capacitance,
and transformer area products. Preliminary experimental results
are presented to verify the key features of both topologies using
3.3-kV silicon carbide (SiC) devices (Generation-2 engineering
samples from GeneSiC).

Keywords— Medium-voltage (MV), DC/DC converter, solid-
state transformer (SST), modular multilevel converter (MMC), high
step-ratio, silicon carbide (SiC).

L INTRODUCTION

Medium-voltage DC (MVDC) is considered as an
alternative solution for renewable energy systems integration
[1]-[5], whose resiliency can be improved by an energy storage
system (ESS) as shown in Fig. 1. The DC/DC converter between
the MVDC bus and the low-voltage DC (LVDC) battery
generally requires galvanic isolation, regulated bidirectional
power control, high voltage and power ratings, and a high
voltage step ratio.

One popular converter type for this DC/DC application is
the hybrid converter combining a modular multilevel converter
(MMC) and one side of a dual-active-bridge (DAB) circuit [6]-
[11]. In this hybrid converter, the MMC is on the MV side and
the full-bridge circuit is on the LV side, with an isolated
medium-frequency (MF) transformer in the middle. The MMC-
based circuit on the MV side can achieve the following benefits:
1) the input voltage is not limited by the voltage rating of the
semiconductor device, allowing the converter to be easily scaled
up or down by adding or removing series-connected submodules
(SMs); 2) the MMC output voltage’s dv/dt can be reduced by
the multi-level waveforms, which minimizes the insulation
stress on the output side; and 3) the MMC-based circuits have a
high level of operational flexibility due to various SM structures
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and modulation approaches [12]-[14].

The classic phase shift control of DABs can also be used in
this hybrid circuit to regulate bidirectional power flow as shown
in Fig. 2. In Fig. 2, two square-shape voltage sources represent
the primary and secondary side circuits, where there is an
adjustable phase shift angle (p) for controlling the direction and
magnitude of the transmitted power. The inductor (Lau.) is the
transformer leakage inductance or auxiliary inductor reflected to
the primary side. The amplitude of the primary side voltage can
be represented as the MVDC bus voltage (V) divided by a step-
down ratio (7). Similarly, the transformer fundamental
frequency (fians) is related to the SM switching frequency (fiw)
with a frequency multiplication factor (7). For this square-wave
based MMC, some publications focus on the quasi two-level
(Q2L) type modulation [6], [7], [15]-[18]. With up to 4/n
effective modulation index, this approach can utilize the high
excitation voltage amplitude to reduce the output current and
lower the copper loss. However, generally no voltage step-down
can be achieved in classic Q2L-type MMCs and the transformer
frequency cannot exceed the semiconductor device switching
frequency. Considering the windings’ insulation and the limited
frequency, the MF transformer volume may be relatively high.
Alternate approaches target reducing the transformer primary
side voltage amplitude [9], [11], [19]-[21]. These methods can
potentially improve the MF transformer performance or shrink
its size due to: 1) the reduced MMC output voltage requires less
insulation distance; 2) utilizing the SM insert/bypass sequence,
the transformer fundamental frequency can be significantly
higher than the SM switching frequency, thus the frequency of
the MF transformer can be increased and the transformer core
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control.

area can be reduced, and 3) better transformer coupling can be
achieved by the lower transformer turns ratio. Though the
increased output current may reduce the converter efficiency,
the use of wide bandgap (WBG) semiconductor devices will
alleviate this disadvantage [22]-[24]. Accordingly, under some
operational conditions, there topologies may realize superior
efficiency with extremely low transformer volume.

In this paper, two types of high step-down ratio MMC-DAB
hybrid circuits for MVDC-to-LVDC conversion are introduced
and compared. In Section II, their circuit topologies and
modulation methods are discussed. And their comparison results
are shown in Section III. In Section IV, experimental results with
3.3-kV discrete SiC metal-oxide—semiconductor field-effect
transistors (MOSFETs) [24] based MMC converter are
presented to verify the key features of both circuits. A
conclusion of the research presented is given in Section V.

II.  CirRcUIT TOPOLOGIES AND MODULATION METHODS

As shown in Fig. 3, a circuit topology is proposed, denoted
as Type #1, which chooses the highest step-down ratio based on
[19] and changes the secondary side from a rectifier to an active
full-bridge circuit based on [21]. A comparable design, which is
an isolated version, modified from [9], is shown in Fig. 4 and
denoted as Type #2. Compared to the Type #1 topology with the
traditional MMC structure, Type #2 topology inserts the
transformer primary winding in series with two arms. Therefore,
the transformer magnetizing inductance can be utilized to limit
the circulating current (i.) ripple, so extra arm inductors are not
needed.

In Fig. 3 and Fig. 4, the operational principles of both type
circuits are presented with the number of SMs per leg (V) equal
to 6. On the primary side, the static voltages of all SM capacitors
are identical and equal to the MVDC voltage (V) divided by
the averaged inserted SM number (&;) per transformer
fundamental cycle, where N; equals 5 for the Type #1 topology
and N; equals 5.5 for the Type #2 topology. By inserting and
bypassing SM capacitors as the sequences shown in Fig. 3 and
Fig. 4, the transformer primary side voltages of both types equal
+V,./(2N;). Additionally, the transformer frequencies equal
fow(N; +1)/2 and f;,,(2N; + 1) /2 for Type #1 and Type #2
topologies respectively. On the secondary side, the full-bridge
circuit is actively controlled to generate the positive or negative
LVDC voltage (£Vp,) at the transformer frequency with a
phase angle ¢. The key features of the two types of circuits are
summarized in Table I.
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TABLE I
KEY FEATURES OF TYPE I AND TYPE Il TOPOLOGIES
Type #1 Type #2
Minimum SM Number Per Leg N N
SM Capacitor Voltage (V,;,) Vae/(N — 1) 2V /(2N — 1)
Step-down Ratio
2N -2 2N-1
(ry, = Vdc/lvpril)
Frequency illultiplication Ratio N/2 N
(rf = ferans/fsw
Stray inductance or Transformer
Arm Inductor - S
extra arm inductors magnetizing inductance

III. TOPOLOGY COMPARISION BASED ON CASE STUDIES

Based on case studies, this section compares the Type #1 and
Type #2 topologies in terms of step-down ratio, power loss, and
volumes of the transformer and SM capacitors. The comparison
only focuses on the primary side MMC and the MF transformer,
while the secondary side features are omitted. The step-down
ratio has been discussed in Table I. The power loss calculation
includes the conduction and switching losses of the
semiconductor devices. The volume of the MF transformer uses
the area product (4P ns) and the volume of the SM capacitors
uses the sum of SM capacitors energies (Ecaproy) as indicators
respectively.

As summarized in Table II, the Type #1 and Type #2
topologies are configured on the MVDC side with a 7-kV bus
voltage. On the battery side, there is a DC voltage ranging from
250 V to 450 V. The transformer turns ratio () is assumed to be
7:3, and its operating frequency is set to 30 kHz. It is assumed
that the primary side MMC leads the secondary side full-bridge
circuit by a phase angle ¢. Six SMs with the half-bridge structure
are used which is based on the discrete 3.3-kV SiC MOSFETs.
The transmitted power is scaled down and fixed at 10 kW.

Assumptions and formula derivations are needed for
conducting numerical results in case studies. The analysis will
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TABLE II TABLE III
PARAMETERS OF THE DC/DC CONVERTER IN THE CASE STUDY INSTANTANEOUS TRANSFORMER CURRENTS OF /; TO I,
Pin Power rating 10 kW Type #1 Type #2
Ve MVDC voltage 7kV Ve s T Ve b3 T .
L | ——~—(-nDp-s+n1Dz) | == ——(-nDp—=+1D5)+i
Viat Battery (LVDC) voltage 250 V to 450 V ' | Tt P "2+ 90%) | Gt (400 7203 ¢ b
AVim Peak-to-peak submodule voltage ripple < 5% Vnpase) Vie 4 2 Vae e T
L ¢ —5+nD> ———\e—5+nD3)+L
Sirans Transformer frequency 30 kHz ’ 207, firans Laux ( 2 2) szmmLm( 2 Z) =)
Phase shift angle 0° to 50° Vac n T Vac L3 s
< = 5| e P02 73) | Gt (P9 F 7 03) * b
start from the characteristics of apparent power (Six). Vae T Vae T ML
5 et P2 702) T S R R

Based on the power transmission circuit shown in Fig. 2, the
apparent power can be presented as

_ Vac
Sin = Itrans(rms) X— (1)
1

where lyansems) 18 the root-mean-square (rms) value of the
transformer current, whose instantanecous value equals the
auxiliary inductance current (/_Layx), as shown in the following
equation

hras(®) = s @)+ — [ (Vo ®) = b)) )

The values for iyans of I; to I, in Fig. 2 are shown in Table III
[25]-[27]. In Table III, D is the ratio of the MVDC voltage to

the battery voltage referred to the primary side, which is
_ anat

b= Vdc (3)

Assuming the circulating current ripple is neglected, the DC
component of the circulating current i) is

ba(ac) = V—:' ©)

c
Lo and fians can be eliminated by replacing the auxiliary
inductance with
Dyt
a Znﬁrransrvp in (
Following the basic rms calculation procedure, the transformer
rms current of type #1 topology can be derived as

P, n?r,2D? 2¢3 m? w2
: J v —(i—<p2+—>r,,u+l— ®)

_f) (5)

aux
s

I trans(rms) —

@(m — @)DV, 12 3 6 2

and the transformer rms current of the Type #2 topology can be
estimated by

I trans(rms)

2
P, n?r,2D% (23 w2 w2 P\
_ | —— — 2 R R —_
(p(n—(p)DVdc\/ 12 T LD +(Vdc> ™

For (6) and (7), the values of phase shift angle can be calculated,
which is

s _ \/T,,T[Z B 8Tv”2ftransl’auxpin (8)

$=32 4DV, 2

By scanning the values of Ly, from 10 puH to 150 pH with 5-pH
steps, the apparent power in (1) and the phase shift angle in (8)
are plotted in Fig. 5. Based on Fig. 5, a 120-uH auxiliary
inductance is appropriate to realize a relatively low apparent
power without exceeding the 50° phase shift angle across the full
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Fig. 5 Phase shift angle and apparent power vs. auxiliary inductance at different
battery voltages for Type #1 topology (a) and Type #2 topology (b).

output voltage range for both the topologies. With this auxiliary
inductance value, the Type #1 topology has a 19.8-to-41.1°
phase shift angle range, and a 10.82-to-13.48-kVA apparent
power range with 11.72-kV A average apparent power. The Type
#2 topology has a 22.1-t0-47.4° phase shift angle range, and a
10.97-t0-13.58-kVA apparent power range with 11.82-kVA
average apparent power.

A. Semiconductor Device Conduction Loss

The semiconductor device’s conduction loss depends on the
number of SMs, the turn-on resistance of the semiconductor
device, and the rms values of the arm currents, and is shown as

Nlup_arm(rms)szs(on) Nllo_arm(rms)szs(an)
P cond = 2 + 2 (9)
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where R 18 the semiconductor device turn-on resistance and
Lip_armms) and Lio_armoms) are the rms values of the upper and
lower arm currents.

For the Type #1 topology, the transient arm currents are

itrans (t)
2

iup,arm(t) = + iz(dc) (10)

_ itrans (t)
2

ilo_arm (t) = + iz(dc) (11)

Utilizing (2), (4), and (6), the Type #1 topology arm rms
currents can be estimated as

I 2 P \2
trans(rms) +< m) (12)

Iup,arm(rms) = Ila,arm(rms) = 2 ﬁ
c

For the Type #2 topology, the upper and lower arm currents are
the same as the transformer current, which can be shown as

iup_arm(t) = ila_arm(t) = itrans(t) (13)
Iup,arm(rms) = Ila,arm(rms) = Itrans(rms) (14')

The next step is to calculate the device turn-on resistance
based on the selected 3.3-kV SiC MOSFET. To fairly compare
topologies that have different rms currents requiring different
die areas, the product of the selected device’s turn-on resistance
(0.31T; + 37.65 mf2) and one quarter of its rated current
(0.25x 80 A) is considered a constant. Then the turn-on
resistance, which depends on the operational current of the
semiconductor device, is

0.25 x 80

Rasony = (0.31T; + 37.65) x (mf) (15)

semi(rms)
where Lemigms 15 the assumed as the averaged arm rms current
that can be calculated from (12) or (14) with the battery voltage
ranging from 250 V to 450 V. The junction temperature (7}) is
assumed as 100°C.

The conduction loss calculation results obtained from the
above formulas are: the Type #1 topology with 8.49-A Lemigms)
results in 162-mQ Ryson) and 69.94-W Peynq, and the Type #2
topology with 18.57-A Isemioms) results in 74-mQ Rason and
153.11-W Pona.

B. Semiconductor Device Switching Loss

For the semiconductor device’s switching loss calculation,
the following assumptions are made to simplify the analysis.
First, the soft-switching only depends on the direction of arm
current during switching transients, which means factors such as
deadtime, busbar leakage inductance, and semiconductor device
output capacitance are ignored. Second, all soft-switching losses
are neglected. Third, all SM capacitor voltages are identical
during switching transients.

The general switching loss formula can be presented as

N
Pa = Eoufon (16)
1

where the switching energy (Es,) is the sum of hard turn-on and
turn-off energies (E,, and Eop),

Esw = EonUon, Vem) + Eoff(loffr Vsm) a7

in which, #,, and i,y are the arm currents during switching and
Vsm 1s the static SM capacitor voltage. Similar to (15), based on
the characteristics of the selected 3.3-kV SiC MOSFET, the
values of E,, and E,ycan be estimated as

_ ng Isemi(rms)

Fon =2 kv * 925 x 8o 4 < 0#en (M) a®
Vsm Isemi(rms)

Forr = 2kv * 025 g0 4 < O03%orr (0D (19)

The next step is to analyze all the hard-switching scenarios
and calculate their switching energies. The direction and
amplitude of arm currents need to be analyzed when one or
several SMs are being inserted or bypassed. According to (10),
(11), or (13), the arm currents of both topologies can be
determined from the instantaneous transformer current shown in
(2). Based on Fig. 2, only the currents of /; and /3 are related to
the SM switching energies. Fig. 6 shows the switching scenarios
for the Type #1 and Type #2 topologies.

When a SM is being inserted with a positive arm current, the
bottom switch will first experience a hard turn-off, and then the
top switch will go through a soft turn-on; with a negative arm
current, the bottom switch will have a soft turn-off, then the top
switch will go through a hard turn-on. During the SM bypass
process, the top switch experiences a soft turn-off and the
bottom switch has a hard turn-on with a positive arm current; the
top switch goes through a hard turn-off and the bottom switch a
soft turn-on with a negative arm current. In an example of the
Type #1 topology, the upper arm SMs switching status is shown
in Fig. 7. During the first zone (Z1), between 250-V to 385-V
Viat, switches have a hard turn-off or soft turn-on whether the
SM is being inserted or bypassed. In the second zone (Z2),
between 385-V to 418-V V4, the top switch has a soft turn-off
and the bottom switch has a hard turn-on when the SM is being
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SM, By‘>1"/ /I'y I;
o : 7500 360°
T SMy By->In Iy I
Lo SM, In->By )
()
SMy In->By Vicans
” Lirans I;
SMy In->Ey Lo
0° 80° | 360°
4
— SMy By->In
Lo ‘ u: \ L
SM,, By->In
(®)

Fig. 6 The waveforms of transformer voltage and current when one or several
SMs are being inserted or bypassed. (a) scenario of the Type #1 topology, and
(b) scenario of the Type #2 topology.
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Fig. 7 Type #1 topology instantaneous upper arm current when one SM in the
upper arm needs to be inserted or bypassed.
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bypassed, and the bottom switch has a hard turn-off and the top
switch has a soft turn-on when the SM is being inserted. In the
third zone (Z3), switches have a soft turn-off or hard turn-on for
both inserting and bypassing actions.

By considering all voltage conditions on the battery side, the
switching loss can be calculated. The Type #1 topology has E,,
= (0.087 X I,;) mJ and E,y = (0.011 X I,¢) mJ which
leads to 12.95-W Py,,. The Type #2 topology has E,, = (0.17 X
lon) mJ and Eo= (0.022 X I,¢¢) mJ which leads to 29.91-W
Py

C. Transformer Area Product

The product (4Psans) of transformer window area (4ywing) and
core area (Acore) can be used to estimate the transformer’s size.
The formulas are shown as

ZNturnsltrans(rms)

Aying = ——uns-transms) (20)

v Kw]max

Ao
A — pri(max) 21
core 2K, NturnsBmax ( )
Itrans(rms)lpn(max)

APtrans = Acare X Awmd T r_ (22)

K KW mameax

where all parameters are referred to the transformer primary
side. Niyns 18 the number of winding turns. J,,,,, and By, are
the maximum allowable current density inside the windings and
flux density inside the core. K, and K, are the window filling
factor and core area factor, which are both less than 1. The peak
flux linkage A,ri(max) is related to the excitation voltage and
the period time, which is derived as
Vdc
erftrans

The values of J,ux and B can be referenced from [28] and
[29] which are 3.04 A/mm’ and 200 mT respectively. By
assuming K, and K. equal 0.7 and 0.9 respectively, and
adopting the maximum value of lyansems) from (6) and (7) at
certain battery voltages, the following results can be conducted:
Type #1 topology has APyms = 58.64-cm*, and Type #2
topology has APyans = 59.11-cm*.

(23)

lpri(max) =

D. Submodule Capacitance Energy

Assuming all SM capacitors are identical, then the total
required SMs capacitance energy can be defined as

N
1
Ecap(tot) = Z E CsmVsmz (24)
1

where Vy, is the static SM capacitor voltage, and Cjy, is the SM
capacitance which is used to sustain an acceptable peak-to-peak
voltage ripple (A Vsuw/Vsm) during operation. The SM capacitance
voltage ripple is estimated by integrating the arm current during
half of fundamental cycle and splitting the charge among all
inserted SM capacitors in this arm [30]. The formula for the
Type #1 topology can be derived as

c (1 2N — 1) (T[ (p)(pDVdc +21°N (Pm) auxfsw
sm =\

X 26
NN ANT2 T2, LBV Vo) Vo, (26)

In order to sustain less than 5% SM capacitor voltage ripple,
the Type #1 topology requires at least 3.40-pF capacitance for
each SM along with more than 20.0-J Ecqpion. The Type #2
topology requires at least 8.23-uF capacitance for each SM
along with more than 40.0-J Ecap(iop-

E. Comparision of Type #1 and 2 Topologies

The parametric comparison is summarized in Fig .8.
According to Fig. 8, the Type #1 topology is inferior to the Type
#2 topology in terms of device switching frequency and
converter step-down ratio. The Type #1 topology shows lower
conduction and switching losses. Both topologies have similar
transformer area products. The Type #1 topology requires less
SM capacitor energy with the same SM capacitor voltage ripple
percentage.

IV. EXPERIMENTAL RESULTS

For both Type #1 and Type # 2 topologies, prototypes with
10-kW rated power, 7-kV rated input voltage, six SMs and 7:3
transformer turns ratio were assembled using the 3.3-kV SiC
MOSFETSs. The picture of the MMC and the MF transformer is
shown in Fig. 9.

The voltage step-down and frequency multiplication ratios
were validated with a resistive secondary side at a 30-kHz
transformer frequency. The Type #1 topology test waveforms
are shown in Fig. 10 (a), with an input DC voltage of 1.3 kV, the
amplitude of the transformer secondary side voltage was 56 V.
The output voltage of SMr) was tracked, and its switching
frequency was one-third of the transformer frequency. Fig. 10
(b) shows the experimental results of the Type #2 topology
prototype, in which the input DC voltage was 1.27 kV and the
amplitude of the transformer secondary side voltage was 48 V.
The SM switching frequency in Type #2 was one-sixth of the
transformer frequency.

The DC/DC converter operation was also validated with a
down-scaled power and input voltage. Fig. 11 shows the
converter test waveforms based on the Type #1 topology, where
the converter was tested at a 1.22-kV DC bus voltage and 923-
W load power.

153.1

J
1 69 58.659.1 20
kHz 10 11 m4 cm?*
“ -

APtrans

sw 1/ Iy cond sw cap(tot)

Fig. 8 Comparison results of Type #1 and Type #2 topologies in terms of SM

2 Pin
Cc. = (_ < 2(N - 1)) (m = @)DV, + 2n°N ( ) Lauxfsw (25) switching frequency, voltage step-down ratio, semiconductor power losses,
sm N N ANT2f2,L e AV / Ve )Vem transformer area product, and total SM capacitors energy.
and the formula for the Type #2 topology is
2000
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Fig. 9 Prototypes of Type #1 and Type #2 circuits (including the MMC and the
MF transformer).
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Fig. 10 Converter test waveforms with resistive secondary side in (a) Type #1
topology and (b) Type #2 topology.
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Fig. 11 Converter test waveforms with active full-bridge secondary side in
Type #1 topology.

V. CONCLUSION

In this paper, two types of MMC-DAB hybrid high-gain
isolated DC/DC converter topologies are presented. Both types
of circuits can achieve high voltage step-down ratios and realize
the transformer frequency multiplication function, thus the
transformer winding insulation and core area can be reduced.
Formulas have been derived for the step-down ratios, frequency
multiplication ratios, conduction and switching losses,
transformer area products, and total submodule capacitance
energy. Numerical parameters have been calculated and
compared based on case studies. The comparison results reveal
that the Type #1 topology tends to have better efficiency and
smaller SM capacitor volume, while the Type #2 topology
shows higher voltage step-down and transformer frequency
multiplication ratios.

Preliminary experimental results have been presented to
verify the key functions of two topologies using 3.3-kV SiC
MOSFETs-based prototypes. The test results at full power and
voltage ratings will be reported in a following publication.
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