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Abstract—Integration with the medium voltage AC (MVAC)
grid is imperative for high-power DC applications. Traditionally,
low-voltage AC-DC converters have been utilized to process
power after stepping down MVAC through line frequency trans-
formers (LFT). However, the weight and volume of the entire
system are largely dictated by the LFT, which is quite high.
Among the transformer-less solutions in literature for direct
medium voltage AC grid interface, the input series output
parallel (ISOP) structure-based cascaded multi-level converter
is favored in literature. The challenges with this solution include
large intermediate capacitor requirements, hard-switched AC-DC
stage, high module count, high device count, etc.

This paper proposes a novel modular single-stage MVAC to
LVDC converter that eliminates the need for a large capacitor
bank at the intermediate DC link and eliminates switching losses
in the AC-DC stage. Multi-level architecture is integrated within
the module to decrease the module count. The proposed solution
employs triple phase shift (TPS) modulation to minimize current
stress and enhance efficiency. A new structure is proposed for the
DC side bridge with a reduced switch count. Design procedure,
modulation strategy, and comparison with existing solutions are
provided in the paper. Experimental validation is carried out for
a laboratory-scale prototype for a module to verify the operation.

Index Terms—SiC, Medium voltage AC, SST, Single stage, Dual
Active Bridge, Triple phase shift

I. INTRODUCTION

High-power DC applications such as fast charging of elec-
tric vehicles, data centers, and utility-scale renewable inte-
gration require medium voltage integration for higher sys-
tem efficiency. Commercial solutions achieve this through
low-voltage power converters and a step-up line frequency
transformer(LFT), Fig. 1. The LFT present in the system is
quite heavy and takes up a lot of space. Medium voltage
power conversion eliminates the requirement of LFT with

This work was supported in part by the Department of Science and
Technology, Government of India under the project titled ”Medium Voltage
Grid Integration of Utility-Scale Renewable ” through the Core Research
Grant scheme.

Fig. 1: Conventional solution for high power DC applications.

medium voltage AC (MVAC) to low voltage DC (LVDC)
converters with improved power density, [1]. This is achieved
by eliminating LFT as shown in Fig. 2.

Input series output parallel (ISOP) cascaded multi-level
converters (CMC) is a promising MVAC-LVDC solution, with
low voltage modules connected in series at the MVAC side and
in parallel at the DC side, [2], [3]. This modular solution uses
LV devices and modules as building blocks, consisting of an

Fig. 2: Solid state transformer (SST) based solution for high
power DC applications.
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Fig. 3: Proposed Medium voltage AC (MVAC) to low voltage DC (LVDC) solid state transformer.

AC-DC stage and an isolated DC-DC stage per phase.
Single-phase power processing requires a large intermediate

DC link capacitor and has a hard switching AC-DC stage,
[4], [5]. A single-stage solution combining the AC-DC stage
and the isolated DC-DC stage eliminates the requirement of
the large intermediate capacitors by processing the double
line frequency component through the DC-DC stage [6]. This
double-line frequency component of the power is canceled
on the LVDC side by combining three phases. A dual active
bridge is preferred in the DC-DC stage to transfer power with
line frequency modulation and shape the current on the AC
side due to its superior performance with wide variation in
converter gain and power transferred [7]. This solution has a
higher device count and module count. The module count is
directly related to the MVAC voltage level and module voltage
rating. In [8], module count is reduced by having multi-level
architecture in high-frequency switched bridges with increased
module voltage ratings. Device count is reduced by having a
single full bridge on the DC- side per three-phase module.
However, a single full bridge on the LVDC side restricts the
operation to single-phase-shift modulation, leading to higher
current stress in the DC-DC stage. Triple phase shift (TPS)
modulation per phase in the DC-DC stage can reduce the
current stress; this requires three full bridges per three-phase
module on the DC side, increasing the device count.

This paper proposes a four-legged bridge on the LVDC side
and its modulation to enable independent TPS modulation per
phase. This minimizes the current stress and achieves soft

switching over the entire line cycle for the high-frequency
switched devices. By adding two half bridges on the DC-side
compared to [8], high-frequency current stress is reduced by
40%. A comprehensive design procedure, comparison with
existing solutions, and experimental validation are provided
in the paper. Section II discusses the topology, including
its construction and triple-phase-shift modulation. Section III
discusses the design for a medium voltage high power design
and compares the performance with an existing solution.
Section IV discusses the experimental results, and section V
concludes the paper.

II. TOPOLOGY ANALYSIS

A. Construction

The proposed converter is a dual active bridge derived
topology with single phase module consisting of an unfolder
and Dual Active Bridge (DAB). The unfolder switches at
line frequency, generating rectified sine (pulsating DC) from
AC input per phase. The DAB operates between stiff DC
at LV side and pulsating DC at MV side. Instead of three
full bridges required at LV side, a four legged bridge is
used with a common leg for all three phases to generate
independent modulation per phase as explained in next section.
This reduces the required switch count from 12 (3 full bridges
with four switches) to 8 (4 half bridges with 2 switches).

A H-bridge unfolder is used to rectify the AC to pulsating
DC. The number of modules or the H-bridges required de-
pends on the peak of the MVAC voltage and voltage blocking
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Fig. 4: Switching signal and high-frequency voltage waveform
for TPS modulation of DAB.

capability of the devices used in the unfolder. As they switch
only once over a line cycle, switching loss is negligible.
Hence conduction loss optimized devices can used to further
reduce the loss. A half-bridge cannot be used to apply bipolar
voltage to the high-frequency transformer as it will limit the
modulation to SPS. Use of NPC leg with with devices with
half-of the blocking voltage rating compared to a that of a
full-bridge solution can further reduce both switching and
conduction loss. Three-phase winding in the secondary of the
HFT are star connected. Each phase and the star point is
connected to each of the four legs of the LVDC side bridge.

Large capacitance requirement in intermediate DC link is
avoided by transferring the double line frequency components
of the power to LVDC side through the DAB. This is canceled
at the LVDC side by combining three-phases to have a constant
instantaneous power transferred to DC side eliminating low
frequency filter requirement.

B. Modulation

This section discusses the modulation of the converter with
r series connected modules at the AC side to reach an MV grid
of peak phase voltage of vpk. Sinusoidal current is drawn from
the grid with a phase shift of ϕ from the phase voltage. The
modulation strategy includes the switching signal generation
for the unfolder and isolated DC-DC stage. Unfolder sees an
input voltage va at its AC side, which is operated to switch at
zero crossing of phase voltage to generate rectified sinusoidal
voltage, vua in the intermediate weak DC link. The relation
between grid voltage, unfolder voltage, unfolder current, and
the number of modules are given in (1)-(5).

va = vga/r = vpk sin(ωt)/r (1)

vua = |va| = vpk| sin(ωt)|/r (2)

ia = ipk sin(ωt+ ϕ) (3)

iua = ipk sin(ωt+ ϕ)sign(va) (4)

TABLE I: Optimal DAB modulation for mx ≤ 1, [9]

jux < Jx1 jux > Jx1

d1x =

√
2juxmx

(1−mx)π
d1x = 1−

√(
1−

4jux

π

)
(1−mx)2

(1−mx)2 −m2
x

d2x = d1x/mx d2x = 1

δx = (1−mx)d2x δx = 1−
√

2d1x − d21x −
4jux

π

TABLE II: Optimal DAB modulation for mx > 1, [9]

jux < Jx1 jux > Jx1

d1x = md2x d1x = 1

d2x =

√
2jux

(mx − 1)π
d2x = 1−

√(
1−

4jux

π

)
(mx − 1)2

(mx − 1)2 + 1

δx = (mx − 1)d2x δx = 1−
√

2d2x − d22x −
4jux

π

sign(y) =

{
1, if y ≥ 0

−1, else
(5)

Further, the DAB in each phase operates between the LVDC
bus and pulsating weak DC link to shape the current drawn
from the AC side. Triple phase shift modulation is imple-
mented by generating a quasi-square waveform in primary and
secondary bridges of the DAB with a phase shift to minimize
the current stress as given in Table. I and II. Per unit DAB
model is used to derive the optimal pulse width and phase
shift with the relations given in (6)-(9) where Vbase, Zbase,
Ibase are base voltage, impedance and current. mx is per unit
gain in x-phase, where xϵ{a, b, c} and Jx1 is the boundary
between two modulation strategies given in Table. I and II.

Vbase = Vdc, Zbase = 2πfsL, Ibase = Vbase/Zbase (6)

mx(t) = nvux(t)/2Vdc, jux = iux/2Ibase (7)

x ϵ {a, b, c} (8)

Jx1 =

{
πm(1−mx)/2, mx ≤ 1

π(mx − 1)/2m2
x, mx > 1

(9)

In order to generate this TPS modulation per phase, the
leg connected to the star point of HFT in primary (S1, S2)
is chosen as the reference leg and is switched complimentary
at a duty ratio of 50%. Three other legs on the LV side, one
leg dedicated to each phase, are also switched complementary
at a 50% duty ratio with a phase shift corresponding to the
quasi-square wave pulse width for the same phase, d1x. This
produces a voltage waveform vpx. The NPC leg of each phase
is switched to produce a voltage vsx with duty cycle d2x
with a phase shift of δx from vpx. This is shown for a-
phase in Fig 4; this also satisfies direction-based ZVS. The
required amount of power is transferred with minimum current
stress through the transformer. The topology is modulation-
independent, and any optimal triple-phase-shift modulation
strategy can be implemented in this solution.
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Fig. 5: Pri. current for different turns ratio and inductance.

TABLE III: Specification for the converter design

Parameter Value

AC voltage (L-L RMS) 11KV

Rated Power 400kW

Rated line frequency 50 Hz

LVDC side voltage 800 V

Switching frequency 50 kHz

Number of modules 8

Three-phase module power 50kW

AC voltage per module 1.5kV

III. DESIGN AND COMPARISON WITH SPS MODULATION

Design is carried out for the specifications given in Table.
III. Turns ratio (1 : n) and series inductance (L) for the DAB
is designed by minimizing the RMS current in the primary and
secondary winding of the transformer (iLa, i

′
La) for different

designs. Primary RMS current iLa for the specification is given
in Fig. 5 for difference set of turns ratio and series inductance.
Secondary RMS current i′La for the same specification is given
in Fig. 6 for difference set of turns ratio and series inductance.
RMS of primary and secondary current (iRMS), from (10)-
(11) is given in Fig. 7 for different designs. The optimal turns
ratio and series inductance were designed as n = 1.4 and
L = 24µH where iRMS is minimum. Primary and secondary
RMS current for this design is calculated as 31.9A and 44.65A.

i2La,RMS =
1

2π

∫ 2π

0

i2La(ωt) dωt (10)

iRMS =
√
i2La,RMS + n2 ∗ i2La,RMS (11)

RMS current of the proposed solution is compared with [8],
where a single full bridge is used on the LV side, restricting

Fig. 6: Sec. current for different turns ratio and inductance.

,

Fig. 7: Average of primary and secondary RMS current over
the line cycle for different turns ratio and inductance design.

Fig. 8: Comparison of primary RMS current of proposed
solution with [8] over the line cycle.
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the operation to single phase shift (SPS) modulation. There
is a 40% reduction in DAB RMS current for the proposed
solution compared to [8]. Significant reduction happens near
the zero crossing of the phase voltage as shown in Fig. 8 as
there is a significantly higher amount of circulating current
for SPS modulation due to large differences in primary and
secondary voltage.

IV. RESULTS

Experimental validation is done with a laboratory-scale
prototype with the specifications given in Table. IV. The
picture of this prototype for a three-phase module is shown in
Fig. 9. 1200V SiC MOSFETs from GeneSiC G3R30MT12K
are used in the power stage with an on-state resistance of
30mΩ. A gate driver from Analog Device ADuM4135 is
used to drive these devices from the switching signals. A
microcontroller from Texas Instruments TMS320F28379D is
used to compute this optimal duty ratio and generate switching
signals for the devices to implement these duty ratios. A
custom-designed planar transformer from Payton Planar is also
used in the hardware prototype.

TABLE IV: Specification of experimental validation

Parameter Value

AC voltage (L-L RMS) 1.5kV

Rated Power 5kW

Rated line frequency 50 Hz

LVDC side voltage 400 V

Switching frequency 50 kHz

Turns ratio for HFT 1:1.25

DAB series inductance 150 µH

Fig. 9: Hardware set up for experimental verification

The high-frequency waveform is given in Fig. 10 over a
couple of line cycles for a-phase. The power is flowing from
the DC to the AC side at the unity power factor, as evident
from the AC side voltage and current waveform. The high-
frequency waveform is zoomed in Fig. 11, 12 and 13 over a
few switching cycles at 60o, 120o and 135o of the line cycle.
It is shown that the LV side bridge and MV side bridge are
triple phase shift modulated to apply quasi-square waveform
across both sides of the high-frequency transformer. This is
evident in the experimental results with different duty ratios

Fig. 10: High frequency voltage and current waveform over
few line cycle for a-phase.

Fig. 11: Voltage and current waveform over few switching
cycles at 60o for a-phase.

for the quasi-square waveform in different parts of the line
cycle. The adopted triple-phase shift modulation minimizes
the current stress by minimizing the peak current within the
switching cycle.

V. CONCLUSIONS

The paper presents a new single-stage, three-phase MVAC-
LVDC converter with reduced switch count for triple-phase-
shift modulation in an isolated DC-DC stage. Current stress,
module count, and device count are compared with existing

Fig. 12: Voltage and current waveform over few switching
cycles at 120o for a-phase.
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Fig. 13: Voltage and current waveform over few switching
cycles at 135o for a-phase.

solutions to highlight the improvement. The proposed con-
verter achieves soft switching and minimizes current stress
throughout the line cycle in high-frequency switched devices,
leading to reduced switching loss, higher switching frequency,
and smaller magnetics. The design is carried out to minimize
the losses by minimizing high-frequency RMS current at
maximum loading conditions. Experimental results are given
to validate the operation and performance of the proposed
converter.
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