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Abstract—Conventional high-power DC applications requiring
medium voltage (MV) grid integration such as renewable, electric
vehicle fast-charging use Line Frequency Transformers (LFT) to
step down MV to low voltage (LV) before connecting to a AC-
DC converter. LFTs are quite heavy and bulky which reduces the
overall power density and therefore solid state transformers have
the potential to replace them in such applications. Cascaded multi
level configuration with input series output parallel combination
per phase has emerged as a promising solution among different
MVAC to LVDC solutions. The power density and reliability
can be further improved by having single stage solution by
eliminating the requirement of large DC link capacitors required
per phase. However, large device count and high-frequency
current stress is still a challenge in these solutions which needs to
be solved. This paper introduces a novel single-stage dual-active-
bridge-derived solid-state transformer designed to minimize de-
vice count, current stress, switching losses, and enhance improve
overall efficiency and power density. Validation using simulation
software and experimental verification is presented with a scaled
down laboratory-scale prototype.

Index Terms—Solid state transformer, Dual active bridge,
single-stage, High-frequency-link, Triple-phase-shift modulation

I. INTRODUCTION

High power DC applications such as fast charging of electric
vehicles, renewable integration, high energy battery storage
require medium voltage grid integration to improve system
efficiency. Conventionally in an AC connected system, line
frequency transformer is used to step down this medium
voltage to a low voltage making a common AC bus. Then
different DC loads/sources are interface to this AC bus through
an AC-DC converter and isolated DC-DC converter, [1], Fig.
1. Here the line frequency transformer (LFT) is quite heavy
and bulky. Also when the power is transferred from port 3
to port 1 utilizing the renewable energy to charge the electric
vehicle, power need to flow through four stages. This may
lead to reduced efficiency.

The system efficiency can be improved by having a DC
connected system, where loads/sources are connected through
isolated DC-DC converter to a common LVDC bus. The power
density can be improved with a solid state transformer (SST)
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Fig. 1. Conventional solution for high power DC applications.

based solution to generate the LVDC bus as shown in Fig.2
instead of using a line frequency transformer. Most MVAC to
LVDC solutions in literature can be categorized as a) solutions
with MV devices, b) Modular solutions with LV devices. The
first category use medium voltage devices to realize MVAC to
MVDC converter followed by MVDC to LVDC converter [2].
These solution has various challenges such as higher dv/dt,
MYV gate driving, low availability of MV devices, requirement
of high common mode transient immunity, etc.

The alternate solution is using low voltage (LV) devices to
realize a modular Input-Series-Output-Parallel (ISOP) MVAC
to LVDC converter. LV modules are connected in series at the
AC side and in parallel in DC side per phase, which overcomes
the challenges associated with using MV devices [3]-[6].

[3] discuss about LV device based ISOP configured two-
stage converter. Here, a hard switching single phase AC-
DC converter is employed followed by an isolated DC-DC
converter per module. Phase shifted full bridge converter or
resonant converter (LLC) are used in unidirectional solutions
[4], where as Dual active bridge (DAB) and CLLC resonant
converter are used in bidirectional solutions for the isolated
DC-DC stage. Since the power is processed per phase, there
is a requirement of large capacitor to absorb double line
frequency component in the intermediate DC link, this reduces
power density and reliability of the system.

The requirement of large capacitor in [3], [4] can be
eliminated by passing the second harmonic component of
power to the DC side through the isolated DC-DC converter
and canceling it by the combination of three phases as pro-
posed in [5]. The switching loss in AC-DC stage can be
eliminated by having an unfolder. The unfolder switches at
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Fig. 2. Solid state transformer based solution for high power DC applications.

line frequency to generate weak intermediate DC link varying
from zero to peak of module phase voltage. Dual active bridge
is preferred for isolated DC-DC in these solutions as the
converter gain and the power processed vary over the line
cycle from zero to a maximum value, [6]. Since the converter
gain and power processed undergo a large variation, to reduce
the high frequency RMS current through the DAB stage triple
phase shift (TPS) modulation is required for the DAB. To
achieve independent TPS modulation per phase the device
count increases significantly in the DC side requiring one full
bridge per module per phase, [3]. Existing literature, [7] talks
about a phase shift modulated single-stage soft-switched SST
with reduced device count in DC side, but the solution in
unidirectional. Furthermore, this also prone to have higher
oscillation across AC side high frequency switched diode
bridge. This is due to the energy transfer between the diode
bridge parasitic capacitor and transformer leakage inductor.

This paper propose a novel single stage dual active bridge
derived MVAC to LVDC topology which is capable of TPS
modulation to minimize the current stress. The contributions
of this paper are as follow. (a) Only six devices are employed
in the DC side bridge which reduces the overall active device
count significantly. (b) Proposed modulation strategy ensures
reduced current stress with TPS modulation. (c) Requirement
of large inter-mediate DC link capacitor is eliminated. (d) The
solution is free of probable high frequency oscillations present
in phase modulated converter [7].

The organization of this paper is as follows. Section II
discusses the proposed single stage topology and its specifica-
tions. A novel modulation strategy to minimize current stress
with reduced switch count is provided in Section III. Results
are discussed in Section IV. Finally, the paper is concluded in
Section V.

II. ANALYSIS OF THE PROPOSED CONVERTER
A. Topology Description

The proposed single-stage topology is described in this
section which has an input series output parallel architecture,
Fig. 3. The converter have unfolder realized with low-voltage
devices connected in series at the AC side that generates a
weak DC link from AC. There are r unfolder connected in
series where r is the ratio of peak phase voltage to the rated
voltage of unfolder. To reduce r higher voltage unfolders are
realized by having two devices series connected which is made
possible by line frequency switching of unfolder at the zero
crossing of phase voltage. This unfolder is followed by NPC
leg that generates high frequency AC from weak DC link with
an envelope of double line frequency. This high frequency is
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Fig. 3. Proposed single stage MVAC to LVDC solid state transformer

applied to multiple primaries of the high frequency transformer
(HFT) per phase through a series inductor. Secondary of these
multi winding transformers are connected in delta and the three
terminal are connected to the pole point of three-phase DC
side bridge, with a three-phase modules shown in Fig. 4. The
NPC leg and the DC side bridge is modulated to shape the
current drawn from AC side and transfer the required amount
of power between MVAC grid and DC port. The power transfer
series inductor (L) helps in current shaping as functions of
high frequency quasi square waveform generated. Compared to
three-full bridges per phase in DC side, the proposed solution
have a single three phase bridge reducing the number of DC
side devices by half with the capability to minimize current
stress.

B. Specifications

11kV medium voltage AC grid is considered which is
standard primary distribution level in India. 1200V SiC devices
are chosen to realize three-phase module with AC side voltage
rating of 1.1kV line-line. To reach 11kV MVAC, 10 modules
are connected in input series output parallel combination. The
specification of the proposed converter for further analysis and
simulation is given in Table. I.

III. MODULATION STRATEGY

The topology consist of line frequency switched unfolders
that generates weak DC link, and isolated DC-DC stage that
transfers power between this weak DC link and the LVDC
bus (Vg.). The DC-DC stage is operated with dual-active-
bridges (DAB) derived triple-phase-shift modulation per phase
to minimize the current stress. A three-phase module is shown
in Fig. 4, and its operation is discussed for further analysis.
The NPC leg is switched to generate quasi square wave
across the MV side of HFT, all the NPC legs in a-phase are
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Fig. 4. One three-phase module of the proposed converter with relevant variables and waveform.
TABLE I
SPECIFICATION OF THE CONVERTER X
Mode I die > dig & dye > dyy Mode II  diq > dip & dyq > dye
S Su
Parameter Symbol Value Sv|l T : Sy ]
Sw : J— : i ;
MVAC voltage (L-L RMS)  Vi_r  I11kV B [ | Sl 1 :
Rated Power P 50 kW vov i S : : i :
N d N N N N N
LVDC side voltage Vie 800 V | I R . ; | ;
Rated grid frequency f 50 Hz : : : v : :
Switching frequency fs 50 kHz o : T v : Lo -
Number of modules r 10 A Poimdiy § Do
Module voltage (L-L RMS)  Vi_r/r 1.1kV : E— T T T
Module power rating P/r 5 kW : . ‘_[ ) ‘_[
HFT turns ratio l:n 1:1.25 vy e I—]

“rd, 27 J 2T

Mode IV dic > dia & dic > dup

Sl

Sp Mode T dyy, > dig & diy > die S

modulated identically for equal power sharing. The DC side 5

bridge is modulated to generate quasi square wave across the ~ Sv[ ——————
LV side of HFT with a certain phase shift with respect to the o ——— =
quasi square generated by the NPC leg for power transfer. vovf—
Devices within a leg (U, V or W) of the DC side bridge are T
switched complimentary with 50% duty ratio. Top devices of

1
—
IR
two legs (V, W) are phase shifted with respect the top device "™ "
L] L |

Sw

WU

connected winding of multi-winding HFT at the LV side, as vy
seen in Fig. 5. The pulse width of these quasi square waveform

e
]
]

.277

of leg U, to generate quasi square voltage across the delta l_
2

and the relative phase shift between them is calculated to T
Frans.fe.r the required amount of power while the current stress 6 1 Mode Vo > i & iy > di. Mode VI dup > duy & duy > v
is minimized. : Su
. . . . . Sy SvF— T ‘
LV side bridge is called primary bridge, voltage across the 5 S‘ - L [
w w :

e
D
I— VW .
1 H

1
1
delta connected transformer winding is defined as primary 1
voltage, (v,, for a-phase) MV side NPC leg is called sec- " g

ondary bridge and the high frequency AC generated is termed
secondary voltage, (v, for a-phase) Fig. 4. The phase shift ., T
between U and V generate the quasi square wave for a-phase R
primary with the duty ratio of dy,, phase shift between V' and

W generate the quasi square wave for b-phase with the duty " r I—I
ratio of dj, and phase shift between W and U generate the - J ' o
quasi square wave for c-phase with the duty ratio of d;.. These

duty ratios fO.HOW t}.le relation flla + dip +dic < 2 restricted Fig. 5. Switching signal generation of LV side bridge for a 3¢p module.
by the DC side bridge operation. If di, + dip + die < 2

di1q,d1p, d1. follows the relation given in (1), where d,,q; i

N
N

wu
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TABLE II
OPTIMAL DAB MODULATION FOR PEAK CURRENT MINIMIZATION [8]

TABLE III
MODULATION FOR d1g (d1mid) = dimaz — dimin, [12]

ju.z < le ‘ juz > Jxl

d1mid < Mmid | dimid > Mmid

2Jua Mg 4Jua (1 —mz)2
dig =4 ——m— dig =1— 1-— _
5 \/ (1 —mga)m ! \/( ™ ) (1 —mg)2 —m2

d21‘ = dlx/mz d2:1: =1
5 — (1 —mg)diz
p=—"7=

LJua
8p =1—4/2d1, —d?_ —
M x 1z 1z .

the maximum, d,,;,, is the minimum and d,,,;4 is the middle
vale among di,, d1p, and dj..

= dmin + dmid (1)

dma.’t

Equation (1) indicates there are only two independent phase
shifts and the third one follows (1). Based on d,,q, among
dig, d1p and dq. there are three cases, 1) di, = dmas, 2)
dip = dpmaz> 3) diec = dpmas. There are also two possibilities
in each of this case, whether top device of U leg leads V' leg or
the other way, making a total of six modes as given in Fig. 5.
Proposed modulation ensures smooth transition over the line
cycle where d,,q, changes, as mode transition happens only
between adjacent modes. This is because in adjacent modes
only two pulses interchange their relative position as shown
in Fig. 5.

Current stress minimization in DAB is achieved with triple-
phase-shift modulation, [9]-[11]. In the proposed topology,
independent TPS modulation per phase is not possible as
there is an algebraic relation between primary-bridge duty-
ratios. However, a modulation strategy is proposed that achieve
current stress minimization very close to the conventional
single stage solution with independent TPS is each phase,
while the device count is reduced by half in DC side. TPS
modulation to minimize the peak current in high frequency
transformer is adopted. This strategy provide a high-frequency
RMS current very close to high-frequency RMS minimization
strategy with very low computation burden [8].

Based on the specification given in Table. I following
quantities are defined for TPS modulation of DAB, given in
(2) to (6). Following the peak current minimization strategy
for TPS modulation of DAB, there are two zones of operation
for the DAB as m, < 1, where ze{a,b, c}. The zones are
separated by per unit unfolder boundary current (J;), which
is a function of instantaneous per unit DAB gain (m, ) as given
in (7). The expression for optimal dy,,, do, and J, to minimize
current stress is given in Table. II.

Base voltage = V;, = Vg, )

Base impedance = Z, = 2w f;L 3)

Base current = I, = V,,/Z, )

x-phase pu DAB gain = m, = e (5)
2VdC

d2mi(i = dlnm}d/mm,id d2m,id =1
2Jumid 4Jumid
Omid = i Omid = 1 — 1/ 2d1mid — —me d%mzd
wd1mid
= W _ nVypr sin(wt) ©)
@ QVdc 2TVdc
mmg (1 —my)
Jp1 = — 5 (7N
g‘;: Per unit gain [~ Vde
v.— Computation |«—n

lmm Mp, Me

7, | Per unit current
f,—»| Computation

ljuavjuba juc

Peak current
Je1—Minimization
Table. II

dl:L'7 sz ) 6.L

Update
dlmid = dlmam - dlmin
|

TPS Modulation for
the phase with dy; = dimia
Table III

l

d1z7 d2xa 6z

Fig. 6. Flow chart for the modulation of proposed converter.

The optimal duty ratio and phase shift is chosen for two
phases which determines the duty ratio of primary bridge in
third phase by the relation in (8).

dlmid = dlm,a,x - dlmin (8)

Here, dj,, is the minimum value among d,, d1p, d;., and
d1maz 18 the maximum value among d,, d1p, d1.. The phase
shift (d,) and secondary bridge duty ratio (ds,) of the phase
with primary bridge duty ratio (dy,,:4) is calculated by elim-
inating the current in zero state [12] to reduce the current
stress for dimia < Mmid. If dimiq > Mmiq then secondary
bridge duty ratio needs to be fixed to 1 and the phase shift
is computed to transfer the required amount of current to the
secondary side. This is given in Table. III. A flow chart to
describe the above discussed modulation startegy is given in
Fig. 6.

IV. RESULTS

Circuit simulation is carried out using the PLECs software
for a three phase module with the specifications given in
Table.I and the results are provided in this section. Fig. 7
shows the simulated AC side voltage and current waveform
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Fig. 13. Hardware set-up for the proposed three phase module.

over a couple of line cycles. SkW power is fed to the grid at
unit power factor with very high quality AC side current. High
frequency voltage and current waveform for the isolated DC-
DC stage of the three phases are given in Fig. 12. DC current
flowing to the DC side bridge and its frequency spectrum
are shown in Fig. 9. It can be seen from the figure that
the dominant harmonics after the DC component appear at
double the switching frequency (100kHz) as expected without

any low frequency harmonics. High-frequency DAB voltage Fig. 15. a-phase HF voltage and current waveform over switching cycles.
and current waveform for a-phase are given in Fig.10 over a
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line cycle with the envelope of double line frequency. This
is zoomed for a couple of switching cycles in Fig. 11 and
12 at 10° and 90° of the line cycle. This confirms the triple
phase shift modulation strategy to minimize the RMS current
through the converter.

A SiC-based laboratory prototype for the proposed three
phase module is developed as given in Fig. 13. Microcontroller
from Texas instruments TMS320F28379D is used to compute
the optimal triple phase shift modulation parameters and
generate switching signals. The module is operated at the
rated operating point of 1.67kW per phase and an AC side
voltage of 635V (single phase voltage for 1.1kV L-L). The
high frequency bridges are switched at 50k H z and the results
are given in this section. Voltage and current waveform in a-
phase are given in Fig. 14 over a couple of line cycles and
in Fig. 15 for a couple of switching cycles. This verifies the
efficacy of the proposed topology and modulation with high
quality AC side waveform.

CONCLUSION

In conclusion, this paper propose a novel MVAC to LVDC
solid state transformer (SST) with reduced device count and
current stress. The paper indicates the limitations of LFTs and
drawback of existing SST solutions, indicating the requirement
for performance improvement. The proposed SST eliminate
high capacitor requirement, minimizes the high-frequency
current stress with lower device count enabling improvement
in power density and efficiency. A novel triple-phase-shift-
derived modulation strategy is also proposed for this topol-
ogy with reduced switch count. The proposed topology and
modulation strategy is verified in simulation. The experimental
verification conducted on a laboratory-scale prototype substan-
tiates the effectiveness of the proposed SST, highlighting its
feasibility for real-world implementation.
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