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Abstract—High-power DC applications require medium volt-
age grid integration to reduce transmission losses as it requires
lower current for the same power. Conventionally the DC port
is interfaced to the medium voltage grid using low voltage
power electronic converter and line frequency transformers
(LFT) to step up low voltage AC (LVAC) to medium voltage AC
(MVAC). Line frequency transformer-less MV grid integration
is an attractive solution as it gets rid of heavy LFT, improving
the power density, configurability, and efficiency of the overall
system. Cascaded modular multi-level converters have become
one of the most preferred choices with input series output
parallel (ISOP) structure per phase using low voltage devices
and modules. There are different kinds of sub-modules used for
the input series output parallel architecture. Though two-stage
and single-stage sub-modules are used in this ISOP structure, a
detailed comparison between them in terms of size and efficiency
is missing in the literature. A comprehensive comparison is made
between the two-stage and single-stage sub-modules within ISOP
solutions, and it is presented in this paper. Three central matrices,
semiconductor VA rating, efficiency and power density/volume,
are the basis for the comparison. The results are presented for a
theoretical design of 400 kW, 11 kV/50 Hz MVAC to 800V LYVDC
system using SiC devices, and the conclusions are drawn.

Index Terms—Solid state transformer, SST, Single stage, Two
stage, Capacitor-less, SST comparison, DAB, isolated DC-DC.

I. INTRODUCTION

High-power DC applications such as data centre power
supply, hydrogen generation, and large-scale solar require
medium voltage grid integration and currently, it is achieved
through a step-down line frequency transformer (LFT) and low
voltage AC-DC converter as shown in Fig. 1, [1]. LFTs are
quite heavy and take up a lot of space, requiring an outdoor
substation and its maintenance. With advancements in medium
voltage power electronics, now there is a possibility to realize
medium voltage (MV) AC low voltage (LV) DC converter that
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Fig. 1. Line frequency transformer based conventional solution for medium
voltage grid-integration for high power DC applications
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Fig. 2. Solid State Transformer based solution for medium voltage grid-
integration for high power DC applications

can directly interface with the MV grid, [2]-[5]. Well-matured
low-voltage semiconductor devices are used in these solutions.
Another class of solution uses experimental medium voltage
SiC devices [6]-[9]. These solutions can be much smaller and
require only indoor power converters with easy maintenance
with similar efficiency performance, [2]. Cascaded multilevel
converters with input series output parallel (ISOP) structure
per phase is one of the promising solutions as shown in Fig.
2, [3], [5], [10]. It has sub-modules to generate isolated DC
from low-frequency single-phase AC. A combination AC-DC
stage followed by an isolated DC-DC stage is connected in
series at the AC side and parallel at the DC side.

The two-stage solution consists of a 1® AC-DC stage with
a stiff DC link, followed by a dual active bridge for the
isolated DC-DC stage, [11], [12]. Large DC bus capacitance
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Fig. 3. AC-DC stage and DC-DC stage (Dual active bridge) of the sub-modules in Medium Voltage AC to DC converter.

TABLE I
SPECIFICATION OF THE CONVERTER FOR COMPARISON OF SUB-MODULES

Parameter Value
Medium voltage AC 11 kV
Rated Power 400 kW
LVDC bus voltage 800 V
Grid frequency 50 Hz
Switching frequency of 100 kHz

isolated DC-DC stage

is required for this solution to filter the second harmonic
component of power as the power is processed per phase.
To eliminate the large capacitor requirement, it is required
to transfer the second harmonic power to the LVDC side
through the DC-DC stage as proposed in [10], [13]. Though
the capacitance requirement is reduced, it increases the stress
in the DC-DC stage as it processes the second harmonic
power component in addition to the constant power. The
AC-DC stage in this solution is still hard-switched. Hard-
switching in the AC-DC stage can be eliminated if the AC-
DC stage is line frequency switched as proposed in [3], [14],
[15]. This line-frequency switched unfolder generates a weak
pulsating DC link for the isolated DC-DC stage. This further
increases the stress on the DC-DC stage as the DC-DC stage is
now operated with a weak pulsating DC-link, transferring the
second harmonic component of the power in addition to the
constant power. However, the AC-DC stage can be improved
by using conduction-loss-optimized devices to reduce the loss
in this stage.

This article comprehensively compares these three sub-
modules within the ISOP structure in terms of efficiency and
power density. The second section discusses three popular
sub-modules, and the comparison among these sub-modules is
given in the third section in terms of loss and volume. Moving
from a two-stage to a single-stage solution, the stress in the
AC-DC stage is reduced while the stress in the DC-DC stage
is increased. Eliminating the requirement of a large DC link
capacitor to filter the second harmonic component reduces the
volume by 29% in single-stage solution and 39% in C-less
two-stage solution, significantly improving the power density.
With higher stress in the DC-DC stage for single-stage and

C-less two-stage, there is an increase in loss of 77% in single-
stage solution and 29% for the C-less two-stage solution.

II. TYPES OF SUB-MODULES FOR INPUT SERIES OUTPUT
PARALLEL SOLID STATE TRANSFORMER

Different sub-modules for an MVAC to LVDC converter
with ISOP structure are compared in this section. The analysis
is carried out for the specifications given in Table. I using
1700V SiC MOSFETs for the LV sub-module realization.
Considering 10% over-voltage in the AC side, the number of
series connected modules is 12. Based on this, the module
power is calculated as 11.11kW (400/(12#3)). A dual-active-
bridge converter is considered for the isolated DC-DC stage
with a switching frequency of 100 kHz. Individual solutions
under consideration are discussed further.

A. Two-stage solution

Pm

Fig. 4. Two-stage sub-module for input series output parallel configuration.
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Fig. 5. Voltage and current waveform for two-stage sub-module over a few
line cycles.
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Fig. 6. Voltage and current waveform for two-stage sub-module over a few
switching cycles.

In this category, sub-modules consist of an AC-DC converter
and an isolated DC-DC stage as shown in Fig. 4. There
is an intermediate stiff DC link with large capacitance to
filter the second harmonic component of power present per
phase. The intermediate DC link is maintained at 1kV with
an AC side voltage of 530V (11kV+/2/(12v/3)) and a DC
side voltage of 800V. The turns ratio of the high-frequency
transformer in the DAB stage is designed to minimize the
RMS current and the designed values are given in Table. II.
The capacitor requirement is quite high, which takes up a lot
of space, reducing the power density. Relevant voltage and
current waveform within the sub-module are given in Fig. 5
for a few line cycles, and this is zoomed over a few switching
cycles in Fig. 6.

B. Capacitor-less Two-stage solution
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Fig. 7. C-less Two-stage sub-module

The architecture of this solution is very similar to that
of a two-stage solution except for the presence of large
intermediate DC link capacitors to filter the second harmonic
component of the power per phase. This second harmonic
component is passed through the isolated DC-DC stage to
the LVDC side, Fig. 7. This is cancelled by combining three
phases at the LVDC side eliminating the requirement for a
large intermediate DC link capacitor. The DC-DC stage is
designed to minimize the high-frequency RMS current and
the parameters are given in Table. II. Though a large capacitor
requirement is eliminated, it increases the load on the DC-DC
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Fig. 8. Voltage and current waveform for C-less Two-stage sub-module over
a few line cycles.
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Fig. 9. Voltage and current waveform for C-less Two-stage sub-module over
a few switching cycles.

stage to transfer the second harmonic component of power in
addition to the constant power. Relevant voltage and current
waveform within the sub-module are given in Fig. 8 for a few
line cycles and this is zoomed for a few switching cycles in
Fig. 9.

C. Single-stage solution
r B.L.
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Fig. 10. Single-stage sub-module

AC

DC

In the single-stage solution, the unfolder replaces the AC-
DC stage, which switches at line frequency to generate pulsat-
ing DC from sinusoidal AC voltage. The intermediate weak

Authorized licensed use limited to: J.R.D. Tata Memorial Library Indian Institute of Science Bengaluru. Downloaded on August 26,2025 at 16:09:48 UTC from IEEE Xplore. Restrictions apply.



40 ¢

=
g 30
=
-
=)
o
n
= 25
o K
Optimal Design
20 L L L L I
0 1 2 3 4 5
Series Inductor x107°
Fig. 11. Variation of primary and secondary RMS current in single stage

solution for different turns ratio and series inductance.

1000 50 —

] T T T 2
\T/ 0 f\/\! 03
=.1000 -50
1000

—1000
1000

005 006 007

-1000

time (s)

Fig. 12. Voltage and current waveform for single-stage sub-module over a
few line cycles.

DC link is pulsating, and a large intermediate capacitor is
not required for filtering. An isolated DC-DC stage operates
between this pulsating DC link and LVDC to transfer second
harmonic power components in addition to the DC component
of power to the LVDC side, Fig. 10. The series inductor
and turn ratio of the high-frequency transformer (HFT) is
designed to minimize the high-frequency RMS current over the
line cycle through numerical search. Fig. 11 shows the high-
frequency RMS current over the line cycle for different values
of turns ratio and series inductor. From numerical search with
the parameters turns ratio and series inductance, an optimal
design point was selected as n = 1.2, L = 20uH

The single-stage solution reduces the load on the AC-
DC stage by eliminating the switching loss and reducing the
voltage stress; however, it increases the load on the DC-DC
stage. Relevant voltage and current waveform within the sub-
module are given in Fig. 12 for a few line cycles and this is
zoomed for a few switching cycles in Fig. 13.
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Fig. 13. Voltage and current waveform for single-stage sub-module over a
few switching cycles.

TABLE I
SPECIFICATION OF THE SUB-MODULE FOR COMPARISON

Sub-module type Two-stage tho_—l;ZSge Single-stage
AC voltage (RMS) 530 V 530 V 530 V
Rated power 11.1 kW 11.1 kW 11.1 kW
DC side voltage 800 V 800 V 800 V
DC link voltage 1 kv 1 kv -
HFT turns ratio (1 : n) 1:0.8 1:0.8 1:1.2
AC-DC switching freq. 3.6 kHz 3.6 kHz -
DC-DC switching freq. 100 kHz 100 kHz 100 kHz
Series Inductor 20 pH 20 pH 20 pH

III. COMPARISON AMONG THE SUB-MODULES

Different sub-modules discussed in the previous section
are compared for semiconductor VA rating, estimated loss,
and estimated volume. 1700V SiC MOSFETs from Genesic
(G3R45MT17K) are used in the AC-DC stage and the AC side
bridge of the isolated DC-DC stage. The DC side bridge uses
1200 SiC MOSFET from Genesic (G3R30MT12K).

A. Semiconductor VA comparison

The RMS current through the MOSFET and maximum
blocking voltage are calculated to estimate the semiconductor
VA rating of the sub-module. For simplicity, the current
through the AC-DC stage is assumed to be switching fre-
quency ripple-free sinusoidal. Based on this, the RMS current
is calculated as 21A in the AC-DC stage for the module
specification given in Table II. This is the same for all three
different modules, as the same line current flows through the
AC-DC stage. The RMS current in the AC side and DC side
bridge are numerically calculated and plotted in Fig. 14 and
15 over a line cycle for the same specification. The blocking
voltage of the devices in the AC-DC stage and the AC side
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bridge is the DC link voltage. This is constant for the two-stage
solution and the C-less two-stage solution. For the single-stage
solution, the device blocking voltage is the absolute value of
the phase voltage, and the maximum value is the same as
the peak phase voltage of a module. The maximum blocking
voltage for the DC side bridge is the output voltage. Based on
the sub-module specifications and the calculated RMS current,
the semiconductor VA rating is tabulated in Table. III.

B. Capacitor design

The capacitance requirement for the DC link in two-stage
solution is calculated as given in (1), where P is the single
phase module rated power, Vg, is the DC link voltage, wy is
the grid frequency, and Avs,, is the second harmonic ripple
voltage on the DC link. For a 4% ripple in DC link voltage,
the capacitor requirement is about 470uF, and a 1200V film
capacitor (947D471K122CHRSN) is used. This film capacitor
can also support switching frequency components of current
for the AC-DC stage for the two-stage module.

P
2Vie * wy * Ava,,

Ch, = (1

TABLE III
COMPARISON OF SEMICONDUCTOR VA RATING

Sub-module type Two-stage tho-—lsetzige Single-stage
R}:Ics_ggﬁgféé“ 21A 21A 21A
Pe?; t[’ig‘fgggs;’:g“:ge 1000V 1000V 750V
WSemmn A
P eiik:g’iﬁggb;’i‘g;ge 1000V 1000V 750V
ot ig‘:{i?égi: 14.6A 18.75A 20.6A

Net semiconductor — gg ¢ 103 1024103 101.5%10°

VA rating (VA)

The capacitor requirement for the C-less two-stage solution
to filter the switching frequency component of the AC-DC
stage is given in (2), where Iy, is the peak value of
rated grid current, wy,, is AC-DC stage switching frequency,
and Awsg, is the high-frequency (twice switching frequency
of the AC-DC stage) ripple voltage in DC-link. Based on
(2), for a 1% peak ripple voltage, the capacitor require-
ment is 32uF. Four 8uF', 1200V low ESL Film capacitors
(C4AUPBW4800M3J]J) are used in the DC link for the C-less
two-stage solution.

1
gmax (2)

4Wgy * AVogyy

C2wsw

The filter capacitors for the DC-DC stage are designed for
the switching frequency component of current. The AC side
and DC side filter capacitors required for the isolated DC-DC
stage in two-stage, C-less two-stage and single-stage solutions
are given in (3) and (4) respectively, [16]. Here, Vj;,; and
V4. are DC-DC stage input and output voltages, AV};,, and
AVy, are the high-frequency ripple voltages on DC-DC stage
input and output voltages respectively. 6 € [0, 1] is the per
unit phase shift, fs is the switching frequency of the DC-DC
stage, L is the series inductance, and n is the high frequency
transformer turns ratio. For 1% voltage ripple in DC link
voltage from the DC-DC stage, the input filter capacitance
for the two-stage, C-less two-stage, and single-stage solutions
are calculated as 0.13uF, 0.54uF, and 2.9uF respectively. For
1% voltage ripple in DC side voltage, DC-DC filter output
capacitance for the two-stage, C-less two-stage, and single-
stage solutions are calculated as 0.2uF, 0.85uF, and 1.61uF
respectively. The part number of the selected capacitors at the
DC link or input side of the DC-DC stage for two-stage, C-less
two-stage, and single-stage solutions are R75SRN312050H3J,
R75RR356050H4J, R75QW433050H0J respectively. The part
number of the selected capacitors at the DC or output side of
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the DC-DC stage for two-stage, C-less two-stage and single-
stage solutions are R75QN32204000J, R75RR382050H4J,
R75RW418050H2] respectively.

C. High-frequency Transformer Design

The design of high-frequency transformers (HFT) for the
given three solutions is discussed in this section. The area
product approach has been taken into consideration while
designing the transformer. The area product for the transformer
with the specifications given in Table. III is computed using
(5), where Vg, is the DC side voltage, Ip(rms) is the primary
side current, fg, is the switching frequency, B,, is the
maximum allowable flux density in the core, J is the current
density, and k,, is the packaging factor. Based on the area
product computed using (5), the number of turns for both the
primary and secondary sides is selected using (6), where n
is the turns ratio and A, is the cross-sectional area of the
core expressed as A. = I, X w, Fig. 16. The cross-sectional
area of the primary and secondary winding is computed
using (7) to meet the current density constraint [17]. In HFT,
the skin and proximity effect can significantly contribute to
copper loss. To overcome this, multiple conductors whose
diameter is comparable to the skin depth are paralleled to
realize the desired cross-sectional area instead of using a single
conductor, [18].

Vdclp(rms)
AAy = —F7—7—
T B ®
Ve

Np=——"—"—; Ng =N, 6
P 8fstmAc7 S P/n ()

I (rms) Is(rms)
Qyp = - 7 y Qs = Ni (7)

In the case of a two-stage solution considering B,,, = 0.17,
J = 3A/mm?, k, = 0.8, and switching frequency fs, =
100k H z, for specifications tabulated in Table. III, using (5),
a ferrite core E65/32/27 of N87 material is selected. The
primary and secondary turns are computed as Np =36, and
Ny = 45, using (6). The cross-sectional areas of the wires
are computed around 4.87mm? and 3.89mm? for primary
and secondary winding, respectively using (7). Skin depth (§)
is computed as 0.21mm, where § = +/p/(7 fswito), Where,
p = 1.68 x 1078Qm is the resistivity of the copper, and
to = 4m x 107"H/m. Based on skin depth, SWG-43 is
selected with a diameter of 0.109mm. 130 of such strands are
paralleled in the primary winding, and 104 are paralleled in
the secondary winding to realize the desired cross-sectional
area of the conductor.

Vdc‘/link

4
(46 — 6% = 2) + V2 <54 —26% + 567 —45+1)} (4)

Similar design procedures are followed for the C-less two-
stage and single-stage module, and a ferrite core E70/33/32
of N87 material is selected to realize the transformer in
both cases. For C-less two-stage, the primary and secondary
winding turns are computed as 28 and 35, respectively. 168
and 134 strands of SWG-36 are paralleled to meet the desired
cross-sectional area of the primary and secondary winding,
respectively. In the case of single-stage, turns of the primary
and secondary winding are computed as 28 and 24, respec-
tively. 184 and 221 strands of SWG-36 are paralleled to meet
the desired cross-sectional area of the primary and secondary
winding, respectively.

Iy l 20,
Y /w
b
pP-21p--21 12---p12---p
by
Ng Np Np Ng
bz[

Fig. 16. Winding Strategy of High-frequency Transformer (HFT).

D. Loss Comparison

Loss comparison between the sub-modules is discussed in
this subsection for the specification given in Table.Il. The RMS
current through the AC-DC is the same in all three solutions,
conduction loss in the AC-DC stage is calculated as 63.5W.
The two-stage solution and C-less two-stage solution have
switching loss for the AC-DC stage, which is calculated as
12W per module; this is absent in the single-stage solution.
The high-frequency RMS current in the AC side bridge for all
three solutions is given in Fig. 14, and for the DC side bridge
is given in Fig. 15. From the RMS current per line cycle, the
AC side bridge conduction loss is calculated as 19.72W, 32.4W
and 87.9W and DC side bridge conduction loss is calculated as
15.4W, 25.5W, and 30.6W for two-stage, C-less two-stage, and
single-stage solutions respectively. This is tabulated in Table
IV and shown as a bar chart in Fig. 17.

The loss in the high-frequency transformer (HFT) is esti-
mated by separately calculating the conduction and core loss.
Core loss is computed from the selected core datasheet and
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TABLE IV
ESTIMATED LOSS COMPARISON FOR DIFFERENT SUB-MODULES

TABLE V
ESTIMATED VOLUME DISTRIBUTION PER SUB-MODULE

C-less Single C-less .
Sub-module type Two-stage two-stage stage Volume Category Two-stage two-stage Single-stage
AC-DC stage RMS current 21A 21A 21A Heat sink for 3 3 3
. AC-DC stage 389.6cm 389.6cm 316.3cm
AC-DC stage conduction Loss 63.5W 63.5W 63.5W
Heat sink f
AC-DC stage switching Loss 12w 12W — ACezidSembric;);e 87.3cm3 148.2cm3 470.8cm3
AC side bridge RMS current 11.7A 15A 24.7A :
— . Heat sink for 67.5cm3 114.3cm3  139.1cm3
AC side bridge conduction loss 19.7W 32.4W 87.8W DC side bridge
DC side bridge RMS current 14.6A 18.7A 20.6A AC-DC stage 1068.3cm3 174em3 _
DC link capacitor ’
DC side bridge conduction loss 15.3W 25.3W 30.6W
Isolated DC-DC stage 58 3 19 3 56 3
AC side winding RMS current DC link side capacitor ReNe0) cm cm
. . 11.7A 15A 24.7A
in High-frequency transformer
— Isolated DC-DC stage 5 ¢ 3 26.1 em3 56 cm3
AC side .Wlndmg 259W 35.0W 64.8W DC side capacitor
conduction loss Hiohf
igh-frequency 3 3 3
- ey 175.3 ¢cm 224.7 cm 224.7 ecm
DC side .wmdlng 30.6W 43.9W 52 7TW transformer
conduction loss Estimated
stimate 3 3 3
HFT core loss 13.4W 19W 19w total volume 1799.6 cm 1095.9 cm 1262.9 cm
Estimated total 1 179.7TW 232W 318.4W
stimated fota 10ss ng‘znggggtt 101.2W/in3  166.2W/in®  144.2W/in3
Estimated efficiency 98.4% 97.9% 97.2% sl

—
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= AC side winding conduction
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=AC-DC stage switching
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Fig. 17. Absolute loss comparison in Watts between the sub-modules with
the specifications given in Table. II

has been tabulated in Table. IV. To compute the conduction
loss in the HFT, (8) to (10) are used, [19]. DC resistance of a
winding (primary or secondary) is computed using (8), where
N is the number of turns, M L is the mean length, k is the
number of strands, and d; represents the strand diameter. Then,
the equivalent AC resistance (R,.) considering the skin effect
is computed using (9). Here, h is the side of the equivalent
square of the single strand computed as h = \/md; /4 and p
is the number of layers, Fig. 16. After computation of R,
the copper loss is computed using (10) and tabulated in Table.
IV for the same specification.
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200

m Heat sink for AC-DC stage
m Heat sink for DC side bridge

BDC-DC stage DC link capacitor
W High-frequency transformer

m Heat sink for AC side bridge
B AC-DC stage DC link capacitor
DC-DC stage DC side capacitor

Fig. 18. Absolute volume comparison in cm?3 between the sub-modules for
the specifications given in Table. II

ANpML
Rae = mhd? ®
B 5p%k — 1 (m\° df
Rac - Rdc |:]- + { 45 (4> 54}12 (9)
2 2
Pcu = Ip(rms)Racp + IS(TmS)Racs (10)

E. Volume comparison

Volume comparison between the sub-modules is discussed
in this subsection for the same sub-module specification.
Heat sinks, high-frequency transformers, and filter capacitors
contribute to the volume. The empirical relation between the
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bridge’s loss and the heat sink’s size is used to estimate the
size requirement for the heat sink. 5.16 ¢cm?/W is chosen as
the gain from loss to the required heat sink size. Heat sink
volume calculated for the AC-DC stage in two-stage and C-
less two-stage solutions is similar (389.6¢m?) and is higher
than the single-stage solution (316.3¢m?) due to switching loss
in the previous solutions. The AC side bridge heat sink volume
is calculated as 87.3cm3, 148.2em3, and 470.8cm? and the
DC side bridge heat sink volume is calculated as 67.5¢m?,
114.3¢m?, and 139.1¢m? for two-stage, C-less two-stage, and
single stage solutions respectively. The loss in the isolated
DC-DC stage is conduction loss-dominated as it achieves soft
switching with negligible switching loss over a wide operating
point.

DC link capacitor volume is much higher in the two-stage
solution due to the large value of the capacitor required to ab-
sorb the second harmonic component of power. This capacitor
also supplies the switching frequency component of the AC-
DC stage. An additional capacitor is required at the input of
the DC-DC stage to filter the high-frequency component. This
makes the total volume of the DC link capacitor 1074.1em3.
For the C-less two-stage solution, a capacitor is required to
support the switching frequency component of the AC-DC
stage and another one is required for the DC-DC stage. This
makes the total DC link capacitor volume 193cm3. Only one
capacitor is required for the single-stage solution to support
the high-frequency component of the DC-DC stage, and this
is calculated as 56cm3.

Considering the Fig. 16, the volume of the core can be
computed as Veore = (2by + by) X (4l + 21,) x w. The
transformer volume is computed by adding winding volume,
which is approximated as 50% of the core volume. These
volumes are tabulated in Table V and shown as a bar chart in
Fig. 18 to compare the sub-module volume and power density
among different topologies.

IV. CONCLUSION

The paper compares sub-modules for cascaded multi-level
converters with input series output parallel structure. The com-
parison is carried out based on the semiconductor VA rating,
loss, volume, and power density. The two-stage solutions have
smaller high-frequency RMS currents, leading to lower losses
in the isolated DC-DC stage compared to the single-stage
solution. However, the two-stage solution had a higher volume
than the single-stage solution and a capacitor-less two-stage
solution due to the presence of large DC capacitance. The
paper discusses the quantitative analysis in detail, providing
the loss and volume distribution considering the optimal design
of the sub-modules. It is observed about 1.55% loss happens
in a two-stage solution compared to 1.95% for the C-less
two-stage and 2.75% for the single-stage solution in devices.
The volume of the single-stage is 29% lower than that of the
two-stage solution, and the volume of the C-less two-stage
solution is 39% lower than that of the two-stage solution. The
capacitor-less two-stage solution is a good candidate with 39%
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lower volume with only 29% additional losses compared to the
two-stage solution.
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