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Abstract— This paper introduces key technologies for
improved reliability of practical solid-state transformers (SST) to
enable massive expansion of renewable energy. SSTs are attractive
as compact and high-efficient AC-DC converters because SSTs
accept a direct connection from medium voltage AC grid to DC
microgrids without line-frequency transformers (LFTs). However,
SSTs have low reliability compared with conventional AC-DC
converters using LFTs. This paper introduces our contributions to
the implementation of SSTs in society as follows: 1) conducted
noise reduction by modulation technique, 2) cell-fault tolerant
control, 3) packaging technology of power module for enhanced
isolation and noise reduction, 4) development of high-frequency
transformer with high voltage tolerance and 5) integrated system
design for a 1-MVA SST towards practical operation.
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I. INTRODUCTION

Currently, the mass introduction of renewable energy, such
as solar and wind power and electric vehicles (EVs), is
progressing toward the realization of carbon neutrality. However,
renewable energy is unfortunately recognized as an unstable
power supply because the generating power of renewable
energies depends on the natural environment. In addition, a
fluctuation of power consumption by EV chargers is uncertain.
As a solution to this problem, a low-voltage DC microgrid
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installation is a suitable option for direct coupling between
variable power demand and renewable energy.

Fig. 1 shows the comparison of AC grid to DC grid interfaces
between conventional interfaces containing a line-frequency
transformer (LFT), and a solid-state transformer (SST). SSTs
bring some advantages such as higher efficiency, smaller size,
and lower cost because the number of power conversions is
reduced compared with conventional AC grid-DC grid
interfaces [1]. Thus, SST has been highlighted as an important
technology for DC microgrids. However, the low-voltage DC
distribution systems have not been spread because of their low
reliability compared with conventional AC-DC interfaces
containing LFTs.

This paper describes key technologies for the development
of a 1-MW SST with high efficiency and high power density,
which maintains a stable power supply even with a large number
of renewable energy sources. This development was carried out
from five perspectives as follows:

A) conducted noise reduction by modulation scheme

B) short fault tolerant control utilizing phase-shift PWM
with sawtooth carrier

C) packaging technology for enhanced isolation and noise
reduction

D) development of 1-MVA 6.6-kV SST cell with high-
voltage tolerance with a high-frequency transformer
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Fig. 1. Comparison of AC grid-DC grid interfaces between conventional
interfaces containing a line-frequency transformer (LFT), and a solid-state
transformer (SST).

E) integrated system design for a 1-MVA SST towards
practical operation

From these contributions, one of the guidelines for the practical
SSTs has been identified.

Il. KEY TECHNOLOGIES TO IMPROVE RELIABILITY
OF PRACTICAL SSTS

A. Gradational modulation for conducted noise reduction

Fig. 2 shows a photograph of a 13.5 kW, 27-cell prototype
SST. Fig. 3 shows the configuration of the SST. This SST is a
scaled-down power of the 1 MW SST, designed with a single-
cell rating of 500 W. The SST consists of nine cells per phase,
which are connected in series on the AC side and in parallel on
the DC side. Each cell consists of a full bridge of power factor
correction (PFC) converter and an LC resonant DC-DC
converter.

Fig. 4 shows the output voltage of each cell. Typically, the
basic modulation employs PWM output at all cells. In contrast,
the proposed gradational modulation contains 1) PWM output
in only one cell and 2) square-wave output synchronized with
the grid voltage in other cells. As a result, the proposed
modulation reduces conduction noise from the SST by
suppressing common mode voltage fluctuations [2].

Fig. 5 shows the experimental results of the conducted
emission from the developed 27-cell prototype SST. The
proposed gradational modulation reduces the conducted
emissions from the SST by 11dB in the 200 kHz band and 7dB
in the 2 MHz band, respectively.

B. Fault-tolerant control utilizing phase-shift PWM with
sawtooth carrier

A short fault-tolerant control utilizing phase-shift PWM with
sawtooth carriers was developed for acascaded modular
converter [3]. The proposed fault-tolerant control is also
applicable to open-circuit fault case by bypassing the AC-
terminal of the failed sub-module (SM).

Fig. 6 shows a principle of the short-fault-tolerant control.
This figure assumes a short circuit fault has occurred in a SM,
and it has been identified. It is also assumed that SM operates
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Fig. 2 Photographs of 27-cell SST (13.5 kW rated).
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Fig.3 Prototype configuration of three-phase 27-cell SST.

with unipolar modulation using sawtooth carriers, and further
that the cascaded modular converter operates with a phase-shift
PWM method. The figure assumes that two SMs are connected
in each phase and that one SM fails to short-circuit in the U
phase. The output voltage of a faulty SM is always zero because
the output of a faulty SM is always short circuit. Thus, the output
phase voltage of SST changes +Vy after a short fault. In addition,
the output phase voltage is distorted.

Then, the developed fault-tolerant control adjusts the pulse
patterns of other healthy SMs to maintain the line-to-line
voltages. From Fig. 6, the U-phase-to-V-phase voltage is 2Vqc
instead of the command value of 3 V. at the short fault. However,
the fault-tolerant control recovers the line-to-line voltages.

Fig. 7 shows the output voltage vector in a U-phase SM fault,
such as Fig. 6. At this time, the line-to-line voltage is maintained
at 3 Vqc by reducing the output phase voltage by -Vqc using a
submodule of the V phase and W phase, which is the healthy
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Fig. 5 Comparison of conducted emission from prototype SST.

phase. The notable features of the fault-tolerance control are: 1)
additional switching is not required to adjust the pulse pattern
because of the utilization of sawtooth carriers, and 2) redundant
SM is not needed to operate the developed fault-tolerant control.

Fig. 8 shows the experimental result at short fault. The
experiment assumes a short fault of one SM in the U phase and
the W phase, respectively. The total harmonic distortion (THD)
of line-to-line voltage increases from 13.2% to 17.8% by SM
fault when the proposed tolerance control is not applied. In
contrast, The THD improves from 17.8% to 13.7% which is
equivalent to the THD before the SM fault when the proposed
tolerance control is applied. However, the power imbalance
among cascaded cells occurs by the proposed control. Then, the
proposed fault-tolerance control also provides the power
balance function. Thus, the SM load imbalance caused by the
proposed control is suppressed by swapping the switching
pattern between cascaded sub-modules.

(@) Normal.

M
(c) Short-fault-tolerant control is applied.
Fig. 6 Principle of cell fault tolerant control.
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Fig. 7 Output voltage vector in case of SM Uy is short fault.
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Fig. 8 Phase voltage and line-to-line voltage waveform when a short fault
occurs in one SM of U-phase and V-phase, respectively.

C. Packaging technology of power module for enhanced
isolation and noise reduction

This section describes low EMI noise and low thermal
resistance power modules with high voltage tolerance.

1) Noise reduction:

Fig. 10 shows the drain-source voltage waveform, which is
compared with the developed module and a commercial power
module with a snubber circuit as shown in Fig. 9. In order to
efficiently reduce surge voltage, minimizing ESL between a



Fig. 9 Internal photograph of developed module with built-in
snubber circuit.
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Fig. 11 Conducted noise spectrum.

snubber circuit and a switching device is effective. Thus, the
snubber circuit embedded module is developed.

Fig. 11 shows the conducted noise from these power
modules. The parasitic capacitance between the module wiring
and the ground is only 264 pF. Thus, the conducted noise is
reduced by up to 15dB compared with a commercial device at
100 kHz ~10 MHz band. In contrast, the conducted noise is
increased at 8 MHz. The mechanism needs further investigation.

2) Improved cooling performance:

Placing power devices in close proximity reduces to parasitic
inductance of power modules. Hence, a lower switching noise

Fig. 12 Photograph of developed power module.
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Fig. 13 Structure functions of developed power module.
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Fig. 14 Heat cycle test of developed module.

of the power module is achieved. In contrast, the cooling
performance is decreased due to thermal interference between
the power devices. From this perspective, the design was
carried out with balancing while adjusting for thermal diffusion
by the wiring layer conductor area and the parasitic inductance
by the wiring path length. In addition, in order to mount MMC
cells of different voltages on the same heat sink and to reduce
the size of the SST, a module with a ground insulation voltage
of 20 kV was designed.

Fig. 12 shows photographs of a developed power module
which is designed for a rating of 600 V and 300 A.

Fig. 13 shows the structure functions of the developed power
module, which are derived from a measured result of transient
thermal resistance. The coordinate of origin is the junction of
the power device. The horizontal axis shows the integrated
thermal resistance from the chip, die-attach, copper wiring,
insulating substrate, and heat sink as one moves to the right.
The vertical axis shows the integrated heat capacity for each
component. From this figure, the thermal resistance of the
power module achieves 0.4 K/W. The conduction loss was only
198 W at maximum rated operating conditions. Thus, the power
module enables continuous operation at an upper operating
temperature of SiC-MOSFET (175°C).

Fig. 14 shows the heat cycle test of the developed module.
the figure shows that even after 1000 cycles in the heat cycle
test, no significant increase in junction temperature due to



degradation was observed. Thus, the developed power module
has sufficient thermal cycle reliability.

D. Development of high-frequency transformer with high
voltage tolerance

This section introduces a developed high-frequency
transformer with a 6.6 kV voltage tolerance. An LFT for a 6.6
kV grid requires a large core to prevent magnetic saturation of
the core. In contrast, SST employs a high-frequency
transformer as a replacement for an LFT. Thus, the volume
reduction of the transformer is achieved. However, high-
frequency transformers used in SSTs need to maintain a high
voltage tolerance between the primary windings and secondary
windings. Thus, the clearance between the transformer
windings and the core needs to be kept. Thus, downsizing high-
frequency transformers is challenging. In this development, a
prototype transformer that combines miniaturization with high
voltage tolerance was developed using ferrite core and bobbin
molding technology [4].

Fig. 15 shows a photograph of evaluated transformers. The
developed bobbin-molded transformer was evaluated in
comparison with unmolded and wiring-molded transformers.

Fig. 16 shows the experimental results of partial discharge
testing. This study defines a discharge start voltage as a voltage
at which the amount of charge exceeds 50 pC. The partial
discharge test results showed that the discharge start voltage of
the transformer without mold is 2.66 kV, the winding-molded
transformer is 9.67 kV, and the bobbin-molded transformer is
7.32 kV. The bobbin-molded transformer has significantly
improved insulation performance compared to unmolded
transformers. Moreover, the bobbin-molded transformer is
verified to be applicable to SSTs for 6.6 kV systems.
Unfortunately, the bobbin-molded transformer has inferior
insulation performance compared to the winding-molded
transformer. However, the proposed transformer has an
advantage on cooling because it enables forced cooling around
the windings.

E. Development of 1-MVA 6.6-kV SST cell

Table | lists the specifications of a cell that was developed
for use in the 1-MVA SST. The developed cell is designed with
a rated input voltage of 423 V, a rated input current of 87.5 A,
a rated power of 37 kW, and a maximum efficiency of 98%.
The circuit configuration is the same as in Fig. 3. The high-
frequency transformer uses the transformer described in Section
D.

Fig. 17 shows the operating waveform at the rated output
power of 37 kW. The continuous operation has been verified
under rated conditions.

Fig. 18 shows the efficiency of the developed cell. The
maximum efficiency of 96.3% is achieved. The conversion
efficiency is 1.7pt below the target efficiency of 98%. This is
primarily due to the losses in the AC inductors. As the AC
inductors are not optimally designed, further improvements in
the overall system efficiency are expected. The volume of the
developed cell is reduced by 62.5% compared to the
conventional system that contains LFTs. Therefore, the
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Fig. 15 Photograph of prototype transformers.
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Fig. 16 Experimental results of partial discharge testing.

developed 1-MVA SST is expected to achieve a 50% volume
reduction compared to conventional systems.

F. Integrated system design for a 1-MVA SST towards
practical operation

This section considers the volume and loss analysis of the
development target of 1-MVA SST. In this section, DC-DC
circuit topology employs a dual active bridge (DAB).

Table Il lists the target specifications for the 1-MVA SST.
The target specifications are based on 50% volume reduction
and 60% weight reduction, compared with conventional
systems with LFTs. In order to achieve these target



Table 1. Design specifications of 37-kW prototype cell for 1-MW SST.
Value

Item Unit Remarks
Min. Typ. Max.
Input ACvoltage | Vims | 384.9| 4234 | 4426
Input AC current | Ams | 83.7 875 96.2
DC rated
output power kw 37
DCoutputcurrent | A 92.6
. Design
AC input power | kW 378 efficiency: 98%
Input AC frequency | Hz 50/60+£2%
Input power factor 0.9
Switching freq.
at boost PFC conv. kHz 10
Switching freg.
atres. DC-DC conv. kHz 30
Size mm 1050 X 200 % 900
Cooling Forced air cooling
W it UL

el ﬁﬁh:”trvoltfage 200 Vidivi-

EPrimary ciurrent_ of trénst“mer 50 A/(fjiv V‘;:ﬂeg.;:\,ﬁ

DC-link voltage 50V/div " s ¢ soud -

o
Fig. 17 Operating waveform of prototype cell for 1MW SST
at rated power 37 KW.
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Fig. 18 Efficiency of 37-kW prototype cell.

specifications, an optimized design flow was established, which
takes into account the design of the electrical components such
as semiconductor modules, heat sinks, magnetic components
and capacitors, and the layout.

Fig. 19 shows the simulation result of loss analysis. The
efficiency of 99% is predicted under the simulated conditions.
When the condition of the switching frequency is set to 50 kHz,
and the external inductance is 5 uH, the iron loss increases. The
reason is the iron loss of the employed core increases rapidly in
the high-frequency range.

Fig. 20 shows the simulation result of volume-weight
analysis. The volume and the weight are reduced as the
switching frequency increases. However, in the 5 kHz~10 kHz
range, the variation is small due to the large core and the small
winding reduction with increasing switching frequency.

From this analysis, the cell of the developed IMVA SST
achieves an efficiency of 98%, a volume of 140 L, and a weight

Table 1l Target volume and weight of IMVA SST
(without control unit).

Volume = 6,870 L
Weight = 3,372 kg
Input interface/filter 1,168 L (17% of entire system)
Cell 5,184 L (75% of entire system)
= 960 kg (29% weight of entire system)
Output interface 343 L (8% volume of entire system)

Iron loss
m Copper loss

Loss [W]

338
=3 41 166 19.4

1
s T 107 103 Hd 107

Kz@30pH 10k 5uH 20k WH O 30KHES PH SOk T
Efficiency 99.93% 99.93% 99.94% 99.93% 99.85% 99.90%

Fig. 19 Simulation result of loss analysis of 1 MVA SST.
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Fig. 20 Simulation result of volume-weight analysis of 1 MVVA SST.

of 39 kg. The entire SST system is expected to achieve a
volume of 3,366 L (49% of the target volume) and a weight of
994 kg (28% of the target weight).

I1l. CONCLUSION

This paper introduced key technologies for improving the
reliability of practical SSTs to enable the massive expansion of
renewable energy. These developed technologies identify the
design guidelines for a 1 MW practical SST, which is connected
directly between AC 6.6 kV and DC 400 V.
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