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Abstract—Solid-state transformers have several advan-
tages over conventional 50 Hz transformers. However, the
high switching speed of power electronic devices gener-
ates electromagnetic interference (EMI) that can cause
malfunction. Conducted emission mitigation techniques
for solid-state transformers using appropriate modulations
and configurations in the QSPICE simulator are analysed
in time and frequency domains. Common-mode (CM)
emission and reactive power can be improved using
proper modulation and configuration techniques for single
and multiple solid-state transformers. The single-phase
shift modulation has the lowest CM emission and the
highest reactive power. In contrast, the triple-phase shift
modulation demonstrates the highest CM emission and
the lowest reactive power among the various modulation
strategies. The CM emission of single and multiple solid-
state transformers with dV/dt cancellation capability is
below the IEC 62041-2020 standard limits.

I. INTRODUCTION

The plan to make Europe the first climate-neutral
continent by 2050 will be achieved by electrifying the
main CO2 emission sectors such as transportation using
renewable energy sources. Solid-state transformers (SST)
are potential solutions for integrating several renewable
energy sources and energy storages with more flexible
control and the ability to link asynchronous systems [1].
However, the high dV/dt of the switching devices, the
switching frequency and the parasitic capacitances in the

transformer windings and the switching devices cause
EMI [2], [3], which can affect the sensitive devices in
the complex and dynamic railway system.

Most of the research done on SST focuses on
modulation techniques to eliminate reactive power [4],
[5] and extend the range of operation of zero voltage
switching (ZVS) [6]-[8]. An analytical model-based CM
voltage proposed in [9] considering several modulation
techniques for the dual active bridge (DAB) converter.
However, the analysis did not consider the transformer’s
intra-winding parasitic capacitances. In addition, the
current through the transformer interwinding capacitance
at each switching event was not explained. CM current
analysis considering dV/dt cancellation, including part-
to-part skew compensation, using parallel DAB and mod-
ulation techniques, is presented in [10]. PWM strategy
proposed by [11] to cancel the CM noise generated by
multicell DC-AC converter while [12] used symmetrical
coupled phase-shifted inductors and modulation tech-
niques to suppress the CM voltage of a three-level DAB.
Most of the previous work focuses on reactive power
improvement without considering CM noise and few on
CM noise reduction by excluding reactive power.

This paper clearly shows how each modulation tech-
nique of SST can produce unwanted current in the
transformer winding parasitic capacitances during the
switching event and their impact on the reactive power.
Additionally, the common-mode (CM) emission mea-
surement is performed using a line impedance stabi-
lization network (LISN). An analysis is conducted in
both the time and frequency domains while considering
conducted emission limits. The remaining sections are
organised as follows: section II explains the detailed SST
model and modulation strategies, section III describes
multiple SST configuration options for better EMI re-
duction, section IV presents the results and discussions,
and section V concludes.
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Fig. 1: UNIFLEX-PM single AC/DC/DC/DC/AC module [13].
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Fig. 2: Solid state transformer including parasitics, snubber capacitor, and LISN.

II. SOLID-STATE TRANSFORMER MODEL AND
MODULATION STRATEGIES

A. Solid-state transformer model

This work is based on the solid-state transformer
shown in Fig. 1. The two AC side H-bridges are switch-
ing at 150 Hz and have a very low impact on the
conducted emission generation compared to the isolated
DC-DC converter switching at 2 kHz. In addition to
the switching frequency, the common-mode current is
dominant on the isolated DC-DC converter due to the
parasitic capacitance of the transformer. Therefore, this
system is simplified to Fig. 2 to analyse the conducted
emissions.

The main sources of conducted emissions in SST
must be identified and considered in the system model
to analyse (measure) the emissions being conducted.
The dominant sources of EMI are the parasitic capac-
itances from the switching device to the chassis and
the transformer windings. The simplified SST circuit
model shown in Fig. 2 is used to analyse the impact of
the modulation techniques on the conducted emissions.
CISPR band B LISN (150 kHz - 30 MHz) is used to

measure the CM and differential mode (DM) emissions
to compare the results with the emission limits of the
IEC 62041-2020 standard. A similar model with CISPR
band A LISN (9 kHz - 150 kHz), is presented in [14].

DM noise is not the main source of EMI because the
current path through the positive and neutral lines has
the same magnitude but opposite direction (blue arrow
in Fig. 2), which will cancel each other out. However,
the CM current flows (red arrow in Fig. 2), in the same
direction in the positive and neutral lines of the same
magnitude, which will be added together to generate
more EMI. DM and CM voltages are obtained using (1)
and (2), respectively. Similarly, the CM and DM currents
through the LISN are measured in the 50 () resistances
of the positive and neutral lines.

Vi — Vi

Vbm = 12 & (D)
Vi+ Vs

Vem = 12 2 )

V1 and V; are the noise voltages across the positive and
neutral lines, respectively.

The snubber capacitor, Cy,, in Fig. 2 is designed
to operate the DC-DC converter in a soft-switching



mode [15]. This soft-switching technique helps to reduce
switching losses and creates a smooth transition during
the switching states of the IGBT. The impact of soft-
switching on conducted emission is explained in [14].

B. Solid-state transformer modulation techniques and
their impact on conducted emission

The four commonly used modulation techniques for
SST are single phase shift, SPS, (no inner phase shift
on both sides, ¢1 = ¢2 = 0, Fig. 3a), extended phase
shift, EPS, (only one inner phase shift, either ¢1 = 0
or 2 = 0, Fig. 3b), double phase shift, DPS, (the two
inner phase shifts are equal, ¢1 = ¢2 # 0, Fig. 3c),
and triple phase shift, TPS, (the two inner phase shifts
are not equal, ¢1 # ¢2 # 0, Fig. 3d). A phase shift,
¢, is applied between the left and right side half-bridges
of the isolated DC-DC converter to have bidirectional
power transfer in the SST.

Let us now analyse the impact of each modulation
strategy on conducted emissions. This work focuses on
CM emission analysis and mitigation because the main
aim is to analyse the effect of dV/dt at each switching
state for all modulation techniques.

Fig. 3a, shows the switching state of the upper
switches of the primary-side (s, s3) and the secondary-
side (ss, s7) half-bridges for SPS modulation. The
waveforms for lower switches are not shown here for
simplicity because they complement the upper switches.
Since there is no inner phase shift between the upper
switches of the half-bridges, the diagonal switches will
be conducted at a time. That is, s; and s4 or s3 and so
for the half-bridge of the primary side and s; and sg or
s7 and sg for the half-bridge of the secondary side. The
voltage across legs A and B, Vp, and legs Y and Z,
Vyz, are square waves with three voltage levels.

Fig. 3b, shows the switching state of the upper
switches and the voltages across the legs of the half-
bridges for EPS modulation. SPS is extended to the
EPS by adding an inner phase shift between the upper
switches of the half-bridge to control the circulating
current. The inner phase shift is applied only to one side
of the transformer with higher voltage.

Fig. 3c and Fig. 3d, show the switching state of the
upper switches and the voltages across the legs of the
half-bridges for DPS and TPS modulations. The inner
phase shift is applied on both sides of the transformer
to reduce the circulating currents. Instead of having the
same ¢1 and ¢o as DPS, TPS have different inner-
phase shifts. TPS has more degrees of freedom because
the power transfer can be controlled by independently
varying the inner and outer phase shifts of the primary
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Fig. 3: SST modulation techniques: (a). SPS, (b). EPS,
(c). DPS, (d). TPS.

and secondary side half-bridges. This degree of freedom
helps to reduce (eliminate) the circulating current which
reduces the reactive power to improve the system’s
efficiency [16].

One of the main sources of common-mode emission
for SST is the switching devices’ high dV/dt value.
Therefore, this work focuses on dV/dt reduction anal-
yses using modulation and multiple SST configuration
techniques. The current paths of the SST primary side
converter and the switching state using SPS modulation
are shown in Fig. 4. There are four switching sequences
for SPS modulation [17]. Only two switching sequences
are shown in Fig. 4, MFT stands for medium frequency
transformer. The diagonal switches with complementary
dV/dt will be conducted together; see Fig. 3a. Hence, the
common-mode current through C,; of leg A and B will
be zero (ideally), if both parasitic capacitances are equal
and if there is no part-to-part skew difference between
the diagonal switches during switching. However, it’s
impossible to have perfect dV/dt cancellation due to the
mismatch between parasitic capacitances and gate drive
part-to-part skew differences.

Unlike SPS, the diagonal switches with complemen-
tary dV/dt will not be conducting together for the other
modulation techniques (EPS, DPS, TPS) due to the inner
phase shift between the conducting switches. Therefore,
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Fig. 4: Current paths for the SST primary side converter
using SPS modulation.

there is no dV/dt cancellation during switching. By
introducing an internal phase shift, two upper or lower
switches operate simultaneously to eliminate reactive
power, as illustrated in Fig. 3b - EPS, Fig. 3c - DPS
and Fig. 3d - TPS. The results and discussion section
explains the analysis of the current flowing through the
transformer interwinding parasitic capacitances and the
common-mode emissions measured by the LISN.

III. MULTIPLE SST CONFIGURATION TECHNIQUES
FOR BETTER EMI REDUCTION

As described in the previous section, only SPS
modulation provides dV/dt cancellation. SPS gives the
lowest common-mode emission with the highest reac-
tive power, and TPS gives the highest common-mode
emission and the lowest reactive power. We now extend
this principle to reduce the common-mode emission by
adjusting the configuration of multiple SSTs to have
a dV/dt cancellation ability and to reduce the reactive
power using TPS modulation. The best way to reduce the
CM noise for any configuration is to use SPS modulation
but with the highest reactive power. Therefore, it is a
trade-off between CM emission and efficiency. Since the
application of this work is for a railway that is sensitive
to EMI due to complexity and dynamic systems, a
method with better EMI reduction and less efficiency is
preferred over a noisy efficient system. Depending on the
configurations of the multiple converters, the CM noise
will be different [18].

Two cases are shown in Fig. 5a and Fig. 5c. The first
configuration aims to connect two SSTs in parallel using
TPS modulation to eliminate reactive power. In addition,
the second SST is shifted by half of the switching period
to produce complementary switching with the first SST
and cancel the dV/dt of the system. The voltages across
legs A and B for the first SST and between legs A’ and B’
for the second SST are shown in Fig. 5b. The waveforms
of V,p and V4 g have a complementary dV/dt during
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Fig. 5: Multiple SST configuration and modulation op-
tions: (a). Two SSTs connected in parallel. (b). TPS
modulation for both SSTs of (a). (¢). Two SSTs are
connected in parallel and one SST is in series. (d). Two
SSTs connected in parallel using TPS modulation and
one SST in series with SPS modulation for (c).

switching. Therefore, the overall common-mode current
will be small due to the dV/dt cancellation. Depending
on the application, it is possible to connect several SST
pairs with dV/dt cancellation ability in parallel and then
in series with the other pairs to increase the voltage or
connect all of them in parallel to increase the current if
there are even numbers of SSTs.

If there are an odd number of SSTs, Fig. 5¢c, common
mode emissions and reactive power can be reduced by
connecting the pairs in parallel to have dV/dt cancella-
tion with TPS modulation and the other SST in series
or parallel with SPS modulation. Using this strategy,
it is possible to reduce the CM emission and improve
the efficiency of the system. The complement of dV/dt
during switching for SST 1 and SST 2 is shown in the
transformer voltage waveforms in Fig. 5d. Where V 4. g
is the voltage between legs A and B of the third SST. The
impact of these configurations on conducted emissions
is presented in the results and discussion section.

The design parameters for the SST circuit, Fig. 2,
are given in Table I taken from [13] except the parasitic
capacitances of the transformer. The parasitic capaci-
tances of the transformer are obtained by measuring the
setup of [13] using Keysight Agilent E4990a Impedance
Analyzer.



TABLE I: Design parameters.

Parameters Value Unit
Voltage source, Vge1 1100 v
Switching frequency 2 kHz
Transformer rated power 25 kVA
Leakage inductance, Ls 0.48 mH
Winding resistance, Rs 150 mS2
Transformer ratio 76:76

Load resistance, Rjoqd 48 Q
Phase shift angle (¢) 7.54 degree
Dead time 2.5 s
Duty cycle 50 %
DC-link capacitors, C; = C, 3.1 mF
Snubber capacitor, Cy, 4.7 nF
Capacitance, Cp1, Cp2, Cps 70, 120, 20 pF
Capacitance, Cppr, Csqr 12,09 nF
Inter-winding capacitance, C,s  0.316 nF

I'V. RESULTS AND DISCUSSION

To analyse the impact of the modulations on the
conducted emission: an inner phase shift, ¢p; = 5 is
applied on the primary side of the SST for EPS, on
both sides of the SST for DPS, ¢; = ¢2 = 5, and
TPS, ¢1 = 9°, ¢2 = 5 and simulated using the Qorvo
QSPICE simulator. The simulation results for the trans-
former voltages and the current through the transformer
interwinding parasitic capacitances are shown in Fig. 6.

As shown in Fig. 6a, both the primary (V) and
secondary (V;) side voltages have four for SPS and
six for EPS switching events in a single period. Due
to the dV/dt at each switching event, unwanted current
flows through the transformer inter-winding parasitic
capacitor, Fig. 6b. Similarly for DPS and TPS which
have eight switching events, Fig. 6¢, and the unwanted
current that flows through the transformer inter-winding
parasitic capacitor is shown in Fig. 6d. As shown in
Fig. 6b and Fig. 6d, current flows through the transformer
inter-winding capacitor only during the switching event.
Therefore, this unwanted current can be reduced by using
a dV/dt cancellation technique during switching.

The total CM current (voltage) and DM current
(voltage) are measured using LISNs in the CISPR band
A and B frequency ranges. The results in the next
section are measured using the CISPR band B because
there is no EMC standard for power transformers in
the CISPR band A frequency range. The CM current
(I¢mm), in time domain, measured by LISN is shown in
Fig. 7. The common-mode current is almost zero for
SPS because it provides a dV/dt cancellation. Due to
parasitic capacitance mismatches and part-to-part skew
of gate-drives, there is no perfect dV/dt cancellation. The
other modulation techniques have a high common-mode
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Fig. 6: Transformer voltages and inter-winding current:
(a). Voltage for SPS and EPS, (b). Current for SPS and
EPS, (c). Voltage for DPS and TPS, (d). Current for DPS
and TPS

current because they do not have dV/dt cancellation
capability.

The EMC requirements for emission and immunity
within the frequency range 0 Hz to 400 GHz for power
transformers, power supply units, reactors, and similar
products are given by IEC 62041: 2020 and IEC 61000-
6-4-2019. The SST is categorised under the power trans-
formers and must have an emission level below the limits
given in these standards to be implemented in a railway
traction supply system. The emission limits in Table II
are used to compare the conducted emissions of the SST
for each modulation technique.

TABLE II: IEC 62041:2020 conducted emission limits.

Frequency band (MHz) Emission limits dB(uV)

89, quasi-peak

0.15-0.5 76, average
05 — 30 83, quasi-peak
70, average

The CM voltage measured by the LISN, in the fre-
quency domain, is shown in Fig. 8a for each modulation
strategy. This figure shows that the CM emission is
below the limits only for SPS because of the dV/dt



_ o ' sps
7, | |
NE601 | | | | | | | |
i, | | 1 —
: f | I [ |

-60 i } }
i, 1 [ —
X i r I
0 | }—TPS
NI
3 . A O

05 1 15 2 25 3 35 4 45

time (ms)

Fig. 7: CM current measured by LISN for single SST.
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single SST.

cancellation. The other modulations generate a CM emis-
sion above the limits. Therefore, it is possible to reduce
the CM emission below the limits using SPS without
adding a filter. Meanwhile, an additional CM mitigation
technique must be applied for the other modulation
techniques to reduce emissions below the limits.

The DM voltage measured by the LISN shown in

Fig. 8b for each modulation strategy is below the limits
specified in the standard. This is because the DM current
through the positive and neutral lines has the same
magnitude but flows in opposite directions. This is why it
is important to focus on mitigating CM emission instead
of DM.

The total power transfer using SPS and TPS modu-
lation techniques for 10 €2 load is given in Fig. 9. Due to
the circulating current, the SPS has high reactive power
while it is possible to minimize this reactive power by
adjusting the inner and outer phase shifts of the TPS

modulation.
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Fig. 9: Total power transfer using SPS and TPS modu-
lations.

The comparison of CM and DM voltages measured
by CISPR band B LISN for single and multiple SSTs
with different configurations and modulation techniques
are shown in Fig. 10 and Fig. 11. The CM emission
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multiple SST

for the configurations given in Fig. 5a and Fig. 5c is
shown in Fig. 10, time domain, and Fig. 1la, Fast
Fourier Transform (FFT). The CM emissions for such
configurations are below the limits whereas, the single
SST with TPS modulation produces CM emissions above

: CM current measured by LISN for multiple SST.

the limits. DM emission for all types of SST configu-
rations is below the emission limits of the standard, as
shown in Fig. 11b. Therefore, the main component of
the conducted emission is the common mode.

The common-mode current measured by the LISN
in the time domain for multiple SSTs is shown in
Fig. 10. The common-mode current of multiple SSTs
with dV/dt cancellation capability is very low compared
with the single SST with the same modulation technique.
The conclusion is that both CM emission and reactive
power can be improved using proper configurations and
modulation techniques. In this way, there is no need to
have additional external components for EMI mitigation
such as EMI filters.

The experimental setup is shown in Fig. 12. The three
SSTs and LISNs are connected to a common ground
plane. Copper brackets are used in place of wires to
connect the LISNs to the ground plane to minimize the
equivalent series inductance. The time and frequency
domains are measured using an oscilloscope and an EMI
test receiver.

V. CONCLUSION

This paper explains the impact of different solid-
state transformer modulations and multiple configuration
techniques on the conducted emission. The selection of
modulation technique is a trade-off between improving
the conducted emission and the reactive power of the
SST because each modulation can not improve both the
EMI and the reactive power simultaneously. The SPS
modulation has the lowest CM emission and highest re-
active power while TPs have the worst CM emission and
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lowest reactive power compared to the other modulation
strategies. While EPS, DPS and TPS have a CM emission
above the IEC 62041:2020 conducted emission limits,
SPS generates CM emission below the limits.

The CM emission and reactive power can be im-
proved by configuring two SSTs in parallel with dV/dt
cancellation capability using TPS, for an even number of
SSTs, and then series or parallel connection with SPS,
for an odd number of SSTs. The design and analysis
of CM choke for the mitigation of conducted EMI in a
multicell SST will be the future work of this study.
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