Novel modulation method for common-mode noise reduction
in Solid-State Transformer based on ISOP configuration

Naoto Kikuchi, Hiroki Watanabe, Keisuke Kusaka, Jun-ichi Itoh
Nagaoka University of Technology
1603-1, Kamitomioka-machi, Nagaoka, Niigata, JAPAN
Tel.: +81 /(258) —47.9533.
E-Mail: s195028@stn.nagaokaut.ac.jp
URL :http:// itohserver01.nagaokaut.ac.jp/itohlab/index.html

Keywords

«Solid-State Transformer», «Converter control», «Power factor correction», «Resonant converter»,
«EMC/EMI»

Abstract

This paper proposes a modulation method for the reduction of the common-mode noise in Solid-
State Transformer (SST) with the ISOP connection. Modular multilevel configurations based on the
ISOP connection increase the common-mode noise path because of increasing the switching
components. Moreover, the cancellation of the common-mode noise using active common-mode
canceler is not able to be applied because of complex common-mode noise path in SST with the ISOP
connection. In the proposed method, one of the cells is driven by PWM in order to compensate for the
harmonic component. The other cells are driven by square-wave operation in order to share the load.
Therefore, the common-mode voltage is suppressed by the switching state of PFC. The advantage of the
proposed method is that the additional EMC filter is not necessary for the reduction of the common-
mode noise. The operation waveform with the proposed method is shown in the experimental results.
The conducted emission is reduced by 11 dB and 7 dB in 200 kHz-band and 1 MHz-band, respectively.

Introduction

Recently, the DC microgrid has been attracted in terms of widespread use of the renewable energies.
Solid-State Transformer (SST) is the one of the key components of the distributed system proposed by
the Future Renewable Electric Energy Delivery and Management Systems Center [1-3]. SSTs are a
power electronic interface between a medium voltage system and a low voltage system, which provides
galvanic isolation with medium-frequency transformer [4]. The role of the power converter is the power
flow control and the compensation for the reactive power. The medium frequency transformer enables
to increase in the power density of the converter. Focusing on improvement of efficiency and power
density, various circuit topologies of SST have been proposed in this decade [1-10]. Modular multilevel
configurations in based on input series and output parallel (ISOP) have been widely used. The advantage
of the ISOP connection is that low on-resister and low-switching loss devices are available because the
applied voltage on each cell is divided by the number of cells. For these topologies, SIC-MOSFETSs have
been widely used because of their fast switching and low on-resistance. However, these wide-bandgap
devices increase the common-mode noise due to the rapid switching behavior [11]. The emission limit
for information technology equipment is defined in the International Special Committee on Radio
Interference (CISPR) 11. Therefore, the EMC filter is designed for compliance with CISPR 11/EN55011
standard [12]. The active common-mode canceler (ACC) based on the voltage cancellation method or
the current cancellation has been proposed in [13-20]. These filters have the advantage of suppressing
sufficiently the common-mode noise with a push-pull emitter follower amplifier. However, the
additional ACC is limited by the rated voltage of the amplifier. Therefore, It is not able to apply the
additional ACC to the medium-voltage system such as SST.

In this paper, a novel modulation method is proposed in order to reduce the common-mode noise
in SST with the ISOP connection. The advantage of the proposed method is that the additional EMC



filter is not necessary for the reduction of the common-mode noise. The originality of this paper is that
the modulation method uses the deference driving frequency in order to suppress the common-mode
voltage. Owing to the propose modulation, the leakage current is suppressed in comparison with the
conventional modulation. Moreover, the new contribution of this paper is that the reduction of the
common-mode noise by replacing high-frequency SiC devices to low frequency Si devices.

This paper is organized as follows: firstly, the system configuration of SST with the conventional
method and the proposed method is described. Secondly, the principle of the proposed method for the
reduction of the common mode noise is explained with the common-mode equivalent circuit of SST.
Finally, the conducted emission is compared between the conventional method and the proposed method
in the experiment.

System Configuration

Circuit configuration

Fig. 1 shows the circuit configuration of the single-phase SST when the number of cell is three.
Note that the number of cell is decided by the grid voltage and voltage rating of the power devices. Each
cell has a PFC stage and an isolated resonant DC/DC converter. The input of the PFC stage in the cells
is connected in series. The outputs of the isolated resonant DC/DC converters, which ensure the galvanic
isolation, are connected in parallel. The input diode rectifier is common for all cells in order to reduce
the number of components. The high-frequency operation contributes to minimizing the isolation
transformer. The transformer of the isolated resonant DC/DC converter is smaller than the commercial
frequency transformer because the switching frequency is higher than the grid frequency. Besides, the
resonant capacitor C; is connected to the primary side of the isolated transformer in series. The DC/DC
converter is controlled with open-loop control due to the constant voltage transfer ratio. The switching
frequency is a little higher than the resonant frequency for zero-voltage switching (ZVS) operation.

Celll(Square-wave Drive)

= [] |

Cell3 (PWM Drive)

Fig. 1. Circuit configuration of the single-phase SST.
The proposed modulation method is applied into the PFC stage.



Conventional method

Fig. 2 shows the block diagram of the conventional control method of the PFC stages. The
conventional method controls the inductor current with PWM in all cells. The overall PFC circuits
controls phase and amplitude of the input current to correct the input power factor. Then, reference of
the input current is given by

i, =1 |sin(a)t)| (1)

amp

where 1., is amplitude of the input current command. The phase of the input current is generated by
PLL from the phase of the grid voltage. Note that the ripple current is reduced by operating phase shifted
carrier in the PFC converter. Thus, the input voltage is equally divided because the switching timing is
equally shifted.

Fig. 3 shows the switching pulse generation of the secondary side rectifier. The full-bridge
converter on the secondary side operates as a synchronous rectifier. The switching pulse is the same as
the pulse of the primary side. In the primary side, the resonant current i is positive when Sqcaci1 , Sacde21,
Sacic32 are turn-on. Note that the phase of the primly side resonant current is a little different in order to
design resonant DC/DC converter. Similarly, Sicac12, Sacac22, Sacae31 are turn-on when the resonant current
is negative.

Proposed modulation method

Fig. 4 shows the relationship between the input voltage and the output voltage of the cell. The
switching state of the cell3 is followed by the boost mode. The cell3 is driven by the PWM operation in
order to compensate for the harmonic component of the other cells. The celll and cell2 are driven by
square-wave operation. The output voltage of the cell operated with square-wave is determined by the
comparison with the voltage command of the PFC stage and the DC-link voltage of each cell. The
switching device on the upper arm of the celll turns on when the output voltage command v,y is higher
than DC-link voltage of the celll. Similarly, the switching device on the upper arm of the cell2 turns on
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Fig. 2. Control block diagram of the PFC with the conventional method.
The conventional modulation of the PFC is driven by PWM.
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Fig. 3. Pulse generation for secondly side rectifier in DC/DC converter.



when the output voltage command is higher than the sum of the DC link voltages of the celll and the
cell2. Thus, the output voltage of the celll and the cell2 is double of the grid frequency.

Fig. 5 shows the block diagram for the control of the input current with the proposed method. The
output voltage of the square-wave cells behave to the current controller as the disturbance because the
output value of the PI controller is the total output voltage of all the cell converters. Thus, the input
voltage of the cell3 v;,3 is given by

Vinz = [Vin “Vae2Ssqr21 (2)
where vq1 and vao are the DC-link voltage of celll and cell2, respectively. Moreover, S mi is the
switching function of the square-wave cell in the PFC stage. When the upper switch s, is on-state, Sygmi
equals 1. When the upper switch s,; is off-state, sym1 equals 0. As shown in (2), the current controller
compensates the output voltage of the square-wave cells with the feed-forward control. Then, the output
voltage compensated is the output voltage of the cell3, the gate signal of the PFC circuit is determined
with standardizing and comparing triangle carrier. Note that the output power of each square-wave cell
is balanced by the sorting the switching state in SST [21].
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Fig. 4. Operation principle of the proposed method.
The relationship between the input voltage and the output voltage of cell #1 and #2, #3. (m = 3).
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Fig. 5. Control block dlagram with the proposed method (m = 3).



Common-mode equivalent Circuit L2 gy

Equivalent circuit model of PFC K ]

Fig. 6 shows the PFC circuit based on the input V2] =V
series connection with the parasitic components.
This model consists two cell converters for the SWpret2
simplification of the following analysis. Note that 821
this model does not consider the different values for :
the parasitic capacitance, the parasitic inductance | V#? £ %
and the parasitic resistance. The circuit model L2
considers the parasitic capacitance between the
switching component and the heatsink in order to
simulate the leakage current generated by the
switching operation of the PFC stage. Moreover,
the circuit model is symmetric in order to design the
equivalent model of the PFC stage. I <

Fig. 7 shows the equivalent circuit model of = Teom pfe
PEC. Cppi gna is the parasitic capacitance. Ly gais Fig. 6. Circuit configuration of the PFC stage
the parasitic inductance. Ry g is the parasitic with the parasitic components.
resistance. L is boost inductance. The common-
mode voltage-source Veom pfel, Veom pie2 are given by

y =sw_ .V, [24sw .V, /2 (3)

com _ pfel pfell” del pfe21” de2

—sw V. [2+sw V. . [2

Veom pe2 = pett del pea1? dea 4
where Vo1 and Vaer are DC-link voltage of each cell,
SWpent 1S the switching state of the upper arm
device, swyn 18 the switching state of the lower arm
device. Hence, the common-mode voltage is
changed by the switching state of each cell. As the
shown in Fig. 7, the leakage current of the PFC is
given by

i

icomj)fc
Fig. 7. Common-mode equivalent model
of the PFC stage.
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the parasitic resistance Ry qna. Here, the common-
mode voltage Veom pe1 1S twice impact of the
common-mode voltage veom pr2 as shown in (5). $20
This means that suppressing the common-mode | i
voltage veom pre1 18 effective in order to attenuate the  © 1T | w'r .
leakage current in PFC. In the conventional method, A |
the switching operation of the celll is caused by %9 o1 Frequency[lMHZ] ° ¥
PWM. On the other hand, in the proposed method, gjy g Comparison of the leakage current between
th.e switching operation of the cell 1' is double of the ™ 14 circuit model and the equivalent model
grid frequency in order to be driven by square- in the PFC stage.
wave. Thus, the common-mode voltage Veom pre1 18
suppressed by the proposed method.

Fig. 8 shows the comparison of the leakage current with the circuit model and the equivalent model
in the PFC stage with the switching frequency of 30 kHz. The envelope of the leakage current
in the circuit model almost agrees with the equivalent model. Each model has the spectrum of maximum
value 85 dBUA at the 990 kHz. This means that the frequency is the resonant frequency between the
parasitic capacitor and the boost inductor.
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Equivalent circuit model of resonant ]

DC/DC converter %/ - chF} iz
Fig. 9 shows the circuit model of the resonant L2 2C; C.L [

DC/DC converter with the parasitic components. | "

This model consists one cell converter because the |Va/2T Iz Ly, H

gate signal of each cell is same with the open-loop SWdcztl}i %qu %

control. The circuit model considers the parasitic Cicae-ovn- == | !

components between the switching component and Lacaconoy

the heatsink in order to simulate the leakage current Riede-GND

generated by the switching operation of the DC/DC .

converter. Moreover, the circuit model is™= ‘feomded

symmetric in order to design the equivalent model Fig. 9. Circuit configuration of resonant DC/DC
converter with the parasitic components.

of DC/DC converter.

Fig. 10 shows the common-mode equivalent
model of DC/DC converter. Here, Cacdc gna 18 the
parasitic capacitance. Lgcdc gna 18 the parasitic
inductance. Racdc gna 18 the parasitic resistance. Note
that the magnetizing inductance L, does not
consider because the indicator is shorted in the
equivalent model. The common-mode voltage-
SOUICE Veom dede, 1S given by

v = WVt 1 2= WyaV gy /2 (6)

com _dedc
where V1 and Ve are the DC-link voltage of each
cell, swqei is the switching state of the upper arm
device and swqc is the switching state of the lower
arm device. Hence, the common-mode voltage is
changed by the switching state of each cell.

Fig. 11 shows the comparison of the leakage
current with the circuit model and the equivalent
model in the resonant DC/DC converter with the
switching frequency of 50 kHz. The envelope of the
leakage current in the circuit model almost agrees
with the equivalent model. Each model has the
spectrum of the maximum value 101 dBuA at the
2.3 MHz. This means that the frequency is the
resonant frequency between the parasitic capacitor
and the parasitic inductance.

Equivalent circuit model of SST

Fig. 12 shows the SST circuit model based on
the ISOP connection with the parasitic components.
This model uses three cell converters for the
comparison with experimental model. Note that this
model does not consider the different values for the

parasitic capacitance, the parasitic inductance and V2

the parasitic resistance.

Fig. 13 shows the common-mode equivalent
model of SST. This model considers the parasitic
component between the switching devices and the
heatsink in PFC and the DC/DC converter. Note
that the parasitic component of the secondly side
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Fig. 10. Common-mode equivalent model

of resonant DC/DC converter.
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with the circuit model and the equivalent model
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30

SWcdel 1
_f*""'\_'

y:
SWacde12

aaaa—|

j
e s ot B
pfe-GND= = S s :J:Cdcdc—GND
\Lyse-GND| P Lae de-GND
R/J/C-GND§ | § ! Riede-GND

Vi/2
El Cell2
x 7
LN Cell3
—— T

rectifier does not consider because the conventional___
method and the proposed method are driven by the ~

same operation with open-loop control.

Leom_sst

Fig. 12. Circuit configuration of SST

with the parasitic components.




L b /4 Veom pfel Veom dedel Veom pfe2 Veom_dede2 Veom_pfe3 Veom dcdc3
~A () (T (T () (M ()
S o L L np e L s L B
Coe-ND T Cacde-onD T Cte-onp T~ Ctede-NT- Cpe-ono T Ctede-Giv,
Lype-anp 3 Lacde-onp 3 Lore-onD 3 Lacac-onp 3 Lore-Gnp 3 Ly dc-GNlD)—g
Rg‘c—GND Rdc de-GND Rpfc-GND Ra’c de-GND Rpfc—GND Rdc dc_GNDm
1 — -
= Leo m_sst

Fig. 13. Common-mode equivalent model of SST.

Fig. 14 shows the comparison of the leakage
120

current between the circuit model and the
equivalent model in SST with the switching
frequency of 30 kHz in the PFC part using the <
conventional method. The switching frequency of & o
DC/DC converter is 50 kHz with open-loop control. £
The envelope of the leakage current in the circuit 5 ®
model almost agrees with the equivalent model. §D40
Each model has the spectrum of the maximum value $
103 dBpA at the 2.3 MHz. =2
Fig. 15 shows the comparison of the leakage
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experimental model. The leakage curre.nt has 74.4 Fig. 14. Comparison of the leakage current with
dBuA in 120 kHz-band and 87.6 dBuA in 180 kHz- the circuit model and the equivalent model in SST.

band. Thus, the switching frequency components of
120

PFC is large impact in SST. Moreover, the
simulation model is the appropriate model because
of almost the agreement with the experimental <
result.
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Experimental results @

Experimental result with the conventional
method
Table I shows the experimental parameters.
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The input voltage is 200 V, the rated power is 1.0
kW, and the number of cells is three. Moreover, the
prototype is operated with the conventional control
block diagram, as shown in Fig. 3, and the proposed
control, as shown in Fig. 5.

Fig. 16 shows the operation waveforms of the

0.1

1
Frequency[ MHz]

1

Fig. 15. Comparison of the leakage current
with simulation and experiment in SST.

Table I. Experimental parameters.

conventional method. Fig. 16(a) shows that the

input current THD is 3.18%, and the input power

factor is 0.99. Fig. 16(b) shows that each cell is

driven by PWM against grid voltage.

Experimental result with the proposed

modulation

Fig. 17 shows the operation waveforms of the

proposed method. In the proposed method, the

switching frequency of the PFC circuits is 30 kHz.

Fig. 17(a) shows that the input current THD is

2.91%, and the input power factor is 0.99. In

Input voltage Vi 200 Vs
Rated output power Pout 1.0 kW
Rated output voltage Vout 50V
Switching Device SCT2080KE
Grid Fregency Js 50 Hz
Primary side capacitor C 1500 pF
Resonant capacitor C, 204 nF
Leakage inductor L. 50 uH
Secondary side capacitor C, 3600 pF
Trans turns ration N:N, 1:1
Number of cells m 3
Switching frequency of PFC | £ i 30kHz
Switching frequency of LLC | £, 4. 50 kHz
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Fig. 16. Operation waveform with the conventional method.
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Fig. 17. Operation waveform with the proposed method.
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with the conventional or the proposed method.

addition, Fig. 17(b) shows the output voltage of the square-wave cells in double of the grid frequency.
The PWM cell compensates the harmonic components of the square-wave cell.
Comparison of the conducted emission with the conventional and the proposed method.
Fig. 18 shows the analysis of the conducted emission with the conventional and the proposed
method. The proposed method reduces the carrier frequency component produced by PWM. Moreover,
the attenuation of almost 11dB and 7dB in 200 kHz-band and 1.2 MHz-band are achieved, respectively.
Fig. 19 shows the comparison of the frequency spectrum with applying PWM to PFC of each cell
using the proposed method. Focusing on the frequency spectrum of Celll and Cell3, the attenuation of
almost 13 dB and 7 dB in 200 kHz-band and 2 MHz-band are achieved, respectively. Thus, the proposed
method is effective in order to reduce the conducted emission by applying PWM to the lower cell.
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Conclusion

This paper had proposed a novel modulation method in order to reduce the common-mode noise in
SST based on the ISOP connection. In the proposed method, one of the cells is driven by PWM in order
to compensate for the harmonic component. This paper showed the reduction of the common-mode
voltage with the proposed method at the switching frequency. The principle of the proposed method was
shown by the equivalent circuit of SST. As the experimental result, the conducted emission was reduced
by 11 dB at 200 kHz-band, 7 dB at 1 MHz-band with the proposed method. Moreover, the proposed
method is effective in order to reduce the conducted emission by applying PWM to the lower cell.
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