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Abstract—This paper proposes an isolated universal-link ac–ac
power converter suitable for grid connection. The proposed power
converter can have multiple ports to connect various loads or
electric energy sources, and the configuration can be arranged
according to the situation. The proposed power converter does
not need to employ the large interface inductor at input side and
the huge electrolytic capacitor at dc link. Moreover, it utilizes
high-frequency transformers for the galvanic isolation instead of
bulky line-frequency transformers. These characteristics of the
proposed power converter result in the reduction of the system
volume and weight remarkably. The proposed power converter is
the modular structure, and an H-bridge works as a basic module
of the converter. By stacking the modules, the power converter
can be adapted to the high-voltage grid and the various types
of loads and/or sources. This paper addresses the structure of
the proposed power converter and the fundamental principle of
power flow. The operation of the proposed converter is verified
by both computer simulations and experimental results with a
laboratory-level prototype system.

Index Terms—AC–AC power converter, bidirectional power
flow, grid connection, HF transformers, renewable energy source.

I. INTRODUCTION

R ENEWABLE energy has been appreciated as alternative
resources for electric power generation. As fossil fuel

prices soar and environmental issues are concerned, the installa-
tions of renewable energy have continued growing dramatically
around the world. Also, the advances in technologies have led
the power capacity of the renewable energy system to grow [1]–
[4]. However, it can be a problem to integrate the renewable
energy sources to the conventional grid in terms of the grid
stability, voltage regulation, and power quality issues. Renew-
able energies inherently have uncertainty in their nature. For
example, the output power, voltage, and frequency of the wind
turbine depend on the speed of wind, which fluctuate over time
and cannot be forecasted accurately. Therefore, the renewable
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energy sources cannot be connected to the grid directly. In
order to interface the renewable energy sources to the grid, a
suitable power converter is required. The requirements for the
grid-connected power converter can be listed as follows:

1) galvanic isolation between the grid and the energy
sources for protection and safety;

2) preferring bidirectional power flow capability;
3) control of reactive power transfer between the grid and

the energy sources;
4) high quality of the injected power into the grid;
5) variable-frequency operation including dc for the renew-

able energy sources.

Many studies have been done about the converter topologies
which fulfill the aforementioned requirements for interfacing
the renewable energy sources to the grid.

The neutral point clamped (NPC) converter [5] and the flying
capacitor converter [8] are well known in this field. These
topologies are able to synthesize higher number of output
voltage levels, which makes it possible to reduce the voltage
and current harmonics applied to the grid. However, the number
of the output voltage level is limited for practical applications
because of the many issues, such as complexity of the structure
and difficulty of the regulation of the dc-link capacitor volt-
ages. Modified or hybrid versions of these topologies, namely,
the three-level active NPC [9] and five-level active NPC [10]
topologies, has been developed to reduce these difficulties.
These topologies are mainly employed as three to five level
converters.

The other classical topology is the cascaded H-bridge
(CHB) converter [11], [12], which is constituted by the series-
connected H-bridge converters. It is suitable for high-voltage
high-power application because of its modular structure. How-
ever, it requires complex phase-shifted input transformer to
supply isolated dc sources. This makes the CHB converter ex-
pensive and bulky, so the CHB topology is seldom employed in
the lower power applications. The modular multilevel converter
(MMC) [13], [14] also has modularity. It consists of series-
connected half-bridge power cells. Like the CHB topology, the
MMC can be easily adopted to the high-voltage system due to
its modularity and scalability.

All the aforementioned converter topologies employ the
heavy line-frequency transformer for galvanic isolation and the
bulky capacitors at the dc link. These large reactive components
increase the system volume and maintenance cost. In particular,
the electrolytic capacitors at dc link deteriorate the reliability of
the system owing to its shorter life expectancy.
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Fig. 1. Basic configuration of the proposed series-connected universal-link converter.

To overcome the issues related to the reactive components
and to connect the power converter to the grid directly, the
multilevel matrix converter has been investigated [15]. It does
not require passive energy storage, such as inductor or capaci-
tors. Accordingly, the volume and the weight of the converter
can be reduced. However, the voltage utilization ratio of the
matrix converter is reduced on the average sense compared
to the other voltage source inverter. Moreover, the large line-
frequency transformer is required for the galvanic isolation.

Some other studies have been performed to utilize a
high-frequency transformer for isolation instead of the line-
frequency transformer [16]–[21]. A dual active bridge (DAB)
converter was introduced at first in [16], and this topology has
been used widely in high-power dc–dc converters owing to
its advantages of high-power density, isolation characteristic,
bidirectional power transfer capability, and modular and simple
structure [17], [18]. The concept of the DAB has extended to
the various applications from the simple dc–dc converters. In
[19], the DAB circuit is suggested as a building block of a
flexible power converter which can be connected to various
energy sources and/or loads. The high-frequency transformer
can reduce the volume of the system considerably. Using this
concept, Watson et al. [21] proposed the universal flexible
power management system. It is capable of interfacing different
grids and various sources/loads. However, this topology still
requires large dc-link capacitors at the grid side for input
current shaping.

This paper proposes SEries-connected Output Universal
Link converter (SEOUL converter) for the connection of grid
to various energy sources and/or loads. The converter is ca-
pable of bidirectional power flow and displacement power
factor (DPF) control. The size of the converter can be reduced
because it does not require any bulky reactive components
such as the electrolytic capacitors and the huge line-frequency
transformers. The grid current waveform is sinusoidal with-
out high-frequency operation of the input-side converter. As
a result of the modular nature of the structure, the modules
can be connected in different configurations to accommodate

Fig. 2. Series connection structure of SEOUL converter.

various sources and loads for increased voltage and power
levels.

This paper is organized as follows. Section II introduces
a basic structure of the proposed converter. The operating
principle is described in Section III. Some simulation results
are presented in Section IV. Section V presents experimental
results with a laboratory prototype to validate the operation
of the proposed converter. Section VI shows the possibility of
the extension of the proposed SEOUL converter. Finally, the
conclusions are noted in Section VII.

II. STRUCTURE OF THE SEOUL CONVERTER

Fig. 1 shows the basic structure of the SEOUL converter. It
has one grid-connected input port and one three-phase output
port. Each input/output port consists of H-bridge module, and
the modules are connected in Y-connection to the grid and
the source/load, respectively. The circuit in Fig. 1 is named
as a stage. Each module of the same phase in a stage can
be connected in series to accommodate higher input or output
voltage as shown in Fig. 2. The number of stage is determined
depending on the dc-link voltage level of one H-bridge module
and input ac voltage level.

The H-bridges configuring the proposed converter are clas-
sified into four types according to their operations, namely,
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low-frequency bidirectional rectifier, sine-modulated full-
bridge inverter, high-frequency bidirectional rectifier, and out-
put full-bridge inverter.

The low-frequency bidirectional rectifier is configured sim-
ilar to the electrolytic capacitor-less inverter [22], [23]. It acts
as a bidirectional ac–dc interface without any energy storage
components at the dc link except small snubber capacitors to
decouple the stray inductances of the dc link and semiconductor
itself. Using only small capacitors at the dc link, the input
currents can be kept as sinusoidal one naturally in contrast to
current shaping through high-frequency switching of conven-
tional pulsewidth modulation (PWM) boost converter.

The filter capacitors in the grid side help distribute the phase
voltage evenly across the stages, if the multiple stages are
connected in series. The capacitors also function as input filter
along with filter inductance to suppress the high-frequency
current ripples coming from the sine-modulated full-bridge in-
verter. The switches of the low-frequency bidirectional rectifier
are switched synchronously with the line frequency; hence,
their switching frequency is the same to the line frequency, and
the switching loss of the low-frequency bidirectional rectifier is
negligible.

The sine-modulated full-bridge inverter and the high-
frequency bidirectional rectifier are connected to the high-
frequency multiwinding transformer. They perform isolated
bidirectional power conversion analogous to the DAB converter
[16]. The galvanic isolation between the input and output
ports is achieved with the high-frequency transformers. The
switching frequency of H-bridges in this part can be set up to
10 kHz considering the capacity of the existing switching
devices. Therefore, the size of the transformer used in this con-
verter is much smaller than that of conventional line-frequency
transformers used in other topologies.

The transformer has one winding on the primary side and
multiwindings on the secondary side. The number of windings
on the secondary side is determined by the number of phases
of the output side. The secondary windings of the transformer
are connected in series, which makes the voltage applied to the
high-frequency bidirectional rectifier the sum of the primary-
side voltages. With this circuit structure and the appropriate
voltage synthesis, the power transferred through one trans-
former can be constant under the assumption of the balanced
load. The dc outputs of the high-frequency bidirectional recti-
fier provide isolated dc voltage sources. Using them, the output
full-bridge inverter is operated as a single cell of a CHB con-
verter. Each H-bridge controls its output voltage independently.

The SEOUL converter can be adopted for high-voltage ap-
plication. The converter can be stacked over stages due to
the modular nature of the structure as shown in Fig. 2. The
converter can link various systems to the high-voltage grid in
this way.

III. OPERATING PRINCIPLE

The SEOUL converter has a sinusoidal form of the input
current without using the PWM boost converter. In this section,
it is described how the input current is kept as sinusoidal
without high-frequency switching.

Fig. 3. Voltage waveforms of the input side.

A. Input-Side Voltage Modulation

In Fig. 3, the voltage waveforms of the input side of converter
are shown conceptually. The input phase voltage has sinusoidal
form, which is rectified by the low-frequency bidirectional
rectifier. Hence, the dc-link voltage shapes as the absolute value
of the sinusoidal waveform. Then, the sine-modulated full-
bridge inverter chopped the dc-link voltage according to the
output voltage reference. The details are described as follows.

First, the input phase voltage can be defined as follows:

vph_a =V sin(ω t)

vph_b =V sin
(
ωt− 2

3
π

)

vph_c =V sin
(
ωt+

2
3
π

)
(1)

where V is the magnitude of the phase voltage and ω is the
angular frequency of the grid.

Each switch of the low-frequency bidirectional rectifier turns
on when its antiparallel diode turns on. Then, the dc-link
voltages of the input side become absolute value of input phase
voltage because there are virtually no reactive components in
the dc link. These voltages can be derived as follows:

vdc_a =V |sin(ω t)|
vdc_b =V

∣∣∣∣sin
(
ωt− 2

3
π

)∣∣∣∣
vdc_c =V
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(
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2
3
π

)∣∣∣∣ . (2)

With the variable dc-link voltages, the sine-modulated full-
bridge inverters synthesize their output voltages as follows:

vac_a =mV |sin(ωt)| sign (sin(ωt))
× sin(ωt− ϕ)square(t)

vac_b =mV

∣∣∣∣sin
(
ωt− 2

3
π

)∣∣∣∣ sign
(

sin
(
ωt− 2

3
π

))

× sin
(
ωt− 2

3
π − ϕ

)
square(t)

vac_c =mV

∣∣∣∣sin
(
ωt+

2
3
π

)∣∣∣∣ sign
(

sin
(
ωt+

2
3
π

))

× sin
(
ωt+

2
3
π − ϕ

)
square(t) (3)

where m is the modulation index (0 ≤ m ≤ 1), square(t) is
the modulation function alternating between −1 and 1 with
the switching frequency of the PWM, sign(x) is 1 when x is
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Fig. 4. Output voltage formation of the sine-modulated full-bridge inverters.

positive and −1 when x is negative, and ϕ is the desired DPF
angle defined as the angle between the input phase voltage and
current.

The voltage synthesis of the sine-modulated full-bridge in-
verter enables the input grid current of the SEOUL converter
to be sinusoidal without any high-frequency switching of the
low-frequency bidirectional rectifier. The output voltages of
sine-modulated full-bridge inverter are applied to the primary
side of the transformers, and the voltages applied to the high-
frequency bidirectional rectifier are the sum of output voltages
of the sine-modulated full-bridge inverters since the windings
on secondary side of the transformer are connected in series.
Assuming that the output voltages of the sine-modulated full-
bridge inverters are balanced, the voltages applied to the high-
frequency bidirectional rectifiers can be derived as follows:

vsyn =n(vac_a + vac_b + vac_c)

=
3
2
mnV cos(ϕ)square(t) (4)

where n is the turn ratio of the transformer. The turn ratio of
primary and secondary sides can be set arbitrarily as 1 : n. As
shown in (4), the effective voltage transferring to the secondary
side is constant on the average sense because the nonconstant
and time-varying components except “square(t)” are cancelled
out due to the balanced input phase voltage.

Fig. 4 shows the synthesized output voltages of (3) and (4)
at a certain switching period. The magnitudes of the output
voltages are determined by each dc-link voltage, and the output
duty ratios are set by PWM to match the reference (3). The
summed voltage vsyn forms a staircase wave and varies accord-
ing to the dc-link voltages at each switching instant. However,
its average value is constant over the switching period.

B. High-Frequency Power Transfer

When the output-side dc-link voltage of the high-frequency
bidirectional rectifier is constant, the power transferring

through the high-frequency multiwinding transformer can be
achieved in similar manner of the DAB converter [16]. It
can be explained with an equivalent circuit, shown in Fig. 5.
The equivalent circuit includes three-phase sine-modulated full-
bridge inverters and three high-frequency transformers with one
output winding and one high-frequency bidirectional rectifier.
This equivalent circuit can be modeled from the point of view
of the output side of the transformer. In the circuit, “vsyn”
is the sum of the output voltages of the sine-modulated full-
bridge inverter, considering transformer turn ratio, and “vrec” is
the output voltage of the high-frequency bidirectional rectifier.
It has a form of bipolar square wave phase shifted from the
function “square(t)” of the sine-modulated full-bridge inverter
by angle φ. “X” means the sum of leakage inductances of
the three transformers. The approximate power transferring via
the transformer in the switching frequency can be given as
follows:

P =
Vs1Vr1

2X
sinφ (5)

where Vs1 and Vr1 are the magnitudes of the fundamental
frequency components, which are the switching frequencies of
the sine-modulated full-bridge inverter, of the vsyn and vrec,
respectively. The angle φ is the phase-shift angle between the
two voltage sources. In the proposed scheme, Vs1 and Vr1

are set by the voltage level of dc links and the modulation
index of the vsyn, and the transferring power is controlled by
adjusting the phase shift angle φ. Then, the output-side dc-
link voltage can be controlled by transferring power control.
Since the high-frequency power transfer part of the SEOUL
converter is analogous to the DAB converter, it is expected
that a soft switching would be achieved. However, due to the
different winding connection and the voltage modulation, the
soft-switching condition is relatively complex than that of the
DAB converter. A detailed analysis of soft-switching condition
would be a future work. An analysis for the multiport dc–dc
converter [14] would be a good reference.

C. Output Side Control

The output full-bridge inverters share the dc link with the
high-frequency bidirectional rectifiers, and they synthesize each
single-phase ac output voltage. Assuming that the ac load is
balanced, the output phase voltage synthesized by the inverters
and current to each output full-bridge inverter can be defined as
follows:

vout_a =Vo sin(ωot)

vout_b =Vo sin
(
ωot− 2

3
π

)
(6)

vout_c =Vo sin
(
ωot+

2
3
π

)

iout_a = Io sin(ωot− ψ)

iout_b = Io sin
(
ωot− 2

3
π − ψ

)

iout_c = Io sin
(
ωot+

2
3
π − ψ

)
(7)
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Fig. 5. Equivalent circuit of the high-frequency power transfer part.

where Vo and Io are the magnitudes of the output voltage and
current, and ψ is the phase difference between output voltage
and current. Then, considering the power balance, the output-
side dc-link currents can be derived as follows:

idc_out_a =
VoIo
2Vdco

[cos(ψ) − cos(2ωot+ ψ)]

idc_out_b =
VoIo
2Vdco

[
cos(ψ) − cos

(
2ωot− 2

3
π + ψ

)]

idc_out_c =
VoIo
2Vdco

[
cos(ψ) − cos

(
2ωot+

2
3
π + ψ

)]
(8)

where Vdco is the output-side dc-link voltages. These currents
flow into the secondary side of the transformer. They have
fluctuating component with twice of output frequency because
of single-phase ac output. However, these fluctuating currents
are not transferred to the primary side of the high-frequency
transformer as they are cancelled as a result of the connection
of the secondary windings to each phase. Therefore, the current
flowing into the sine-modulated full-bridge inverters can be
simplified to a form of pure square wave as follows:

iac_a,b,c ≈ Idcsquare(t) (9)

where Idc is constant, and it is deduced as
VoIo cos(ψ)/mV cos(ϕ), considering the power balance
between primary and secondary sides.

Considering the modulation of the sine-modulated full-
bridge inverters by (3) and the instantaneous power balance,
the dc-link current flowing into the low-frequency bidirectional
rectifiers can be derived as follows:

idc_a =mIdc sin(ωt−ϕ)sign (sin(ωt))

idc_b =mIdc sin
(
ωt− 2

3
π−ϕ

)
sign

(
sin

(
ωt− 2

3
π

))

idc_c =mIdc sin
(
ωt+

2
3
π−ϕ

)
sign

(
sin

(
ωt+

2
3
π

))
. (10)

Then, by the operation of the low-frequency bidirectional
rectifier, the waveform of the input phase current of the con-
verter would be the sinusoidal one with desired DPF angle ϕ as
shown in

iph_a = I sin(ωt− ϕ)

iph_b = I sin
(
ωt− 2

3
π − ϕ

)

iph_c = I sin
(
ωt+

2
3
π − ϕ

)
, where I = mIdc. (11)

Fig. 6. Simplified single-phase equivalent circuit of the proposed converter
from the point of view of the grid.

Equation (11) only presents the fundamental frequency com-
ponent of the input phase current of the low-frequency bidi-
rectional rectifier. However, there also exist high-frequency
components in the input phase current. The high-frequency
switching operation of the proposed converter causes the
switching current, and most of it is transferred to the phase input
grid current because the proposed converter has only small
snubber capacitors on its dc links. Therefore, a filter is required
to prevent the high-frequency current from being transferred to
the grid.

D. Input Filter Design

The proposed converter employs an input filter which con-
sists ofL−C and a damping resistor. Fig. 6 shows the simplified
single-phase equivalent circuit. In Fig. 6, Es and Ls represent
the phase voltage and the line inductance of the grid. Rf , Lf ,
and Cf are a damping resistor, an input filter inductor, and
a filter capacitor, respectively. Cdc is the input-side dc-link
capacitance. The complete SEOUL converter, connected after
the input filter, can be modeled as a current source iph for the
design of the input filter. The cutoff frequency of the filter is
given in

ωc =
1√
LFC

. (12)

In order to suppress the switching current transferring into
the grid, the cutoff frequency of the filter should be set as a
fraction of the switching frequency of the converter. Lf should
be more than several times of Ls to set the cutoff frequency ac-
curately regardless of the line inductance. The damping resistor
is determined to have the same impedance of Lf to maximize
the damping effect at the cutoff frequency of the filter, as shown
in (13) [23]

Rf = ωcLf . (13)
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The filter capacitors also help distribute the phase voltage
evenly across the stages. When the converter is connected in
series, as shown in Fig. 2, the voltages applied to the filter
capacitors across the stages in the same phase may be different.
Larger filter capacitor helps in balancing the voltage across
each stage. Harmonics or unbalance in the load may lead the
phase voltage to be unbalanced. Then, the balanced power
flow would be deteriorated because the voltage synthesis of
the sine-modulated full-bridge inverter is under the assumption
that the phase voltage of the converter is balanced. Larger
filter capacitor is beneficial for the phase voltage balancing.
However, increasing the filter capacitor leads the filter inductor
to be reduced with a fixed cutoff frequency. The filter parame-
ters Lf and Cf should be chosen properly considering these
issues.

E. Control Strategy

A phase-locked loop (PLL) is used to acquire the phase angle
of the input phase voltage. The voltage modulation of input
side is based on this phase angle. The switching operation of
the low-frequency bidirectional rectifiers is synchronized to the
phase angle. Also, the output pulsewidth of the sine-modulated
full-bridge inverters is decided with the phase angle.

The input power factor of the proposed converter is deter-
mined by the desired DPF angle ϕ in (3). However, the grid
phase current iin is different from the input phase current of the
converter iph because of the input filter. The current flowing
into the capacitor of the input filter in Fig. 6 iC affects the
grid phase current. Assuming that the voltage across the filter
inductance is small enough to neglect, the grid phase current
can be derived as follows:

iin = iC + iph = C
d

dt
vph + iph

=
√

(ωCV − I sinϕ)2 + (I cosϕ)2 sin(ωt− δ) (14)

where

δ = tan−1

(
I sinϕ− ωCV

I cosϕ

)

Es ≈ vph = V sin(ωt) iph = I sin(ωt− ϕ).

The phase angle between “iin” and “iph” can be different
according to the size of the filter capacitor and the load current.
The DPF angle at the grid δ can be controlled by adjusting the
desired DPF angle at the sine-modulated full-bridge inverter as
derived in (3).

The output-side dc-link voltage is regulated as constant
with a voltage controller. The dc-link voltage is controlled
by controlling the power flowing through the high-frequency
transformer. The power transferring via the transformer is de-
termined by Vs1, Vr1, and φ, as shown in (5). Among the three
variables, the voltage controller adjusts the phase-shift angle
φ only. Another variable Vs1 is set by the input-side dc-link
voltage level, which depends on the input phase voltage and the
modulation index m which is set as 0.8 in this paper to reduce

Fig. 7. Block diagram of the output-side dc-link voltage controller.

TABLE I
PARAMETERS OF THE SIMULATION

the transferring power fluctuation [24]. The other variable
Vr1 is dependent on the output-side dc-link voltage, which is
constant.

Fig. 7 shows the structure of the output-side dc-link volt-
age controller. A proportional and integral (PI) controller is
employed for each phase separately. A PI controller adjusts
the transferring power command, in accordance with the error
between the reference voltage and the measured voltage. The
power reference is converted to the phase-shift angle using (5).

Another PLL is employed to acquire the output-side phase
angle, and using the output phase angle, a synchronous frame
PI current generates the voltage references of the output
full-bridge inverters. The output full-bridge inverters synthe-
size their output voltage to control the output current with
the phase-shifted carrier PWM like the conventional CHB
converter [12].

IV. SIMULATION RESULTS

Simulations are performed to verify the feasibility of the
proposed scheme in the case of the input ac voltage, which
is 3300 Vrms. The converter is supposed to link an indepen-
dent three-phase voltage source to the grid. Both powering
(the power flows from the grid to the output side) and re-
generating (the power flows from the output side to the grid
side) mode simulations are performed. The converter is rated
at 3300 V, 60 Hz, and 1 MVA with series-connected three
stages. The phase voltage applied to each stage is 898 V,
and each H-bridge is composed of four 1700-V insulated-
gate bipolar transistors (IGBTs). System parameters are given
in Table I.

Fig. 8 shows the output voltage of a sine-modulated full-
bridge inverter applied to the primary side of the transformer,
which is described as (3). According to (3), the pulsewidth is
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Fig. 8. Waveform of the output voltage of the sine-modulated full-bridge
inverter (simulation).

Fig. 9. Waveforms of the voltage and the current applied on the transformers
(simulation). (a) Powering operation. (b) Regenerating operation.

supposed to be proportional to the magnitude of the dc-link
voltage, and that can be verified in Fig. 8.

Fig. 9 shows the voltages applied to the high-frequency
multiwinding transformer and current flowing through it. Both
powering and regenerating operation results are displayed. This
figure supports the power transfer concept shown in Fig. 5.
The phase-shift angle between the voltages applied on primary
and secondary sides of the transformer, namely, “vsyn” and
“vrec,” determines the power flowing from sine-modulated
full-bridge inverters to high-frequency bidirectional rectifiers
through the transformer. The output-side dc-link voltage is
regulated as 898 V, the same level of the input-side dc-link
voltage.

Figs. 10 and 11 show the waveforms of the input phase
voltage and current of the grid and those of the output phase
voltage and current at powering and regenerating operations.
In both cases, the amount of power is 700 kW each. The
input phase current is sinusoidal, and the current at the output
side is also well regulated. The input phase currents are lag-
ging or leading to the phase voltage according to the power
flow direction because of the effect of the input filter, as

described in Section III-E. This can be compensated by the
desired DPF angle control. Fig. 12 shows the results of the
input DPF compensation. The DPF of the grid is controlled
to unity by adjusting ϕ of the sine-modulated full-bridge
inverters.

The simulation results demonstrate a feasibility of SEOUL
converter for interfacing different frequency ac systems with
bidirectional power flow capability at medium-voltage power
transfer.

In Fig. 13, the estimated system efficiency is presented, cal-
culated through the computer simulation. In this paper, the sys-
tem loss is categorized into two parts, the semiconductor loss
and the transformer loss. Any other losses such as capacitor loss
and losses on the stray resistances are neglected. The semicon-
ductor loss is calculated with “thermal module” of PSIM, a cir-
cuit simulation tool. It calculates the conduction and switching
loss of the device considering the applied voltage and current on
the device. The loss information required in the calculation is
referred from the IGBT datasheet (FF300R17KE4 of Infineon).
The transformer loss consists of core loss and the copper loss.
The core loss is calculated by Stienmetz equation [25], and the
copper loss is calculated using the simulation result of the
rms current flowing through the transformer. Parameters of
the transformer model used for the loss calculation are given
in Table II.

The efficiency increases as the power increases. One of
the main reasons of this is the soft-switching characteris-
tic of the high-frequency power transfer part. As mentioned
in Section III-B, the operation of the high-frequency power
transfer is similar to the DAB converter [16]. The soft-
switching characteristic of the SEOUL converter is analogous
to that of the DAB converter too. As the power increases,
which means that the phase-shift angle between the primary
and the secondary side voltages increases, the more num-
ber of switches are able to be operated under zero voltage
switching condition. The overall efficiency would increase as
the power increases since the switching losses of the high-
frequency parts take large portion of the total loss of SEOUL
converter.

V. EXPERIMENTAL RESULTS

This section presents the experimental setup and results to
verify the operation of the proposed converter. The photo-
graph of a prototype SEOUL converter is shown in Fig. 14. It
consists of the input filter, 12 H-bridge modules, and three high-
frequency multiwinding transformers to interface the three-
phase grid input and three-phase output. The parameters of the
prototype are given in Table III. The high-frequency multiwind-
ing transformer is shown in Fig. 15. It uses a nanocrystalline
toroidal core (FT-3KM of Hitachi) for high-power density. It
has one primary winding and three secondary windings. The
turn ratio is set as 3:2. The configuration of the experiment
is shown in Fig. 16. The input port of the converter is linked
to line-to-line 220-Vrms 60-Hz grid, and the output port is
connected to the grid via a line-frequency transformer. The
power is circulated through the converter and the line-frequency
transformer.
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Fig. 10. Waveforms of the input and output phase voltages and currents at the powering operation (simulation). (a) Input phase voltage and current. (b) Output
phase voltage and current.

Fig. 11. Waveforms of the input and output phase voltages and currents at the regenerating operation (simulation). (a) Input phase voltage and current. (b) Output
phase voltage and current.

Fig. 12. Waveforms of the input phase voltages and currents with the input DPF control (simulation). (a) Powering operation. (b) Regenerating operation.

Fig. 13. Estimated overall system efficiency.

The secondary-side dc-link voltage is regulated as 180 V,
same with the peak value of the primary-side dc-link
voltage. In order to evaluate the bidirectional power ca-
pability, both powering and regenerating operations are
performed.

TABLE II
PARAMETERS OF THE HIGH-FREQUENCY MULTIWINDING

TRANSFORMER IN THE SIMULATION

The waveforms of the primary-side dc-link voltage and the
output of the sine-modulated full-bridge inverter are shown
in Fig. 17. The dc-link voltage is the absolute value of sine
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Fig. 14. Photograph of a prototype SEOUL converter.

TABLE III
PARAMETERS OF THE EXPERIMENT

Fig. 15. Photograph of the high-frequency multiwinding transformer.

Fig. 16. Experimental configuration.

wave since the low-frequency bidirectional rectifier switches
its conduction states according to the sign of the input phase
voltage. Using dc-link voltage, the sine-modulated full-bridge
inverter synthesizes its output voltage to meet the reference, as
presented in (3). The magnified view in time scale clarifies that
the pulsewidth varies proportionally to the magnitude of dc-link
voltage.

The voltage and current waveforms applied on the high-
frequency transformer at the powering and the regenerating
operations are shown in Fig. 18(a) and (b), respectively. The
primary transformer voltage imposed by each phase is a quasi-
square wave. However, multilevel voltages actually observed as
the quasi-square wave produced by each primary side cell are
summed on the secondary side of the transformer. Therefore,
the fundamental component of the effective voltage applied
to the secondary side of the transformer is constant on the
average sense for a switching period. As shown in (5), the
power transfer via the transformer is performed by controlling
the phase-shift angle φ. It can be seen that the phase-shift
angle is changed in accordance with the direction of the power
transfer.

The waveforms of the input and output phase voltages and
currents on the powering and the regenerating operations are
shown in Fig. 19(a) and (b), respectively. The amount of
flowing power is 5.4 kW in both operations. The output current
is controlled to be unity power factor by the output full-bridge
inverters.

In Fig. 20, the desired DPF angle ϕ is set as null; hence,
there are phase differences between the input phase voltage and
the current due to the effect of the input filter. Fig. 18 shows
the results of the DPF compensation. The desired DPF angle is
adjusted to make the DPF of the grid be unity.

VI. EXPANDABILITY OF THE CONVERTER

One of the attractive features of the SEOUL converter is
the expandability. Owing to its modular structure, the output
port can be extended by changing the winding arrangement
of the transformers and adding the H-bridges. For example, in
order to link two separate three-phase systems to the grid, each
transformer would have six secondary windings. Each winding
is connected to the one phase of high-frequency bidirectional
rectifier. They compose two separate three-phase output sides,
which can be connected to a three-phase load or energy source
individually. The dc-link voltages at the H-bridges of each
output side can be set separately by modifying the turn ratio.
In addition, dc loads or sources can be attached in similar
manner. Fig. 21 shows an example of this expandability. One
three-phase load and a dc load are attached to the output side.
The transformer has four isolated secondary windings, and
every single phase of H-bridge is connected to the separated
secondary winding of the transformer.

VII. CONCLUSION

This paper has proposed the SEOUL converter as a power
converter topology. The SEOUL converter may have multi-
outputs supporting several bidirectional power flow sources
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Fig. 17. Experimental waveforms of the output voltage of the sine-modulated full-bridge inverter.

Fig. 18. Experimental waveforms of the voltage and the current applied on the transformers. (a) Powering operation. (b) Regenerating operation.

Fig. 19. Experimental waveforms of the input and output phase voltages and currents. (a) Powering operation. (b) Regenerating operation.

Fig. 20. Experimental waveforms of the input and output phase voltages and currents with the DPF control. (a) Powering operation. (b) Regenerating operation.

and loads. Both ac and dc loads and/or energy sources, such
as a wind generator and fuel cells, can be linked simultane-
ously. The proposed converter is suitable for grid connection
incorporating many renewable sources and energy storage sys-
tem because of its flexibility. Also, the DPF at the grid side
can be controlled. The converter utilizes the high-frequency
transformer as the galvanic isolation instead of the heavy line-
frequency transformer, which contributes to the reduction of

the volume and the weight of the converter. The converter
consists of H-bridge modules, and it is expected that the
proposed power converter can be connected to medium volt-
age by stacking the H-bridge module in series. Additionally,
by simple rearranging of transformers and H-bridges, output
ports can be extended. With this feature, the SEOUL con-
verter can be used as a building block for universal link of
the renewable energy sources to the conventional grid. Some
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Fig. 21. Example of extended structure of SEOUL converter for a three-phase load and one dc load.

simulation and experimental results prove the validity of the
control concept and the feasibility of the proposed SEOUL
converter.
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