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A Modulation Method to Realize Sinusoidal Line
Current for Bidirectional Isolated Three-Phase

AC/DC Dual-Active-Bridge Converter
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Abstract—A high-frequency link three-phase ac/dc converter
based on matrix converter is widely studied because of its small
size of passive components, and some modulation methods have
been proposed. However, these methods have not achieved zero-
voltage-switching (ZVS) and sinusoidal line currents under bidi-
rectional operation with PQ control. This article presents a new
modulation method to realize ZVS and sinusoidal line currents
under bidirectional operation by accurate control parameters (duty
cycle and phase shift) for high-frequency link bidirectional three-
phase ac/dc dual-active-bridge (DAB) converter. The converter
can realize ZVS by phase-shift-modulation similarly to the dc/dc
DAB converter. The line currents have nonlinear characteristics to
phase shift and duty cycle. Therefore, the proposed method uses a
nonlinear mathematical model to determine the accurate duty cycle
and phase shift in order to realize sinusoidal line currents. The
accurate duty cycle and phase shift are determined by real-time
numerical calculation. Experimental results employing a 1-kW
laboratory prototype verify the capability to control active and
reactive power with sinusoidal line current. It is confirmed that
the proposed method can realize the sinusoidal line current with
total harmonic distortion of less than 4% under the bidirectional
operating condition at the rated power.

Index Terms—AC–AC converters, ac–dc power converters,
battery chargers, dc–ac power converters, matrix converters.

I. INTRODUCTION

R ECENTLY, a lot of renewable energy systems, such as
wind power generation and photovoltaic system, have

been introduced for solving environmental issues. Because those
systems have large fluctuation of the power generation, it may
affect stability of the power grid. The battery energy storage

Manuscript received February 3, 2020; revised July 21, 2020; accepted
September 9, 2020. Date of publication September 25, 2020; date of current
version January 22, 2021. This paper was presented in part at the 2018 Interna-
tional Power Electronics Conference, Toki Messe, Niigata, Japan, May 23, 2018.
Recommended for publication by Associate Editor J. Clare. (Corresponding
author: Koji Shigeuchi.)

Koji Shigeuchi and Yukihiko Sato are with the Faculty of Engineering,
Chiba University, Chiba 263-8522, Japan (e-mail: kshigeuchi125@gmail.com;
ysato@faculty.chiba-u.jp).

Jin Xu and Noboru Shimosato are with the Myway Plus Corpora-
tion, Yokohama 220-0022, Japan (e-mail: jin_xu@myway.co.jp; shimosato@
myway.co.jp).

Color versions of one or more of the figures in this article are available online
at https://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPEL.2020.3026977

Fig. 1. Basic topologies of high-frequency link isolated three-phase ac/dc
converter based on matrix converter. (a) Buck type. (b) Boost type. (c) Dual-
active-bridge type.

systems are studied as a method to solve this problem [1]. For
connection of the battery energy storage systems to the power
grid, a bidirectional isolated ac/dc converter, which realizes
high efficiency, small size, low cost and good power quality,
is needed [2]. A high-frequency link ac/dc converter has been
widely studied because of the small size of transformer. A
typical-type high-frequency link ac/dc converter is configured
by a non-isolated ac/dc converter and a high-frequency isolated
dc/dc converter [3]–[5]. However, such converters require a dc
link electrolytic capacitor that has problems of large size and
short lifetime. To overcome these problems, several types of
ac/dc converters applying matrix converter (MC) have been
proposed [6]–[23]. Since those converters do not have a dc
link, the electrolytic capacitors are not necessary. Therefore, a
small-size and long-lifetime system can be realized.

Buck type [6]–[8], boost type [9]–[11] and dual-active-bridge
(DAB) type [12]–[23] ac/dc converters based on matrix con-
verter have been proposed. Fig. 1 shows the basic topologies of
each type. The buck type and boost type topologies are based
on current source pulsewidth modulation (PWM) rectifier and
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voltage source PWM inverter (INV), respectively. The buck type
can realize zero voltage switching (ZVS) in ac to dc conversion
and the boost type can realize ZVS in dc to ac conversion by
using a leakage inductance of the high-frequency transformer
[10], [11]. However, in the case of reverse direction conversion,
ZVS in all the power switches cannot be realized. In addition,
voltage spike occurs by the leakage inductance. Therefore, those
two types are considered unsuitable for bidirectional operation.

In the DAB-type topology, both of the MC and voltage source
INV on the secondary side generate high frequency link voltage
at the same time. This operation is based on a principle of dc/dc
DAB converter [24], [25]. The dc/dc DAB converter is actively
investigated because the converter can realize ZVS in all power
switches under bidirectional operation. For the same reason, it
is expected that the DAB-type ac/dc converter is suitable for
bidirectional operation [12].

Several modulation methods for three-phase ac/dc DAB con-
verter have been proposed. However, those methods still have
some problems. In [13], a modulation method to realize bidi-
rectional active power flow control with sinusoidal line cur-
rent under zero current switching (ZCS) has been proposed.
However, the power factor of the high-frequency link is very
low, and conduction losses are nearly twice as large as typical
high-frequency link ac/dc converter (voltage source INV and
DAB system) [14]. In [15] and [16], a modulation method has
been proposed, and active power control under ZVS is achieved.
This modulation method uses square-wave approximation to
obtain duty cycle with reduced calculation burden. However,
this approximation method increases the line current distortion
and it has reported that the total harmonic distortion (THD) of
line current is higher than 10% under all conditions. In [17], an
improved technique of the method [15] has been proposed. The
compensated trapezoidal approximation has been introduced to
determine the control parameters that realize sinusoidal line
currents. In addition, power factor correction (PFC) technique
has been proposed, and unity power factor has been achieved.
However, the line current THD is not low enough due to the
limited effect of the compensation. In [18], in order to calculate
accurate control parameters, a modulation method that uses the
ripple cancellation of the active current during one switching
period has been proposed. However, a higher number of switch-
ing is required to realize the ripple cancellation. In addition, this
method cannot realize ZVS. Thus, the switching losses may in-
crease significantly. In [19]–[21], the methods using space vector
modulation have been proposed. They use two adjacent switch-
ing periods as one control period to calculate the accurate control
parameter easily because the first and second half period control
the line current of each input phases independently. In [21],
the active power and reactive power flow control are realized,
and [22] has proposed a control method to improve the control
performance. However, in these space vector-based modulation
methods, ZVS in all power switches is not achieved because of
the constraint of current at the instants of switching. Moreover,
the current of the high-frequency transformer becomes larger
than the ordinal method ([15]–[18]), resulting in larger conduc-
tion loss. In [23], ZVS/ZCS modulation method achieving sinu-
soidal line currents has been proposed. This method uses four

of the control parameters that are obtained by offline numerical
optimization and three-dimensional lookup-table (LUT) and tri-
linear interpolation. It is reported that the sampling point is 30 per
dimension, resulting a total of 27 000 entries corresponding to
the four control parameter. High-efficiency and low line current
THD are reported. However, bidirectional operation has not been
validated with this method. Moreover, reactive power control has
not been realized. To include reactive power control, the LUT
must have four dimensions, and the total operating points for the
control parameter storage may increase dramatically to 30 × 30
× 30× 30 and the interpolation may require a heavy calculation.

This article proposes a new modulation method based on
PWM and phase-shift-modulation (PSM) for bidirectional iso-
lated three-phase ac/dc DAB converter. This method realizes
bidirectional active and reactive power flow control with sinu-
soidal line current waveform. The line currents have nonlinear
characteristics to the control variables (duty cycle and phase
shift). To overcome this problem, the proposed method obtains
the accurate duty cycle and phase shift that achieve sinusoidal
line current waveform by using nonlinear system mathematical
models and real-time numerical calculation. In addition, ZVS in
all the power switches can be realized.

The fundamentals of the proposed modulation have been
reported in a previous conference paper [26]. This article is
reconfigured comprehensively by adding the several important
contents, such as the harmonic analysis of the line current, the
validation of the dynamic performance with PQ control, the
comparison with the existing methods, and the detailed analisis
of the system loss.

The rest of this article is organized as follows. Section II
presents the outline of the modulation strategy to realize active
and reactive power control with sinusoidal line current wave-
forms. Section III introduces the details of the system mathe-
matical models and explains the numerical calculation method
to obtain the accurate duty cycle and phase shift. Section IV
presents the simulation results for validating dynamic perfor-
mance, efficiency, and line current THD. Finally, to demonstrate
the validity of the proposed modulation method, experimental
results employing a laboratory 1-kW prototype are presented
and discussed in Section V.

II. MODULATION METHOD

A. Circuit Configuration

Fig. 2 shows a circuit configuration of a bidirectional ac/dc
DAB converter. The primary side is composed of a three-phase
to single-phase MC, an input LC filter, and a clamp circuit. The
secondary side consists of a full-bridge INV. A high-frequency
transformer is connected with an external inductor L in series.
The MC input currents iu, iv, and iw have a lot of harmonics of
the switching frequency. Therefore, input LC filter is inserted
between the ac input and MC to attenuate these harmonics.
The basic operation of MC is summarized as follows. The MC
connects any two of the input phases of U, V, and W to the output
terminals P and N. For example, when U and W are connected to
P and N, respectively, then the MC output voltage vMC equals to
eu−ew. Here, eu, ev, ew are the input phase voltages having by
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Fig. 2. Bidirectional isolated three-phase ac/dc DAB converter based on
matrix converter.

Fig. 3. Equivalent circuit of high-frequency link.

commercial line angular frequency ω and line voltage E given
by the following equations:⎡

⎣ eu
ev
ew

⎤
⎦ =

√
2

3
E

⎡
⎣ cos (ωt)
cos (ωt− 2π/3)
cos (ωt− 4π/3)

⎤
⎦ . (1)

At the same time, the transformer current iL flows through U
and W phases, and input currents iu and iw satisfy iu = iL and
iw = −iL, respectively. In this case, since V phase is not con-
nected to any terminal, V phase input current iv equals to 0.

B. Proposed Modulation Strategy

This section presents the proposed modulation strategy to
realize active and reactive power control with sinusoidal line
current waveforms. Fig. 3 shows the equivalent circuit of the
high-frequency link part. The difference between the MC output
voltage vMC and the INV output voltage nvINV is applied to
the inductor L. Here, nvINV is referred to the primary side, and
n is turns ratio of the high-frequency transformer. In addition,
the magnetization current of the transformer is assumed to be
negligible.

In the following explanation, the input phase voltages eu, ev,
ew are assumed to have a relationship as eu > ev > ew. If both
the MC and INV generate square wave voltages with a phase
shift, the average input power P is obtained as follows:

P =
eMnVdc

2fL

δ

π

(
1− δ

π

)
. (2)

Here, δ is phase shift between vMC and vINV, and the voltage
eM is the amplitude of the MC output voltage vMC that equals to
eM = eu−ew, and Vdc is the amplitude of the INV output voltage
vINV. Equation (2) shows that the active power P is controllable
by adjusting phase shift δ. However, if the MC generates the

square wave voltage eM, V phase is not connected to the output
terminals of the MC. In this case, the sinusoidal line current
waveform cannot be achieved because the current does not flow
through V phase. To overcome this problem, PWM is applied to
the MC. Fig. 4 shows the outline of the modulation waveforms
based on PWM and PSM. In Fig. 4, the waveforms of the MC
and INV output voltages vMC and vINV, the high-frequency
transformer current iL, and the MC input currents iu, iv, iw are
shown. The MC generates eM and em ( = ev−ew or eu−ev).
Here, dm is defined as the duty cycle when the MC outputs
±em in one switching period. When the MC generates em, the
transformer current iL flows through V phase, and the V phase
input current iv equals to iL or −iL. Therefore, the average MC
input current of V phase iv is controllable by adjusting the duty
cycle dm. In addition, when the input power P and V phase input
current iv are controlled, the MC input currents of U phase and
W phase are indirectly determined because the relationship of
the following equations exists:{

P = iueu + ivev + iwew
0 = iu + iv + iw

(3)

In this way, the waveforms of line currents ieu, iev, iew can
become sinusoidal by controlling P and iv to appropriate values
because ieu, iev, iew are almost equal to the MC average input
currents iu, iv, iw. The reference values of the line currents i∗eu,
i∗ev, and i∗ew are determined by given values of an input power
reference P∗ and a power factor angle reference α∗ as follows:⎡
⎣ i∗eu
i∗ev
i∗ew

⎤
⎦ =

√
2

3

P ∗

Ecos (α∗)

⎡
⎣ cos (ωt− α∗)
cos (ωt− 2π/3− α∗)
cos (ωt− 4π/3− α∗)

⎤
⎦ . (4)

Since α∗ has relationship to reactive power reference Q∗

as following equation, it can be also possible to determine
i∗eu, i

∗
ev, i

∗
ew by given P∗ and Q∗:

Q∗ = −P ∗ tanα∗. (5)

In conclusion, the outline of the proposed modulation method
is described as follows.

1) Obtain V phase input current reference i∗ev from input
power reference P ∗ and power factor angle reference
α∗(or input reactive power reference Q∗).

2) Calculate the duty cycle dm and phase shift δ from
the system mathematical model. In other words, solve
P (δ, dm) = P ∗ and iv(δ, dm) = i∗ev.

3) The MC generates PWM waveform modulated with the
duty cycle dm, and the INV generates square waveform
modulated with the phase shift δ.

Although the modulation strategy is described under eu >
ev > ew conditions in this section, the modulation strategy can
be extended to other cases by considering symmetry of three
phases. Fig. 5 shows the detail of the amplitudes of the MC
output voltages eM and em for each phase.

C. Mathematical Model

To determine the accurate duty cycledm and phase shift δ from
P (δ, dm) = P ∗ and iv(δ, dm) = i∗ev, it is necessary to obtain
mathematical models of the input power P (δ, dm) and V phase
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Fig. 4. Proposed modulation waveforms (eu > ev > ew). There are four modes depending on the direction of the power and the sign of the V phase current.
Modulation waveforms under each modes: (a) P ∗ > 0, i∗ev > 0; (b) P ∗ > 0, i∗ev < 0; (c) P ∗ < 0, i∗ev < 0; (d) P ∗ < 0, i∗ev > 0.

Fig. 5. Detail of the amplitudes of the MC output voltages eM and em at each
phase. eM equals the maximum value of input three phase line-to-line voltages.
em contains the component of the middle voltage of three phase voltages, and
has two modes depending on the sign of P∗emidimid

∗. In mode1, the directions
of the input power derived from the middle voltage phase (emidimid

∗) is equal
to the input power (P∗), and the power is transferred in the opposite direction in
mode 2. When the phase shift angle reference α∗ = 0, only mode 1 occurs.

average input current iv(δ, dm). First, the model of the input
power P (δ, dm) is obtained from the system equivalent circuit,
as shown in Fig. 3, as follows:

P =
eMnVdc

2fL

δ

π

(
1− δ

π

)

+
(eM − em) nVdc

4fL
dm

(
1− 2

δ

π
− dm

)
. (6)

In the case that the MC generates square wave, the input power
P (δ, dm) is given by (2). Equation (6) has an extra second term
compared to (2). This term corresponds to the effect of PWM.
Then, the model of the V phase average input current iv(δ, dm)
is obtained from the V phase input current iv with the duty cycle
dm (see Fig. 4), as follows:

∣∣iv∣∣ = f

{∫ 1
2f

1−dm
2f

iL (t) dt−
∫ 1

f

2−dm
2f

iL (t) dt

}
. (7)

The following equation is derived by substituting the trans-
former current iL to (7). Here, iL is calculated based on the
equivalent circuit (see Fig. 3) and the waveforms of vMC and
vINV, as illustrated in Fig. 4

∣∣iv∣∣ = nVdc

2fL

δ

π
dm +

eM − nVdc

4fL
dm (1− dm) . (8)

Equations (6) and (8) describe the system mathematical mod-
els and they have nonlinear characteristics. Finally, the duty
cycle dm and phase shift δ are determined by solving equations
P∗ = P and i∗ev = iv obtained by (6) and (8). The equations are
expressed as follows:

P ∗ =
eMnVdc

2fL

δ

π

(
1− δ

π

)

+
(eM − em) nVdc

4fL
dm

(
1− 2

δ

π
− dm

)
(9)

|i∗ev| =
nVdc

2fL

δ

π
dm +

eM − nVdc

4fL
dm (1− dm) . (10)
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Fig. 6. Commutation to high voltage from low voltage phase of the line under ZVS and hard switching conditions. (a) Hard switching condition. (b) ZVS
condition.

D. Zero Voltage Switching

The ac/dc DAB converter can realize ZVS in all the power
switches as same as dc/dc DAB converters [15], [25]. ZVS is
achieved by turning on a switch when the voltage across the
power switch is clamped to zero by conduction of its antiparallel
diode. When turning OFF the switch, since the snubber capacitor
connected to the power switches suppresses the rising of the
voltage, the switching loss is reduced. The ZVS conditions are
determined by the direction of iL. Fig. 6 shows commutations
from low voltage phase to high voltage phase under ZVS and
hard switching conditions. The waveforms with proposed mod-
ulation shown in Fig. 4 meet the ZVS condition in all switching
cases. Therefore, the proposed method can realize ZVS in all
the power switches.

In the case that the snubber capacitors are not connected,
turn-ON losses do not occur but turn-OFF losses occur. However,
the total of the switching losses can be reduced because the
turn-OFF losses are smaller than the turn-on losses in general. The
operating range in which ZVS can be realized is limited actually
by power and the voltage ratio between the input and output. In
addition, the magnetizing current of the high-frequency trans-
former expands the ZVS range. These characteristics are the
same as the ordinal dc/dc DAB converter.

III. CALCULATION OF DUTY CYCLE AND PHASE SHIFT

A. Numerical Calculation

This subsection presents the solving method for the (9) and
(10). It is difficult to solve these equations analytically, because
these are nonlinear simultaneous equations. Therefore, to solve
the equations, the real-time numerical calculation is introduced.
The bisection numerical calculation method is applied due to
its high reliability. Bisection method can certainly solve one-
variable equation when the two initial values are set suitably
based on the outline of the equation. The solving method is
summarized as follows.

1) Drop out duty cycle dm from the equations and obtain
one-variable equation P∗ = P(δ).

2) Solve equation P∗ = P(δ) by the bisection method.
3) Determine duty cycle dm from the phase shift δ.
To apply the bisection method, the nonlinear simultaneous

equations should be converted into a one-variable equation
because bisection method cannot be applied to multivariable
equations. The duty cycle dm is dropped out from (9) and (10)
by solving the following equation which is obtained by dividing
(10) by (9)

|i∗ev|
P ∗ =

2 δ
πdm + (eM/nVdc − 1) dm (1− dm)

2eM
δ
π

(
1− δ

π

)
+ (eM − em) dm

(
1− 2 δ

π − dm
) .
(11)

By solving equation (11), the duty cycle dm is expressed as
following equations:⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

A = 1− eM
nVdc

+ eM
|i∗ev |
P ∗

(
1− em

eM

)
B = −A+ 2 δ

π

{
1 + eM

|i∗ev |
P ∗

(
1− em

eM

)}
C = −2eM

|i∗ev |
P ∗

δ
π

(
1− δ

π

)
dm (δ) = −B+

√
B2−4AC
2A .

(12)

The following equation is obtained by substituting (12) into
(9):

P ∗ =
eMnVdc

2fL

δ

π

(
1− δ

π

)

+
(eM − em) nVdc

4fL
dm (δ)

(
1− 2

δ

π
− dm (δ)

)
. (13)

The right side of this equation is a function of δ, and can be
expressed as P(δ) as follows:

P ∗ = P (δ) . (14)

In (14), P(δ) contains several parameters. Fig. 7 shows the
form of P(δ) for possible variation in all the parameters. In Fig. 7,
1 p.u. corresponds to the maximum power Pmax = eMnVdc/8fL.
Function form of P(δ) is similar to a parabola in any cases,
and it takes the minimum value 0 p.u. at δ = 0, and it takes
the maximum value at 1 p.u. around δ = π/2. Therefore, the
equation P∗ = P(δ) can be solved by using the bisection method



6020 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 5, MAY 2021

Fig. 7. Function form of P (δ).

Fig. 8. Flowchart of numerical calculation to determine phase shift δ and duty
cycle dm (m is a number of iteration).

setting two initial values δL and δH to 0 and π/2, respectively.
The flowchart of the solving method is shown in Fig. 8. The
iteration number m is set to reduce enough the error of δ.

Fig. 9 shows the relationship between the line current THD
and the iteration number m in the calculation with the equivalent
circuit model (see Fig. 3). The accuracy of δ is improved as m
increases, and the line current THD is reduced. From this results,
we can see that the iteration number m = 10 is enough to reduce
the line current THD.

B. Operation Range

This section presents the possible operation range of the
converter when the proposed method is applied. The operation
range is limited by the following conditions:{ |P ∗| ≤ Pmax ≈ eMnVdc

8fL

0 ≤ dm ≤ 1− δ
π .

(15)

The first and second equations correspond to the operation
range of the active power and reactive power, respectively. In
other words, the power reference value P∗ and the input power
factor angle reference value α∗ are limited. The maximum

Fig. 9. Relationshio between the line current THD and the iteration number
m. Note: this is simulated by the equivalent circuit model (see Fig. 3) that does
not include dynamics of the LC filter, switching time and various losses. The
simulation condition: E = 200 V, Vdc = 240 V, n = 1, f = 100 kHz, P∗ = 4kW,
α∗ = 0, and L = 15 µH.

Fig. 10. Characteristics of the maximum controllable power factor angle
αmax. (a) Overall trend for variation of power and voltage ratio between the
input E and output Vdc. (b) Result when P/Pmax = 0.8 extracted from the result
in (a).

controllableα, defined asαmax, can be obtained by (1), (4), (12),
(14), and (15). But, the derivation of the analytical result is very
difficult due to the nonlinear characteristics of these equations.
Therefore, αmax is calculated numerically and shown in Fig. 10.
Fig. 10(a) is the overall trend of theαmax for normalized Vdc and
power P. Vdc is normalized with respect to the minimum value
of eM ( =

√
3/2E ) for entire one input voltage period, and P is

normalized with respect to Pmax ( =
√
3/2EnVdc/8fL ). From
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Fig. 11. Block diagram of the closed-loop PQ control.

Fig. 12. Block diagram to determine power reference for each control mode.

the result shown in Fig. 10(a), αmax is not affected significantly
by P. In contrast to this,αmax decreases as Vdc increases because
the absolute value of iL in the period of dm is decreased. Under
this condition, dm needs to be large and unable to satisfy the
second condition in (15). The relationship between αmax and
Vdc extracted from Fig. 10(a) when P/Pmax = 0.8 is shown in
Fig. 10(b). αmax exceeds 30° at

√
2/3nVdc/E = 1. In addition,

it can be seen that αmax is almost equal to tan−1(E/
√
2nVdc)

under all power conditions.

IV. SIMULATION

A. Closed-Loop PQ Control

The proposed method can be applied to open loop PFC control
by setting α∗ based on the input LC filter model, that can elimi-
nate the input current sensors. This approach has been proposed
in [27] for buck type converter. In this section, more general
closed-loop PQ control that can control reactive power directly.
Fig. 11 shows the block diagram of the proposed closed-loop PQ
control. The input power P and reactive power Q are calculated
by the input currents ieu, iev, iew, and the input phase voltages
eu, ev, ew, and the power factor angleα is calculated by P and Q.
They are compared with their reference values, and PI controller
calculates P∗ and α∗ that are used in the numerical calculation
to determine the control parameters (δ and dm). Fig. 12 shows
the block diagram to determine the power reference value in
three possible control modes, that is, dc-bus voltage control, dc
current control, and power control. To verify applicability of
the proposed PQ control, a simulation model is implemented
by using PSIM. The conditions of the simulation are given in
Table I . Fig. 13 shows a simulation result in the case of a step
change in P. The input power reference P∗ is set to 2kW, and is

TABLE I
CONDITIONS OF SIMULATION MODEL

TABLE II
SPECIFICATIONS OF EXPERIMENTAL SYSTEM

Fig. 13. Simulation result of response to step change in P.

changed to 4 kW at 20 ms, and then changed to −4 kW at 40 ms.
The input power P tracks well to P∗, and it can be confirmed that
changing from ac to dc conversion mode to dc to ac conversion
mode is achieved seamlessly. In addition, Q is stabilized even
under change in P∗. Fig. 14 shows the simulation result of a step
change in Q. The reactive power reference Q∗ is set to 0var, and
change to 2 kvar at 20 ms, and then changed to−2 kvar at 40 ms.
As well as the case of change in P∗, Q tracks well to Q∗, and P
is stabilized regardless of the change in Q. From these results, it
can be confirmed that the proposed PQ controller can control P
and Q independently. By setting Q∗ to 0, the reactive power of
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Fig. 14. Simulation result of response to step change in Q.

the LC input filter can be compensated, and unity power factor
is realized.

B. Comparison With Existing Modulation Methods

For comparison with existing modulation methods, the sim-
ulation based on the equivalent circuit has been performed
using Python. The methods chosen for comparison are selected
from the existing methods that can control both active and
reactive power simultaneously. The simulation waveforms are
shown in Fig. 15. The waveforms with the proposed method
shown in Fig. 15(a) and those with method in [17] shown in
Fig. 15(b) are similar except the waveforms of vMC. In Fig. 15
(b), vMC has zero-voltage periods. This is effective to reduce
the conduction losses. However, determination of the control
parameter becomes difficult because the degrees of freedom are
increased. The method in [17] solves this problem by introducing
trapezoidal approximation. On the other hand, the accuracy of
the control parameters is low, and distortion of the line current
is increased. The method in [21] shown in Fig. 15(c) is different
from those in Fig. 15(a) and (b), and two switching periods of
the MC and INV are treated as one control period. The first and
second pulses control the line current of each phase sequentially,
and the accurate control parameter can be determined easily.
However, this method does not realize ZVS in all the power
switches. In both the MC and INV, switching to zero-voltage
occurs at the same time around the end of each control period.
At this timing, a hard-switching occurs in the INV (iL<0) or
MC (iL>0) depending on the direction of the current in the
high-frequency link. In addition, the peak of iL is larger than
those in Fig. 15(a) and (b) because when a line current of a phase
that is controlled by the second pulse is very small compared with
the line current in other phases, most of the power is transferred
only by the first pulse. The peak of iL is 52.9 A which is larger

Fig. 15. Comparison of operation waveforms with two different existing
methods. The simulation condition: E= 200V, Vdc = 240 V, n= 1, f= 100kHz,
P∗ = 4 kW, α∗ = 0, L = 17.8 µH, and Ts = 1/f (proposed method and [17]) and
2/f([21]).(a) With peoposed method. (b) With method in [17]. (c) With method
in [21].

than two times the peak currents with the other two methods. In
this way, the rms value of iL increases, resulting in larger conduc-
tion loss compared with the other two methods. Fig. 16 shows
the estimated losses and the efficiency with each method. The
efficiency with the proposed method is lower than the method
in [17] by 0.06%. This difference in the loss may be caused
by the zero-voltage period in vMC (see Fig. 15). The efficiency
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Fig. 16. Estimated losses and efficiency with each method. The conduction
losses are calculated by ON-state resistance of a power switch Ron and the
rms values of the currents of the high-frequency transformer that simulated by
the equivalent circuit model (see Fig. 3). The switching losses are obtained by
using a LUT that refers the current and the voltage waveforms of the high-
frequency transformer. The efficiency of the transformer is assumed as 99.5%
constant for simplify. The external inductor is treated as leakage inductance
of integrated transformer. The power devices of MC and INV are supposed to
SCT3017AL SiC MOSFET (ROHM). Ron is set to 17 mΩ. The LUT of the
switching losses are created by using interpolation and extrapolation based on
the provided characteristics of the switching losses. To simplify the calculation
of the switching losses, the effect of the snubber capacitors is ignored.

Fig. 17. Simulation results of the line current THD and waveforms with each
method. Note that this is simulated by the equivalent circuit model (see Fig. 3)
that does not include dynamics of the LC filter, switching time and losses of the
each parts.

with the method in [21] is lower than others. The conduction
losses and the secondary switching losses are especially larger
than others. As previously mentioned, the conduction losses
increases because of the large rms value of the iL, and the
switching losses increases because of the hard-switching in the
INV. Fig. 17 shows the simulation results of the line current THD
and waveforms with each method. The THD with the method in
[17] is significantly larger than that of the others because of the
lower accuracy of the control parameters obtained by using the
trapezoidal approximation. The line current THD of lower than
0.1% is realized by the proposed method and the method in [21]
because of higher accuracy of the control parameters. The THD
of the proposed method is slightly larger than the method of [21].
This may be caused by the error of the numerical calculation.

Fig. 18. Picture of the developed prototype system.

Fig. 19. Experimental system configuration.

Fig. 20. Configuration of the clamp circuit.

From these results, it is confirmed that the proposed method
can realize higher-efficiency as well as lower THD. This cannot
be attained with the conventional methods proposed so far.

V. EXPERIMENTAL RESULTS

A. System Configuration

A 1-kW laboratory prototype shown in Fig. 18 was developed
to confirm the validity of the proposed modulation method.
Fig. 19 shows the system configuration and Table II gives the
specifications of the system. The MC and INV are implemented
with insulated gate bipolar transistor (IGBTs) and MOSFETs,
respectively. The snubber capacitors are not installed. Note
that the specifications of the prototype are not the same as
those in the simulation in Section IV because the prototype
was developed for the purpose of the verification of the basic
functionality and the improvement of the waveforms with the
proposed modulation method. A clamp circuit that protects the
MC from the surge voltage caused by commutation failures is
connected to the MC output terminals. The configuration of the
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Fig. 21. Commutation sequence of the MC (commutation from U to V).

clamp circuit is shown in Fig. 20. The clamp circuit is imple-
mented by using zener diodes. When the commutation failures
do not occur, the voltage of the clamp circuit is kept constant
340 V by the characteristics of the zener diodes. Because this
voltage is higher than the maximum value of the line voltages,
the clamp circuit conducts only in the case of commutation
failures without increasing steady-state losses. In the prototype,
the ordinal four-step commutation sequence [28] is adopted.
Fig. 21 shows an outline of the commutation sequence of the
MC from U phase to V phase. The switching pattern depends on
the sign of iL. In the prototype, the sign of iL is estimated based
on the equivalent circuit of the high-frequency link (see Fig. 3).
The controller is implemented with a digital signal processor
(DSP) (TI: TMS320F28335) and an field programmable gate
array (FPGA). The DSP calculates the duty ratio dm and phase
shift δ to realize sinusoidal line current the proposed method.
The calculation is performed with bisection method, and the
number of iterations in the numerical calculation is set to 10 to
reduce the error of the control parameters small enough based
on the result shown in Fig. 9. The total calculation time is less
than 8.5 µs which is shorter than the one switching period. In the
prototype system, the input power P and the power factor angle
α are controlled in open-loop manner for given reference values
P∗ and α∗. Here, in the case of ac to dc conversion, P and P∗

correspond to the ac input power. On the other hand, in the case
of dc to ac conversion, they correspond to the dc input power.

B. Bidirectional Active Power Flow Control

This section presents the experimental results of bidirectional
active power flow control. Fig. 22 shows the experimental wave-
forms in ac to dc conversion when the input power reference
value P∗ = 1kW and the power factor angle reference value
α∗ = 0°. The line currents ieu, iev, iew can be confirmed as
sinusoidal waveforms. THD of the line currents is 3.9%. The
phase difference between the phase voltages eu, ev, ew, and
the line currents is caused by leading reactive currents caused
by the input LC filter. This phase difference can be reduced
by adjusting parameters of the LC filter. The output voltages

Fig. 22. Experimental waveforms in ac to dc conversion when P ∗ = 1kW
and α∗ = 0◦.

Fig. 23. Harmonic analysis of line current in ac to dc conversion when P∗ =
1 kW and α∗ = 0°.

vMC and vINV of the MC and INV and the current of the
high-frequency transformer iL are high-frequency waveforms
that mainly contain the switching frequency components. Fig. 23
shows the harmonic contents of the line current. It mainly
contains low order harmonics. The largest harmonic component
is fifth order (2.18% of the fundamental component) and all
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Fig. 24. Magnified waveforms for different phase angle of line voltage in ac to dc conversion when P ∗ = 1 kW. (a) θ = 30◦, eu > ev = 0 V, i∗eu > i∗ev =
0 A, dm ≈ 0. (b) θ = 45◦, eu > ev > 0 V, i∗eu > i∗ev > 0 A, dm > 0. (c) θ = 60◦, eu = ev > 0 V, i∗eu = i∗ev > 0 A, dm > 0.

harmonic components are less than 3%. They may be caused by
the distortion of the input voltage source and periodical change in
the control modes depending on the phase of the input voltages.

Fig. 24 shows the magnified voltage and current waveforms
of the high-frequency transformer. It can be confirmed that the
waveforms satisfy the ZVS condition at all switching cases.
Fig. 24(a) shows the waveforms when the input voltage phase
angle θ = ωt is 30°. In this case, the input V phase voltage ev is
0V, and the duty ratio dm is about 0, and the waveform of vMC

is square wave which only consists of eM. Fig. 24(b) shows the
waveforms when θ is 45°. In this case, the input phase voltages
satisfy eu > ev > 0, the duty ratio dm is about 0.2, and the
waveform of vMC contains eM and em. Fig. 24(c) shows the
waveforms when θ is 60°. In this case, U phase voltage eu equals
to ev, and the duty ratio dm takes the maximum value (≈0.3).

Fig. 25 shows the experimental waveforms in dc to ac con-
version when the input power reference value P∗ = 1kW and
the power factor angle reference value α∗ = 0°. The sinusoidal
waveforms of the line currents are also observed in this case and
THD of the line current is 3.7%.

From these results, it is confirmed that the proposed method
can realize the sinusoidal line currents with THD of less than 4%
under the bidirectional operating conditions at the rated power.

Fig. 26 shows measured THD characteristics of the line
current by using HIOKI PW6001 power analyzer. The THD
of the line currents is less than 5% under heavy load conditions
in bidirectional operation. In the case of ac to dc conversion,
THD is less than 5% in the operation range above 500 W. The
characteristics of ac to dc conversion and dc to ac conversion are
not the same, and the line current THD in dc to ac conversion
is significantly larger than that in ac to dc conversion when the
transmitted power is less than 700 W. Fig. 27 shows relationship
between the input power P and the reference value P∗. Similar

Fig. 25. Experimental waveforms in dc to ac conversion when P∗ = 1 kW and
α∗ = 0°.

to the characteristics of THD, the characteristics of P in ac to dc
conversion and dc to ac conversion are different. The difference
between P and P∗ in dc to ac conversion becomes significant
when the power is less than 700 W. These results are caused by
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Fig. 26. Measured characteristics of line current THD.

Fig. 27. Relationship between input power P and its reference P∗.

the difference in the dead time of the INV and the commutation
time of the MC. Fig. 28 shows the effect of the dead time and the
commutation time. In dc to ac conversion, the rate of change in iL
increases after the switching of the INV. In the same way, in ac to
dc conversion, iL increases after the switching of the MC. If the
sign of iL changes during the dead time or the commutation time,
the voltage error and hard switching occur. Thus, the voltage
error tends to occur under longer dead time or commutation
time. This error causes reduction in the power and increase in
the THD of the line currents. In dc to ac conversion, this effect
occurs around P∗<700 W. In contrast, this effect does not occur
in ac to dc conversion. The difference in the effect may be caused
by the difference of the dead time and the commutation time. In
the laboratory prototype, the dead time of the INV is set to 3µs,
and the commutation time of one step sequence of the MC is set
to 1.5µs. If the dead time is short enough, the line current THD
and the difference of between P and P∗ can be reduced in wider
operation range.

Fig. 29 shows the waveforms at a sudden change in the
direction of power flow. The direction of power is switched from

Fig. 28. Effect of dead time and commutation time.

Fig. 29. Waveforms at a sudden change in power direction. (P∗ = 1 kW and
α∗ = 0°).

ac to dc conversion to dc to ac conversion at the instant of the
center of figure. The input line current ieu changes immediately,
and stabilized to sinusoidal waveform. The bottom of the figure
shows the magnified voltage and current waveforms of the
high-frequency transformer. Improper waveforms do not occur,
and it can be confirmed that the change in the power direction
is realized seamlessly.
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Fig. 30. Experimental waveforms under reactive power flow control (ac to dc conversion, P∗ = 1 kW). (a) α∗= −30°. (b) α∗= +30°.

TABLE III
EXPERIMENTAL CHARACTERISTICS OF REACTIVE POWER (α∗: POWER FACTOR ANGLE REFERENCE VALUE, P: AVERAGE INPUT ACTIVE POWER, Q: AVERAGE

INPUT REACTIVE POWER, AND α: POWER FACTOR ANGLE) (P∗ = 1 kW)

C. Reactive Power Flow Control

This section presents experimental results of reactive power
control. In the case when α∗ = −30°, as shown in Fig. 30(a)
the phase of the line current ieu, iev, iew leads compared with
the case of α∗ = 0° (see Fig. 22). In the same way, the phase
of line current in the case of α∗ = 30° [see Fig. 30(b)] lags
compared with the case of α∗ = 0° (see Fig. 22). In addition,
the waveforms of line currents are sinusoidal in both cases. The
THD of line current when α∗ = −30° and α∗ = 30° are 1.9%
and 3.8%, respectively.

The characteristics of the average reactive power Q and the
power factor angle α are shown in Table III(a). The power factor
angle α does not coincide with its reference α∗ because the
leading current of the input LC filter is included in the line
current. Table III(b) gives the result when the leading currents
of the LC filter are neglected. In this case, the power factor
angle almost coincides with its reference. From these results, it

is confirmed that the proposed method can control bidirectional
reactive power flow. Therefore, the proposed method can com-
pensate the leading current of the LC filter by adjusting the power
factor reference value α∗ and can realize unity power factor. In
fact, it can be confirmed that the leading current of the LC filter
is almost canceled by adjusting the power factor angle of the
converter in Fig. 30(b).

D. Efficiency and Loss Distribution

Fig. 31 shows the system efficiency in bidirectional opera-
tions. The maximum efficiency is 90.3% in ac to dc conversion.
In dc to ac conversion, the efficiency decreases when P<600 W
because the voltage error and the hard switching occur as de-
scribed in Section V-B. In addition, the efficiency in dc to ac
conversion is lower overall than ac to dc conversion. This can be
considered as a result of the voltage drop of the power devices. In
general, the efficiency of DAB converters decreases with larger
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Fig. 31. System efficiency.

Fig. 32. Measured loss distribution in ac to dc conversion.

difference between the input voltage and output voltage referred
to the primary side of the transformer because the reactive
current of the transformer increases. In the prototype, the input
voltage is higher than the output voltage referred to the primary
side. Therefore, in ac to dc conversion, the voltage difference
is reduced by the voltage drop of the power devices. On the
other hand, the difference in the voltages increased in dc to
ac conversion, resulting in the lower efficiency than ac to dc
conversion. The measured rms value of iL when P∗ = 1 kW in
dc to ac conversion and ac to dc conversion are 3.87 and 3.75 A,
respectively.

Fig. 32 shows measured loss distribution in ac to dc conver-
sion. The power at each stage of the converter was measured
directly by using HIOKI PW6001 power analyzer with clamp
type current probes. The losses in the MC and external inductor
are dominant, and they take 80% of the total loss when P =
928 W. The large loss is caused due to large high frequency
resistance of a flat wire used in the external inductor. An external
inductor implemented by litz wire or integrated high-frequency

transformer with required leakage inductance would improve the
system efficiency. In addition, application of high-performance
power device, such as SiC-MOSFET or GaN-high electron mo-
bility transistor (HEMT) to MC can reduce loss significantly. In
fact, the estimated efficiency shown in Fig. 16 is almost 98%
at 4 kW with SiC MOSFETs and a high efficiency transformer.
Moreover, addition of the snubber capacitor can also reduce the
switching losses.

VI. CONCLUSION

This article presented an improved modulation method of the
bidirectional isolated ac/dc DAB converters based on matrix
converter. The proposed method can achieve sinusoidal line
currents and ZVS under bidirectional operation. To realize si-
nusoidal line currents, the accurate duty cycle dm and the phase
shift δ are determined by using real time numerical calculation
based on the nonlinear system mathematical model.

The simulation work, in this article, has demonstrated the
dynamic performance with PQ control. The simulation results
based on the equivalent circuit model have shown that the
proposed method can realize both low input current THD and
higher-efficiency compared with the existing PQ controllable
methods. The simulation results also confirmed that the system
efficiency can achieve around 98% at 100 kHz, 4 kW with SiC-
MOSFETs. In this simulation, the effect of the snubber capacitor
is neglected to simplify the calculation. The appropriate snubber
capacitor might improve the maximum system efficiency at
heavy load conditions.

To confirm the effectiveness of the proposed modulation,
experimental work employing a 1-kW laboratory prototype has
been performed. It has been demonstrated that sinusoidal line
current with THD of less than 5% under bidirectional opera-
tions can be realized. The ZVS conditions were confirmed at
all switching by the current and voltage waveforms in high-
frequency transformer.
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