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Control Strategy and Modulation Scheme of
Three-Phase Quasi-Single-Stage Isolated AC–DC

Converter Based on Dual Active Bridge
Luming Liu and Zhiqiang Guo , Senior Member, IEEE

Abstract—This article proposes a three-phase quasi-single-
stage isolated ac–dc converter, comprising a hybrid active third-
harmonic injection buck-type rectifier (H3R) and a dual active
bridge (DAB). Based on the input current analysis, globally optimal
working modes of the DAB converter are derived through opti-
mal triple-phase-shift (TPS) modulation, minimizing conduction
losses while achieving wide-range zero-voltage switching (ZVS). A
voltage-current closed-loop control strategy is proposed to regulate
the output voltage and precisely control both the input current
and third-harmonic injection current, achieving unity power factor
(PF). This proposed approach eliminates the dc-link capacitor. By
implementing the shared controller between the ac–dc and dc–dc
stages, the quasi-single-stage topology simplifies control complexity
while providing the PF correction and stable dc output voltage.
Furthermore, the transformer and inductor parameters in the
DAB converter are optimized through a genetic algorithm (GA)
to minimize total loss, further improving the converter efficiency.
Finally, a 1.6-kW experimental prototype with 200 V/50 Hz input
line-to-line voltage and 200 V/250 V output voltage is built to
validate the effectiveness and advantage of the proposed topology
and control strategy.

Index Terms—Active third-harmonic injection, dual active
bridge, quasi-single-stage isolated ac–dc converter, unit power
factor.

I. INTRODUCTION

W ITH the development of energy storage systems and
electric vehicles, particularly the increasing maturity of

vehicle-to-grid and vehicle-to-building technologies, the high-
efficiency isolated bidirectional ac–dc converters have become
critical components in modern power conversion infrastructure
[1], [2], [3]. The conventional isolated ac–dc converters typically
employ a multistage power conversion architecture: a front-
end ac–dc stage performing power factor correction (PFC), an
intermediate dc bus, and a rear-stage high-frequency isolated
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dc–dc converter for voltage regulation [4], [5]. Although this
configuration can decouple input ac characteristics from output
voltage control, the inherent structural complexity and lower
power conversion efficiency of multistage architectures notably
increase system volume and cost. Consequently, the single-stage
isolated ac–dc converters, which eliminate the intermediate dc-
link stage and exhibit notable advantages in power density and
efficiency, have attracted increasing attention in recent research
[6], [7].

In recent years, researchers have achieved substantial progress
in topologies and control strategies for single-stage isolated
ac–dc converters. Generally, these topologies can be classified
into two categories. The first category of topologies, such as
the matrix-type converters, which achieve single-stage power
conversion with full high-frequency switching operation. In [8],
a novel single-stage isolated matrix-type converter topology is
developed for offshore wind systems, eliminating the bidirec-
tional switches to enhance reliability and reduce conduction
loss. To improve the system scalability and wide input voltage
operation, the modular isolated matrix-type converters are intro-
duced in [9], [10]. Nevertheless, the modular structure imposes
considerable complexity on the coordinated control of parallel
modules under load variations. For the modulation schemes, sev-
eral asymmetrical SVPWM schemes are developed in [11] for
the fault-tolerant operation of matrix-type converters. However,
the operation range is severely limited. In order to expand the op-
eration range while reducing the switching actions and switching
loss, a quasi-symmetrical SVPWM technique is introduced in
[12], though it requires accurate modeling. To achieve minimum
current stress, the relationship between the modulation index and
phase shift angle is derived from the transferred power model
for real-time duty cycle control [13], [14]. However, the fixed
duty cycle in these coordinating control methods inherently
limits global optimization, resulting in higher power loss and
lower efficiency. Based on the trapezoidal waveform modula-
tion (TZM) techniques, a dual-period space vector modulation
(SVM) scheme is proposed in [15] for transformer currents de-
coupling, which effectively reduces low-order harmonics of the
ac-side current. Nevertheless, this strategy limits the maximum
transfer power. In addition, TZM causes the converter to fail
to achieve zero-voltage switching (ZVS), resulting in higher
switching losses and lower efficiency. To improve the maximum
transfer power and the system power density, a variable switch-
ing period based dual-period SVM scheme is developed in [16].
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However, this method still disables ZVS operation. In [17], an
efficiency-optimization control strategy to suppress the transient
dc bias current is proposed, achieving ZVS and reducing turn-ON

switching loss. A three-phase single-stage matrix-type LCL
resonant ac–dc converter is proposed in [18]. The LCL resonant
tank is supplied by a five-level voltage generated from the matrix
converter. Based on this, the optimal modulation strategy is
developed by combining the analytical expressions of the input
current with the modified ZVS conditions, thereby simplifying
the control complexity and improving the conversion efficiency.
To enhance the system conversion efficiency, dual active bridge
(DAB)-based matrix-type converters with the novel modulation
strategies are proposed in [19], [20]. These methods achieve
soft-switching for all semiconductor devices. Further improving
the design, accurate loss models for the three-phase isolated
matrix-type converters are elaborated in [21], [22]. These works
effectively reduce circuit loss while lowering the circuit cost.
To mitigate the low-order harmonics and improve the current
quality, an improved SVM strategy is introduced in [23] to
reallocate the duty cycle of zero vectors and switching sequence,
reducing the switching actions and the low-order harmonics.

Owing to advancements in rectifier technology, single-stage
isolated ac–dc converters based on rectifier topologies have been
widely discussed [2]. In the second category of topologies, the
switches of the front-end non-isolated rectifier typically operate
at a low switching frequency to facilitate current commuta-
tion. Furthermore, eliminates the dc-link capacitor for energy
storage, and the PFC is performed by the subsequent isolated
dc–dc converter. Compared to single-stage matrix-type ac–dc
converters, these topologies offer simpler and more flexible
control while achieving higher efficiency. The SWISS rectifier
is a popular solution for single-stage isolated ac–dc converters.
The conventional SWISS rectifier allows only for unidirectional
power flow [24]. To achieve bidirectional power transfer, the
bidirectional SWISS rectifier is developed [25], [26]. In [27],
two phase-shifted full-bridge (PSFB) converters are connected
to the output of the SWISS rectifier to construct an isolated
single-stage ac–dc converter. However, this redundant and com-
plex structure leads to higher power losses. To improve the
efficiency and power density, an optimized topology based on a
single full-bridge (SFB) with a midpoint-clamper is presented in
[28]. Although the optimized topology reduces the volume and
loss, it limits the soft-switching range. In [29], a series-parallel
LLC resonant structure is developed to replace SFB, achieving
wide-range soft switching. Nevertheless, bidirectional power
transfer has not been realized in all these topologies. Further-
more, although significant advancements in control flexibility
have been made, the efficiency and power density still require
substantial improvement. As an outstanding rectifier topology,
the hybrid active third-harmonic injection buck-type rectifier
(H3R) features higher efficiency and lower current stress [30],
[31]. A comprehensive comparison of the performance of H3R
with the SWISS rectifier and other rectifiers is presented in [25],
which concludes that H3R is the most advantageous topology. It
has been widely applied in many power electronic applications
such as more electric aircraft, ac–ac systems, and variable-
speed ac drives [31], [32], [33]. However, the research on this

topology in single-stage isolated ac–dc converters remains rel-
atively scarce.

In this article, a three-phase quasi-single-stage isolated bidi-
rectional ac–dc converter is proposed, formed by coupling a
DAB converter to the output stage of the H3R. Owing to the
advantages of DAB converters in bidirectional power flow and
wide voltage conversion ratio, it has been widely adopted in
isolated bidirectional power conversion [34], [35], [36], [37],
[38], [39]. However, achieving minimum conduction loss while
maintaining wide-range ZVS still remains challenging under the
fluctuating input voltage. In addition, for DAB-based single-
stage ac–dc converters, the conversion ratio is varied with the
pulsating input voltage in a very wide range. This poses a
significant challenge for distributing the optimal working modes
of the DAB converter over a line-frequency period. The main
contributions of this article are as follows.

1) A voltage-current closed-loop cooperative control strat-
egy is proposed for the quasi-single-stage isolated ac–dc
converter to regulate the output voltage and the input ac
power quality.

2) A globally optimized triple-phase-shift (TPS) modulation
strategy is proposed to simultaneously minimize conduc-
tion loss and realize wide-range ZVS operation under
the pulsating input voltage. Furthermore, the relationship
among the ac input current, the H3R auxiliary bridge
current, and the DAB input current is derived, which
allows the DAB input current to be directly controlled by
the TPS modulation strategy, thereby achieving precise
control of the ac input current.

3) The parameters of magnetic components, such as the series
inductance and transformer turns ratio, critically influence
the converter efficiency. However, these parameters are
difficult to determine directly through analytical meth-
ods. To address this limitation, a numerical optimization
method based on genetic algorithm (GA) is proposed
for optimal design of the magnetic components, thereby
further improving the conversion efficiency.

The rest of this article is organized as follows. Section II intro-
duces the working principles of the proposed topology, analyzes
the input current of the DAB converter under unity PF operation,
and discusses the power flow characteristics. Section III deduces
the optimal working mode of the DAB converter and proposes
the modulation scheme and control strategy for the three-phase
quasi-single-stage isolated ac–dc converter. Section IV presents
the loss analysis and derives the optimal parameters that mini-
mize the total loss. Then, the experimental results are presented
in Section V to verify the effectiveness of the proposed solution.
Finally, Section VI concludes this article.

II. WORKING PRINCIPLES OF THE THREE-PHASE

QUASI-SINGLE-STAGE ISOLATED AC–DC CONVERTER

A. Topology and Working Principles

The topology of the three-phase quasi-single-stage isolated
bidirectional H3R ac–dc converter based on DAB is shown in
Fig. 1, which consists of an input voltage sector (IVS), a bridge
arm for third-harmonic current injection control (Y-bridge arm),
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Fig. 1. Topology of the three-phase quasi-single-stage isolated bidirectional
H3R AC–DC converter based on DAB.

Fig. 2. Three-phase input voltage and sector division.

and a DAB converter. The IVS is composed of a three-phase
fully-controlled bridge (S1–S6) and three bidirectional switches
(Sva, Svb, and Svc). The switches of IVS are all low-frequency
switches. The Y-bridge arm includes a third-harmonic injection
inductor Lm and two switches (Sp1, Sp2). Unlike the standard
two-stage ac–dc converters, the filter capacitors C1, C2, and
C3 in this topology are not employed to maintain a constant
dc-link voltage but cooperate with the ac-side inductors La , Lb,
and Lc to implement an LC filter to suppress the high-frequency
component of the input currents. Therefore, the capacitances are
very small.

The ac-side voltage is shown in Fig. 2. According to the
instantaneous value of three-phase ac voltage va, vb, and vc,
one line frequency cycle is divided into six sectors. Within each
sector, only one group of bidirectional switches is selected and
conducted to inject the third-harmonic current into its corre-
sponding input phase voltage. The upper switches (S1, S3, or
S5) of the IVS are turned ON for the phase with the maximum
instantaneous voltage; the lower switches (S2, S4, or S5) of the
IVS are turned ON for the phase with the minimum instantaneous
voltage; the bidirectional switches (Sva, Svb, or Svc) of the IVS
are turned ON for the median instantaneous phase voltage. The
switches Sp1 and Sp2 of the Y-bridge arm are controlled to
generate the third-harmonic current im. All the low-frequency
driving signals for IVS are presented in Table I. With this
gate signal sequence, the H3R outputs a sixfold line-frequency
fluctuating dc voltage vpn, which is shown in Fig. 3(a). Then,

TABLE I
MODULATION OF THE H3R

Fig. 3. Typical waveforms in the H3R. (a) Output voltage waveforms of the
H3R. (b) Current waveforms in rectifying mode. (c) Current waveforms in
inverting mode.

the DAB converter transforms vpn into the constant dc output
voltage vo.

B. Current Analysis and Control

As shown in Fig. 2, the three-phase ac supply is assumed as
an ideal source. The distortion-free three-phase voltages can be
expressed by (1) under unity PF conditions⎧⎨

⎩
va = Vm cos (θ)
vb = Vm cos (θ − 2π/3)
vc = Vm cos (θ + 2π/3)

(1)

where θ is the phase angle, and Vm is the amplitude of the three-
phase voltage.

To further analyze the output voltage of H3R, the three-phase
input voltages are ranked according to their instantaneous values
in each sector ⎧⎨

⎩
vmax = max(va, vb, vc)
vmid = mid(va, vb, vc)
vmin = min(va, vb, vc)

(2)
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where vmax, vmid, and vmin are denoted the maximum, median,
and minimum values of the three-phase voltage, respectively.

Then, according to the working principles described in
Section II-A, the output voltages of H3R can be expressed in
the following equation:⎧⎨

⎩
vpn = vmax − vmin

vpm = vmax − vmid

vmn = vmid − vmin

. (3)

vpn, vpm, and vmn in each sector are also presented in Table I
and described in Fig. 3(a).

To ensure the three-phase input currents are sinusoidal, pre-
cise control of third-harmonic current injection is essential.
Under the constraints that the volt-second integral should be zero
over a whole switching cycle, the duty cycles of the switches Sp1
and Sp2 could be derived from the voltage-second balance of the
third-harmonic injection inductor Lm{

vpm ·Dp1 − vmn ·Dp2 = 0
Dp1 +Dp2 = 1

(4)

where Dp1 and Dp2 are the theoretical duty cycles of the switches
Sp1 and Sp2 in the Y-bridge arm, respectively. Then, the duty
cycles are solved in the following equation:{

Dp1 = vmn

vpm+vmn
= vmn

vpn

Dp2 =
vpm

vpm+vmn
=

vpm

vpn

. (5)

To achieve a unity PF, the currents must be in phase with
corresponding voltages in rectifying mode, whereas a 180° phase
shift is required between currents and voltages during inverting
operation. To facilitate further analysis, this paper focuses on
the analysis of forward power. The inverting operation can be
analyzed in the same method. Thus, the three-phase currents are
expressed as follows in the rectifying mode:⎧⎨

⎩
ia = Im cos (θ)
ib = Im cos (θ − 2π/3)
ic = Im cos (θ + 2π/3)

(6)

where Im is the amplitude of the three-phase currents.
According to the switching logic shown in Table I, the currents

ip, im, and in defined in Fig. 1 should be controlled as follows:⎧⎨
⎩
ip = max {ia, ib, ic}
im = mid{ia, ib, ic}
in = min {ia, ib, ic}

. (7)

Based on the sector division in Fig. 3, the duty cycles Dp1 and
Dp2 can be obtained from (5) for each sector. Then, the average
currents in switches Sp1 and Sp2, denoted isp1 and isp2, which
are shown in Fig. 1, can be expressed in the following equation:{

isp1 = Dp1 · im = vmn

vpn
· im

isp2 = Dp2 · im =
vpm

vpn
· im (8)

where im is the third-harmonic current.
And the input current of the DAB converter ipp is presented

as

ipp = ip + isp1. (9)

Fig. 4. Power analysis and comparison.

In summary, as shown in Fig. 3, when the currents ip and in
and third-harmonic injection current im are all properly regu-
lated, the sinusoidal three-phase input currents and unity PF are
attainable.

C. Power Analysis and Comparison

As shown in Fig. 3(b) and (8), the currents im, isp1, and isp2
share identical magnitudes at half the phase current amplitude,
resulting in low power loss in the Y-bridge arm. Furthermore,
according to the conduction logic shown in Table I, the three-
phase fully-controlled bridge switches (S1–S6) operate at line
frequency, and the bidirectional switches (Sva, Svb, and Svc)
operate at twice the line frequency. This means switching loss
in the IVS can be ignored.

To gain a deeper insight into the power flow characteristics
and the power distribution, the instantaneous power PY handled
by the Y-bridge arm is expressed in the following equation:

PY = vpm · isp1 + vmn · isp2. (10)

The symmetrical waveform of instantaneous power PY is
shown in Fig. 4, which exhibits balanced positive and negative
values over a sector period. This demonstrates that the Y-bridge
arm handles purely circulating power, resulting in zero net active
power transfer within a line frequency cycle.

To quantitatively analyze the proportion of power processed
by the Y-bridge arm, the average value of circulating power PY

is expressed as follows:

PY _avg =
1

2π

∫ 2π

0

|PY |dθ. (11)
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Fig. 5. Key waveforms of TPS. (a) Mode 1. (b) Mode 2. (c) Mode 3. (d) Mode 4.

Assuming the total output power P = 2 kW, the calculated
PY˙avg is only 151.01 W. This indicates that the Y-bridge arm
handles very small power, accounting for merely 7.55% of
the total power. Consequently, the proposed topology can be
considered as the quasi-single-stage solution.

III. CONTROL STRATEGY AND PERFORMANCE ANALYSES

A. Optimal Working Modes for DAB Converter

TPS modulation for the DAB converter can achieve global
optimization with minimum conduction loss and wide-range
ZVS operation [36]. The typical optimal working modes of the
DAB converter in forward power flow are presented in Fig. 5.
The conversion ratio is defined as M = vo/(n·vin), where vin
and vo are denoted as the DAB input and output voltages,
respectively. In the H3R ac–dc converter shown in Fig. 3, vin
= vpn. D1, D2, and ϕ represent duty cycles and phase shift
angle of the two full bridges, with ϕ�[-π/2, π/2]. Furthermore,
when ϕ > 0, the DAB operates in forward power flow; when ϕ
< 0, it operates in reverse power flow. Due to the symmetry of
the bidirectional power flow with opposite phase shift angle, the
key waveforms of reverse power flow are not presented. When
the conversion ratio M < 1, the DAB operates in Mode 1 and
Mode 2 as shown in Fig. 5(a) and (b); when M ≥ 1, it operates
in Mode 3 and Mode 4 as shown in Fig. 5(c) and (d).

To achieve high efficiency, low current stress, and wide-range
ZVS, the minimum peak current in the series inductor and ZVS
conditions of the switches (Q1–Q8) are established as the opti-
mization objectives, which are expressed in (12). It is required

that the peak current approach the minimum value while meeting
the load power demand p∗. Meanwhile, the current magnitude
in the series inductor must be sufficient at commutation time to
achieve ZVS for all switches⎧⎨

⎩
Min ipeak(D1, D2, ϕ, vin, vo)
Subject toP (D1, D2, ϕ, vin, vo) = p ∗
|ir(Q1 −Q8)| ≥ IZVS1 or IZVS2

. (12)

IZVS1 and IZVS2 are the minimum current amplitudes for
ZVS of the switches Q1–4 and Q5–8, respectively, which are
required to fully charge and discharge junction capacitors of the
switches during the dead time [36]. Thus, based on the constant
of (12), the transformer current at the turn-ON time (tx) of the
corresponding switches should meet |ir(tx) |≥ IZVS1 or | ir(tx)
|≥ IZVS2. If the nonlinear behavior of junction capacitors is
ignored, IZVS1 and IZVS2 can be approximately evaluated as
IZVS1 = 2vinCoss1/tdead and IZVS2 = 2voCoss2/tdead, where
Coss1 represents the output capacitance of Q1–4, Coss2 represents
the output capacitance of Q5–8, and tdead is the dead time.

Consequently, soft-switching can be achieved for the four
optimal modes by modulating D1, D2, and ϕ, thereby reducing
the power loss and current stress. The phase shift angle and duty
cycles in these four optimal modes are derived in the following.

1) Model 1: The input current and voltage of the DAB con-
verter shown in Fig. 1 are defined as ipp and vpn, respectively.
According to the previous study [37], the input current ipp for
the forward and reverse power flow is expressed as (13), where
ϕs = |2ϕ/π |

|ipp| = Po

vpn
=

voTs

8nLr
2D1ϕs. (13)

Based on the analysis in Section II, when the converter oper-
ates at unity PF, the input current can be expressed in (14) by
substituting (6), (7), and (8) into (9)

ipp= ip+isp1=Immax {cos(θ),cos(θ−2π/3), cos(θ+2π/3)}
+Immid{cos(θ), cos(θ − 2π/3), cos(θ + 2π/3)}vmn

vpn
.

(14)

Defining Ibase= voTs/(8nLr), the amplitude of the three-phase
currents in per unit (p.u.) is defined as y, which is expressed as
Im/Ibase. Thus, the normalized value of DAB input current ipp
can be defined as ypp = ipp/Ibase, which is expressed in (15).
According to Fig. 3 and (14), the normalized currents ypp and y
share the same range of [−1, 1] under the bidirectional power
flow operation

ypp = y ·max{cos(θ), cos(θ − 2π/3), cos(θ + 2π/3)}
+y ·mid{cos(θ), cos(θ − 2π/3), cos(θ + 2π/3)}vmn

vpn
.

(15)

Then, (13) can be rewritten in the following equation:

|ypp| = 2D1ϕs. (16)

According to the optimization objectives presented in (12),
the duty cycle expressions of Mode1 in optimal TPS modulation
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can be solved by the Karush-Kuhn-Tucker (KKT) method [37]{
D1 = M

1−M

(
ϕs +

4nLrIZVS1

voTs

)
D2 = D1

M + 4n2LrIZVS2

voTs

. (17)

Substituting (17) into (16), the phase shift angle can be
expressed as follows:

ϕs =

√(
2nLrIZVS1

voTs

)2

+
1−M

2M
|ypp| − 2nLrIZVS1

voTs
.

(18)
By substituting (18) into (17), the working mode and modula-

tion parameters of the DAB converter can be determined through
controlling the normalized input current ypp.

2) Model 2: Similarly, referring to the previous study [37],
the input current can be expressed as (19) when the converter
works in Model 2

|ipp| = Po

vpn
=

voTs

8nLr

(
2ϕs −D2

1 + 2D1 − ϕs
2 − 1

)
. (19)

Similar to Mode 1, (19) can be rewritten in the following
equation:

|ypp|= 2ϕs −D2
1 + 2D1 − ϕs

2 − 1. (20)

The duty cycles D1 and D2 can be derived by solving (12){
D1 = 2M−1

M + 1−M
M ϕs

D2 = 1
. (21)

Substituting (21) into (20), the phase shift angle is expressed
as follows:

ϕs = 1−
√

1− |ypp|
2− 2/M + 1

/
M2

. (22)

Substituting (22) into (21), the duty cycles D1 and D2 for
Mode 2 can be determined.

3) Model 3: According to [37], the input current for Mode 3
is expressed as

|ipp| = Po

vpn
=

voTs

8nLr
2D2ϕs. (23)

Normalizing the input current, the input current in (23) can
be rewritten in the following equation:

|ypp|= 2D2ϕs. (24)

Then, the duty cycle expressions of Mode 3 in optimal TPS
modulation can be solved by the KKT method⎧⎨

⎩D2 = 1
M−1

(
4nLrIZVS2

vpnTs
+ ϕs

)
D1 = MD2 +

4LrIZVS1

vpnTs

. (25)

Substituting (25) into (24), the phase shift angle is derived as
follows:

ϕs =

√(
2nLrIZVS2

vpnTs

)2

+
1

2
(M − 1) |ypp| − 2nLrIZVS2

vpnTs
.

(26)
Substituting (26) into (25), the duty cycles D1 and D2 can be

determined.

TABLE II
PHASE SHIFT ANGLES RANGE OF DIFFERENT OPTIMAL MODES

4) Model 4: According to [37], the input current of the DAB
converter in Mode 4 can be expressed as follows:

|ipp| = Po

vpn
=

voTs

8nLr

(
2ϕs −D2

2 + 2D2 − ϕs
2 − 1

)
. (27)

Similar to Mode 2, (27) can be reorganized as follows:

|ypp| = 2ϕs −D2
2 + 2D2 − ϕs

2 − 1. (28)

Then, the duty cycle expressions of Mode 4 in optimal TPS
modulation can be solved by the KKT method{

D2 = (2−M) + (M − 1)ϕs

D1 = 1
. (29)

Substituting (29) into (28), the phase shift angle in Mode 4
can be derived as follows:

ϕs = 1−
√

1− |ypp|
M2 − 2M + 2

. (30)

Substituting (30) into (29), the duty cycles D1 and D2 can be
determined.

5) Boundary Conditions: As described above, when the con-
version ratio M < 1, the DAB converter operates in Mode 1
under light load and Mode 2 under heavy load; when M ≥ 1, it
operates in Mode 3 under light load and Mode 4 under heavy
load. According to the previous study [37], the phase shift angle
ranges corresponding to each mode are summarized in Table II.
ϕb1 and ϕb2 are the phase shift angle boundaries of Mode 1 &
Mode 2 and Mode 3 & Mode 4, respectively.

B. Control Strategy and Modulation Scheme

In Section III-A, the different optimal working modes of the
DAB converter are derived by analyzing the input current. In
(16), (20), (24), and (28), ypp is defined as normalized DAB
input current, and its amplitude y can be used to regulate the
output power. Due to the varied conversion ratio M with the
input voltage vpn, the working modes of the DAB converter
must be switched within a cycle of input voltage to satisfy the
specific load power. Therefore, in terms of the analysis in the
previous section and the boundaries of different modes shown
in Table II, the modulation scheme for the DAB converter is
presented in Fig. 6. The conversion ratio M can be calculated
through the sampled DAB input voltage vpn and output voltage
vo. If M < 1, the DAB converter works in Mode 1 or Mode 2.
Assuming it works in Mode 1, the phase shift angle ϕs˙Mode1

is calculated by (18). According to Table II, if ϕs˙Mode1 < ϕb1,
the converter works in Mode 1; if ϕs˙Mode1 ≥ϕb1, the converter
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Fig. 6. Flowchart of the modulation scheme.

works in Mode 2. The corresponding duty cycles D1 and D2 are
subsequently calculated from (17) for Mode 1 and (21) for Mode
2, respectively. Mode 3 and Mode 4 are selected by a similar
procedure. Finally, if the normalized input current ypp > 0,
the converter operates in forward power flow with a positive
phase shift angle; whereas it operates in reverse power flow with
a negative phase shift angle. Therefore, the DAB input current
can be directly controlled by adjusting the phase shift angle
through the TPS modulation strategy, thereby achieving precise
control of the ac input current.

The global control strategy of the system is illustrated in Fig. 7.
The voltage-current closed-loop control is implemented to reg-
ulate the output voltage and control the current precisely. The
voltage controller output yv represents the normalized amplitude
of the input current reference; the current controller output y
is the normalized input current magnitude. As both controller
outputs are dc values, PI controllers can be used to regulate the
output voltage and the input current of the DAB converter. The
controller design and implementation are greatly simplified. The
grid phase angle θ from the phase-locked loop (PLL) is used to
calculate the cosine values of the phase angles for the three-phase
currents. The median among these cosine values is multiplied
by y to generate the normalized third-harmonic injection current
reference ym∗. Then, a conventional PI controller is used to
control the third-harmonic injection current. The normalized
input current ypp of the DAB converter, calculated through (15),
is also presented in this figure. Subsequently, D1, D2, and ϕ
are derived from the DAB modulation scheme shown in Fig. 6.
Finally, the gating signals are obtained.

C. Analyses of the Control Strategy

According to the modulation scheme and control strategy de-
veloped in Section III, the operating regions of different working
modes of the DAB converter are shown in Fig. 8, where the grid
line-to-line voltage is 200 V/50 Hz, output voltage vo = 200 V

or 250 V, turns ratio n = 0.85, series inductance Lr = 36 μH,
IZVS1 = IZVS2 = 1 A, and switching period Ts = 10 μs. The
symmetrical mode distributions for the bidirectional power flow
are presented in one-third of a line frequency cycle. When vo =
200 V, M is lower than 1. As shown in Fig. 8(a), the converter
works in both Mode 1 and Mode 2 for 0 < y < 0.1787. With
the increase of y, it works exclusively in Mode 2. When vo =
250 V, M is greater than 1. As shown in Fig. 8(b), the converter
works in both Mode 3 and Mode 4 for 0 < y < 0.1682. With the
increase of y, it works exclusively in Mode 4.

Figs. 9 and 10 present the three-dimensional (3-D) modulation
surfaces of D1, D2, ϕs, and ypp as functions of the phase
angle θ and y under different output voltage conditions. These
surfaces cover all the required load power and conversion ratios.
Complementing this, Fig. 11 illustrates the variation curves of
D1, D2, and ϕs at discrete y values. When vo = 200 V, if y = 0.1,
the converter works in both Mode 1 and Mode 2; if y = 0.8, it
works exclusively in Mode 2. When vo = 250 V, if y = 0.1, the
converter works in both Mode 3 and Mode 4; if y = 0.8, it works
exclusively in Mode 4. Fig. 11 also demonstrates the range of
working modes shown in Fig. 8.

IV. OPTIMIZATION DESIGN OF THE MAGNETIC COMPONENTS

A. Third-Harmonic Injection Inductor Design

The design of the inductor Lm determines the third-harmonic
injection current tracking accuracy, which directly influences
the quality of the input current. The current flowing through Lm,
which is denoted as im in Figs. 1 and 3, contains a ripple current.
According to the operating principles mentioned in Section II,
the ripple current in inductor Lm depends on the voltage across
the inductor during the conduction of the switch Sp1 and its
conduction time. Therefore, the ripple current Δim is a function
of the voltage phase θ. Taking sector Ⅰ (0 < θ < π/3) as an
example, Δim can be expressed as follows:

Δim=
vLm

Lm
Dp1Ts =

vabvbc
Lmfsvac

=

√
3Vm

Lmfs

cos(θ + π/6) sin(θ)

cos(θ − π/6)
(31)

where vLm is the voltage across the inductor Lm, and fs is the
switching frequency. When θ = π/6, the ripple current reaches
the maximum value. The maximum ripple current Δim˙max is
presented in the following equation:

Δim_max =

√
3Vm

4Lmfs
. (32)

Defining the ripple factor λ is the proportion of maximum
ripple current to the amplitude of im (Im/2). Thus, the inductance
should satisfy the following equation:

Lm ≥
√
3Vm

2λImfs
. (33)

In this article, λ = 0.22 is adopted to balance the ripple
suppression and volume of the inductor. According to the pa-
rameters shown in Table IV, the inductance should be larger
than 984 μH. Finally, 1 mH is selected in the experiment.
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Fig. 7. Schematic diagram of the global control strategy.

Fig. 8. Distribution of working modes. (a) vo= 200 V, M < 1. (b) vo = 250 V,
M > 1.

B. Optimization Design of the Transformer and Series
Inductor for DAB Converter Based on GA

As discussed in Section II-C, the switching loss of the low-
frequency switches in IVS can be ignored, and the power loss
of the H3R depends on the input current. However, for the DAB
converter, the transformer turns ratio n and the series inductance
Lr ultimately determine the operating modes and directly affect
its efficiency. Furthermore, the series inductor current ir is
also closely related to n and Lr. Therefore, the total loss is
related to n, Lr, and the working modes. To reduce losses and
improve efficiency, coordinated optimization of n and Lr must
be performed. However, the analytical expressions of the loss
model are exceedingly complex, making it difficult to determine
the optimal values of n and Lr through traditional analytical

Fig. 9. Three-dimensional modulation surfaces of D1, D2, ϕs, and ypp versus
the phase angle θ and y (vo= 200 V, M < 1): (a) D1 versus the phase angle θ
and y; (b) D2 versus the phase angle θ and y; (c) ϕs versus the phase angle θ
and y; and (d) ypp versus the phase angle θ and y.

methods. Therefore, a numerical optimization method based on
GA is proposed for optimal design of the transformer turns ratio
n and the series inductance Lr. In this section, the total loss of
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TABLE III
COMPARISON OF DIFFERENT THREE-PHASE SINGLE-STAGE AC–DC CONVERTERS

Fig. 10. Three-dimensional modulation surfaces of D1, D2,ϕs, and ypp versus
the phase angle θ and y (vo= 250 V, M > 1): (a) D1 versus the phase angle θ
and y; (b) D2 versus the phase angle θand y; (c) ϕs versus the phase angle θ and
y; and (d) ypp versus the phase angle θ and y.

the DAB converter is minimized as the optimization objective
function to obtain the optimal parameters. Furthermore, the
modulation scheme proposed for the DAB converter can achieve
ZVS. Therefore, the switching loss only includes the turn-OFF

loss of the switches in the DAB converter.
According our previous study [34], [38], the total loss of the

DAB converter PDAB˙loss is expressed as follows:

PDAB_loss = PDAB_c + PDAB_off + Pcore + Pcopper (34)

Fig. 11. Curves of D1, D2, and ϕs versus the phase angle θ for different y. vo
= 200 V. (a) y = 0.1. (b) y = 0.8; vo = 250 V. (c) y = 0.1. (d) y = 0.8.

where PDAB˙c is the conduction loss of the switches in the
DAB converter, PDAB˙off is the turn-OFF loss, Pcore and Pcopper

represent the core loss and copper loss of the transformer and
series inductor, respectively. More detailed derivations can be
referred to the previous study in [34], [38].
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TABLE IV
DETAILED SPECIFICATIONS

The conduction loss of the H3R includes the losses in the
three-phase full-bridge Pbridge˙c, bidirectional switches Pbs˙c,
and Y-bridge arm PY˙c. Therefore, the total conduction loss in
H3R is given by the following equation:

PH3R_c = Pbridge_c + Pbs_c + PY _c =
(
i2bridge_rms + i2bs_rms

+ i2Y _rms

) · 2Rds(on) (35)

where Rds(on) is the on-resistance of the switches, ibridge˙rms

is the RMS current flowing through the three-phase full-bridge
switches, ibs˙rms and iY˙rms are the RMS current through the
bidirectional switches and the switch Sp1, respectively.

In the H3R topology, the switching loss is solely contributed
by the switches Sp1 and Sp2 in the Y-bridge arm. Similar to
the DAB loss calculation method, the switching loss of H3R
PH3R˙sw is expressed as follows:

PH3R_sw = PH3R_off + PH3R_on =
1

π

∫ π

0

2Poff_sp1dθ

+
1

π

∫ π

0

2Pon_sp1dθ (36)

where PH3R˙off and PH3R˙on are the turn-OFF loss and turn-ON

loss of the H3R, Poff˙sp1 and Pon˙sp1 are the turn-OFF loss and
turn-ON loss of the switch Sp1.

Since the third-harmonic injection inductor Lm operates at a
low frequency, the core loss can be ignored. Thus, the copper
loss of the inductor PLm˙loss is calculated as

PLm_loss = i2m_rms ·Rdc (37)

where im˙rms is the rms value of the third-harmonic current im,
Rdc is the dc resistance of the inductor.

Moreover, according to (13), (19), (23), and (27), when
D1 = 1, D2 = 1, and ϕs = 1, the amplitude of the input current
ipp reaches the maximum value Imax, which is expressed in the
following equation:

Imax =
VoTs

8nLr
. (38)

For the DAB converter, the input voltage and current in a
sector (π/3< θ < 2 π / 3) can be expressed as follows:⎧⎪⎪⎨

⎪⎪⎩
vpn = vbc =

√
3Vm cos(θ − π

2 )

ipp = ip + im
vmn

vpn
= ib + ia

vmn

vpn
= ib + ia

vac

vbc

= Imax cos(θ − 2π
3 ) + Imax cos(θ)

cos(θ−π
6 )

cos(θ−π
2 )

. (39)

Fig. 12. Flowchart of GA-based parameters design for the transformer and
series inductor.

Therefore, the maximum input power Pin˙max is presented in
the following equation:

Pin_max =
3

π

∫ 2π/3

π/3

vpnippdθ =
3voVmTs

16nLr
. (40)

The maximum input power Pin˙max must be greater than the
maximum output power requirement Po˙max

Pin_max =
3voVmTs

16nLr
≥ Po_max

⇒ nLr ≤ 3voVmTs

16Po_max
. (41)

Based on the loss analysis above, the total loss of the DAB
converter PDAB˙loss given in (34) is the fitness function to de-
termine the optimal parameters. The output power requirement
expressed in (41) is set as the constraint. According to our
previous study [38], the transformer core and inductor core are
selected by the AP value. The PQ core series is adopted as
the candidate magnetic core. The AP value and total loss are
functions of the selected turns ratio n and series inductance Lr.
Thus, n and Lr are optimization variables whose initial values
are randomly generated within a defined range. The flowchart
of the parameters of the transformer and series inductor design
based on GA is shown in Fig. 12.

Under the following conditions: input line-to-line voltage is
200 V/50 Hz, output voltage vo = 200 V, switching frequency fs
= 100 kHz, the maximum output power Po˙max = 2 kW, and the
rated output power is 1.6 kW. In terms of the created libraries
for commercially available cores and litz wires, the minimum
total loss of the DAB converter is determined via a traditional
GA. As shown in Fig. 13, the best and mean fitness values per
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Fig. 13. Variation of the DAB total loss with the iteration number.

Fig. 14. Loss distribution for 1600 W load power.

generation are plotted, and the best fitness converges within
15 generations.

The minimum total loss of the DAB converter is 40.8 W,
shown in Fig. 13. The corresponding optimal parameters of
the final solution are given in below: the turns ratio n = 0.85,
the series inductance Lr = 36 μH, the cores selected for the
transformer and series inductor are PQ40/40 and PQ32/30,
respectively.

For the proposed GA-based optimization method, the max-
imum generation count and population size per generation are
set to 30 and 100, respectively. Thus, the computational count
is only 3000 (100·30). In contrast, the parameter enumeration
method explores all design possibilities by freely varying each
parameter. The feasible solution space of the transformer turns
ratio n is defined as [0.1, 2]. According to the nonlinear con-
straints given in (41), the range of the series inductance Lr is
set to [10 μH, 306 μH]. With step sizes of 0.01 for n and 1 μH
for Lr, the computational count reaches 56727 (191·297) using
the parameter enumeration approach. Therefore, the number of
evaluations of the proposed optimization method is significantly
lower than that of the parameter enumeration method, demon-
strating its greater practicality for engineering implementation.

To further analyze the loss model, the loss distribution of the
three-phase ac–dc converter under 200 V output voltage and
1600 W rated power is shown in Fig. 14. It can be observed
that the conduction loss of the switching devices constitutes

Fig. 15. Experimental prototype for test.

the largest proportion of the total converter losses, accounting
for approximately 49.42%, followed by the turn-OFF loss of
the switches in the DAB converter, about 23.67%. In addition,
the switching loss of the switches Sp1 and Sp2 in H3R is only
0.8662 W (1.86%).

Table III presents the comprehensive comparison of the dif-
ferent three-phase single-stage isolated ac–dc converters. The
three-phase single-stage isolated matrix-type converter in [16]
uses the fewest switching devices and achieves high power
density. Compared to the other three-phase single-stage ac–dc
topologies in [27] and [29], the proposed converter utilizes fewer
switching devices and energy storage components, thereby re-
ducing the design and control complexity, while improving
efficiency and power density. In [16], the complex dual-period-
decoupled space vector TZM technique fails to account for the
switching losses. As most switches operate in hard switching, the
converter exhibits significant switching losses, resulting in lower
efficiency. The up-counting mode-based pulsewidth modulation
(PWM) is proposed in [27] to achieve ZVS for the lagging
switches. However, this method results in substantially compli-
cated operating modes and fails to ensure global soft switching.
To further extend the soft switching range, the hybrid pulse fre-
quency modulation and pulse width modulation (PFM+PWM)
scheme is developed in [29], though this increases the design and
control complexity. Furthermore, both solutions in [27] and [29]
are suitable only for unidirectional power flow. The proposed
control strategy and modulation scheme achieve wide-range
soft-switching operation across diverse operating conditions,
thus reducing the power loss and improving energy conversion
efficiency. Overall, the proposed topology demonstrates superior
performance for single-stage isolated bidirectional ac–dc power
conversion, outperforming other approaches in power density,
efficiency, and control simplicity.

V. EXPERIMENTAL VERIFICATION

A 1.6-kW experimental prototype operating at 200 V/50 Hz,
as shown in Fig. 15, is built to validate the control strat-
egy and modulation scheme. Table IV lists all detailed
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Fig. 16. Steady-state experimental waveforms at 200 V output voltage and
500 W load. (a) Full bridge voltages vAB, vCD, and series inductor current ir.
(b) Phase voltage va and phase current ia. (c) Output voltage of the H3R vpn
and third-harmonic injection current im.

Fig. 17. Steady-state experimental waveforms at 200 V output voltage and
1000 W load. (a) Full bridge voltages vAB, vCD, and series inductor current ir.
(b) Phase voltage va and phase current ia. (c) Output voltage of the H3R vpn
and third-harmonic injection current im.

parameters of the converter. The control strategy and modulation
scheme are implemented in a TMS320F28377 DSP, while the
EPM240T100C5N CPLD generates gate signals for the IVS.

Figs. 16 –18 show the steady-state waveforms of the converter
operating at vo = 200 V under 500 W, 1 kW, and 1.6 kW
load power. It can be observed that the envelope curve of vAB

correlates with the DAB input voltage vpn. Figs. 16(b)–18(b)
present the phase voltage is in phase with the phase current.
These synchronized waveforms indicate that the unit PF can be
achieved under different power levels. Figs. 16(c)–18(c) mainly
display the output voltage of the H3R vpn, which is a sixfold
line-frequency fluctuating dc voltage, and third-harmonic injec-
tion current im. These current waveforms demonstrate that the
third-harmonic injection current im and input phase current can
be precisely controlled by the proposed voltage-current closed-
loop cooperative control strategy at different power levels.

Figs. 19 –21 display the experimental waveforms of the DAB
converter at 500 W, 1 kW, and 1.6 kW load power with different

Fig. 18. Steady-state experimental waveforms at 200 V output voltage and
1600 W load. (a) Full bridge voltages vAB, vCD, and series inductor current ir.
(b) Phase voltage va and phase current ia. (c) Output voltage of the H3R vpn
and third-harmonic injection current im.

Fig. 19. Key waveforms of the DAB converter at 500 W load. (a) Mode 1 (vo
= 200 V, M < 1). (b) Mode 2 (vo = 200 V, M < 1). (c) Mode 3 (vo = 250 V,
M >1 ). (d) Mode 4 (vo = 250 V, M > 1).

Fig. 20. Key waveforms of the DAB converter at 1000 W load. (a) Mode 2
(vo = 200 V, vpn at maximum voltage). (b) Mode 2 (vo = 200 V, vpn at
minimum voltage). (c) Mode 4 (vo=250 V, vpn at minimum voltage). (d) Mode 4
(vo = 250 V, vpn at maximum voltage).



LIU AND GUO: CONTROL STRATEGY AND MODULATION SCHEME OF THREE-PHASE QUASI-SINGLE-STAGE ISOLATED AC–DC CONVERTER 10037

Fig. 21. Key waveforms of the DAB converter at 1600 W load. (a) Mode 2
(vo = 200 V, vpn at maximum voltage). (b) Mode 2 (vo = 200 V, vpn at
minimum voltage). (c) Mode 4 (vo=250 V, vpn at minimum voltage). (d) Mode 4
(vo = 250 V, vpn at maximum voltage).

Fig. 22. Gate signal and drain-source voltage of switch Q1 at 1000 W load.
(a) Mode 2 (vo = 200 V, vpn at maximum voltage). (b) Mode 2 (vo = 200 V,
vpn at minimum voltage). (c) Mode 4 (vo = 250 V, vpn at maximum voltage).
(d) Mode 4 (vo = 250 V, vpn at minimum voltage).

output voltages, respectively. The key waveforms illustrated in
Fig. 5 are validated experimentally in Fig. 19 at 500 W load
power. Figs. 20 and 21 demonstrate that the DAB converter only
works in Mode 2 and Mode 4 with increasing power, which is
consistent with the theoretical analysis in Fig. 8.

Figs. 22 –25 show the gate signals and drain-source voltages
of the switches in the DAB converter at 1000 W load. It is
clear that ZVS is achieved as the drain-source voltage reaches
zero before the corresponding switches turn ON. The other
switches in the same bridge exhibit similar ZVS performance,
demonstrating that the proposed globally optimized TPS mod-
ulation scheme can enable ZVS for all switches in the DAB
converter.

Figs. 26 and 27 show the dynamic response of the load step
change from 500 to 1300 W and from 1300 to 500 W, respec-
tively. These results verify the satisfactory dynamic performance
during both upward and downward load transitions. The input

Fig. 23. Gate signal and drain-source voltage of switch Q4 at 1000 W load.
(a) Mode 2 (vo = 200 V, vpn at maximum voltage). (b) Mode 2 (vo = 200 V,
vpn at minimum voltage). (c) Mode 4 (vo = 250 V, vpn at maximum voltage).
(d) Mode 4 (vo = 250 V, vpn at minimum voltage).

Fig. 24. Gate signal and drain-source voltage of switch Q5 at 1000 W load.
(a) Mode 2 (vo = 200 V, vpn at maximum voltage). (b) Mode 2 (vo = 200 V,
vpn at minimum voltage). (c) Mode 4 (vo = 250 V, vpn at maximum voltage).
(d) Mode 4 (vo = 250 V, vpn at minimum voltage).

Fig. 25. Gate signal and drain-source voltage of switch Q8 at 1000 W load.
(a) Mode 2 (vo = 200 V, vpn at maximum voltage). (b) Mode 2 (vo = 200 V,
vpn at minimum voltage). (c) Mode 4 (vo = 250 V, vpn at maximum voltage).
(d) Mode 4 (vo = 250 V, vpn at minimum voltage).
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Fig. 26. Dynamic response under 200 V output voltage and the load step
change from 500 to 1300 W. (a) Output voltage vo, phase current ia, and third-
harmonic injection current im. (b) Full bridge voltages vAB, vCD, and series
inductor current ir.

Fig. 27. Dynamic response under 200 V output voltage and the load step
change from 1300 to 500 W. (a) Output voltage vo, phase current ia, and third-
harmonic injection current im. (b) Full bridge voltages vAB, vCD, and series
inductor current ir.

Fig. 28. Dynamic response under 200 V output voltage and the load step
change from forward 400 to reverse 800 W. (a) Phase voltage va, output voltage
vo, phase current ia, and third-harmonic injection current im. (b) Full bridge
voltages vAB, vCD, and inductor current ir. (c) Zoomed-in waveforms of
Fig. 28(a). (d) Zoomed-in waveforms (Mode 2) in reverse power flow.

phase current and series inductor current exhibit smooth transi-
tions without oscillation. These waveforms confirm the excellent
dynamic response of the proposed control strategy.

Fig. 28 presents the waveforms in the reverse power flow.
The dynamic response of the load step change from forward
400 to reverse 800 W is shown in Fig. 28(a) and (b). As shown
in Fig. 28(c), the phase current is in phase with the phase voltage
at forward 400 W. At reverse 800 W, it exhibits a 180° phase
shift, indicating that the converter is operating in the reverse
power flow. The key waveforms of the DAB converter in reverse
power flow with a negative phase shift angle are presented in

Fig. 29. PF and THD of the grid current at different output voltages.

Fig. 30. Measured efficiency versus output power at different output voltages.

Fig. 28(d), which are symmetric to the forward power flow
waveforms discussed in Section III.

Fig. 29 presents total harmonic distortion (THD) and PF ver-
sus output power. These results indicate that the THD decreases
and PF improves with increasing load power. In addition, at
200 V output voltage, both THD and PF exhibit better perfor-
mance compared to those at 250 V output voltage. At 200 V
output voltage and rated 1600 W load power, the THD is 2.74%
and the PF achieves 0.997. It demonstrates that the proposed
control strategy achieves high PF and low THD across the wide
load range.

To verify the prototype efficiency and the accuracy of the
loss model, the measured efficiency of the converter is shown in
Fig. 30. It can be observed that the efficiency at 200 V output
voltage is slightly higher than that at 250 V. Under 200 V oper-
ation, the peak efficiency reaches 97.6% at 1200 W load, while
still remaining 97.1% at the rated 1600 W load. Fig. 31 shows
the thermal performance of the DAB-based ac–dc converter
operating at the full load of 1600 W. As shown in Fig. 31(a),
the maximum temperature recorded was approximately 37 °C
after 5 min of operation. The highest temperature regions are
primarily concentrated in the DAB converter, particularly in the
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Fig. 31. Thermal and visible light images of the AC–DC converter operating
at 1600 W load power. (a) Thermal image. (b) Visible light image.

transformer. This indicates that the power losses are mainly con-
centrated in these components. Both the measured efficiency and
the thermal image closely match the model-based loss analysis
shown in Fig. 14. The high conversion efficiency demonstrates
the effectiveness of the GA-based optimization method for the
magnetic component parameters.

VI. CONCLUSION

This article proposes a higher-efficiency three-phase quasi-
single-stage isolated bidirectional ac–dc converter. By analyzing
the input current of the DAB converter, the optimal working
modes and the modulation scheme are developed to realize
the wide-range ZVS operation. The proposed voltage-current
closed-loop control strategy regulates the output voltage while
precisely controlling the third-harmonic current to achieve si-
nusoidal input phase current, ensuring the unity PF with low
THD. The operating regions of different working modes and
the variation patterns of control variables are analyzed in detail
under varying load and phase angle conditions. Moreover, to fur-
ther improve the efficiency, the magnetics of the DAB converter
are optimized using GA to minimize total loss. Experimental
results demonstrate that the proposed DAB-based H3R ac–dc
converter achieves 97.6% peak efficiency. At rated load, it
maintains 97.1% efficiency with 2.74% input current THD. The
demonstrated superior performance indicates that the proposed
solution is an attractive candidate for bidirectional ac–dc power
conversion systems.
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