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Abstract—A single-stage single-phase isolated bidirectional mi-
croinverter based on a voltage-in-phase pulsewidth modulation
(VIP-PWM)-controlled resonant converter is proposed in this ar-
ticle. With the VIP-PWM control, the voltage conversion ratio
of the resonant converter can be regulated from zero to infinity,
theoretically, which means the VIP-PWM is suitable for wide-
voltage-range applications, such as single-stage isolated inverters.
Moreover, the voltage conversion ratio of the resonant converter is
only determined by the equivalent duty cycle and is independent of
the value and the direction of the transferred power. Therefore,
the value and the direction of the power flow can be changed
smoothly, which makes the proposed converter suitable for bidi-
rectional dc–ac power conversion. Accordingly, a simple unified
current controller can be employed for both inverter and rectifier
modes. In addition, soft switching can be achieved during most
of the grid period, and high efficiency can be achieved with the
proposed solution. Detailed operation principles, characteristics,
design considerations, and control strategy of the proposed mi-
croinverter are presented. A 300-W prototype with an input voltage
range of 25–40 V is established and tested to verify the effectiveness
and feasibility of the proposed solution.

Index Terms—Bidirectional microinverter, energy storage
applications, resonant converter, soft-switching, voltage-in-phase
pulsewidth modulation (VIP-PWM).

I. INTRODUCTION

OWING to the accelerating energy shortage and the ex-
haustion of global resources, renewable energies, such as

photovoltaic (PV) and electric vehicles (EVs), have been receiv-
ing increasing interest, especially in the residential area [1], [2].
However, the conflict between production and consumption of
solar energy is a fundamental problem for homeowners: energy
consumption is the highest in the morning and evening, while
solar production peaks during midday. Fig. 1 illustrates a typical
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Fig. 1. Typical structures of residential power systems.

residential PV system with a battery and an EV. The surplus solar
energy is consumed by batteries to mitigate the influence of ex-
cess solar energy. When needed, the energy stored in the batteries
will be released to supply the load. If necessary, the EV car can
also help power the load. The bidirectional grid-connected dc–ac
converter is the key to achieve energy management.

For grid-connected applications, galvanic isolation is a basic
requirement for safety considerations. Isolated dc–ac convert-
ers can be categorized into two groups: two-stage and single-
stage converters [3], [4]. Compared with two-stage solutions, a
single-stage solution can directly convert dc to line-frequency
ac with only one-stage conversion, resulting in reduced number
of power switches, higher efficiency, and minimized high dc
voltage indoors. Since the parasitic resistance of the battery at
low frequency is very small, the double-line-frequency ripple is
induced in the charging current with the single-stage solutions.
Many research studies have been conducted on the impact of
double-line-frequency current ripple [5]–[7]. These research
studies indicate that the double-line-frequency current ripple has
little influence in terms of capacity, cell balancing, temperature
rise, and round-trip efficiency. In this case, it is unnecessary to
suppress the double-line-frequency current ripple, which will
greatly reduce the size of dc-link capacitors. Hence, more com-
petitive cost, higher efficiency, and higher power density can be
achieved with single-stage dc–ac converters, which have drawn
increasing attention in recent years.

Although an increasing effort has been made on the study
of single-stage dc–ac solutions over the years, the single-stage

https://orcid.org/0000-0002-9221-7041
https://orcid.org/0000-0001-6519-027X
https://orcid.org/0000-0003-0338-1884
https://orcid.org/0000-0003-4445-5261
mailto:wuhongfei@nuaa.edu.cn
mailto:tangxxi@nuaa.edu.cn
mailto:zhaojian2017@nuaa.edu.cn
mailto:xingyan@nuaa.edu.cn
https://ieeexplore.ieee.org


WU et al.: ISOLATED BIDIRECTIONAL MICROINVERTER BASED ON VOLTAGE-IN-PHASE PWM-CONTROLLED RESONANT CONVERTER 563

dc–ac converters still face many challenges: 1) wide operating
voltage range not only on the battery side but also on the grid
side; 2) isolated bidirectional conversion; and 3) changing the
direction of the transferred power quickly. Particularly, the grid
voltage changes from zero to hundreds of volts. A buck-type
or boost-type converter is not suitable for bidirectional dc–ac
power conversion because of the limited voltage conversion
range. Hence, the bidirectional single-stage dc–ac converter is
still an emergent research topic.

A bidirectional single-stage inverter has been proposed based
on the bidirectional flyback converter in [8]. However, disadvan-
tages of the flyback converter, i.e., hard switching, high voltage,
and current stresses, make it not a good candidate for high-
efficiency power conversion. By integrating a high-frequency
transformer, a series of buck-type bidirectional inverters are
derived from conventional nonisolated H-bridge inverters [9]–
[11]. However, these topologies suffer from large voltage spikes
and low efficiency induced by the leakage inductance of the
transformer. In [12] and [13], a voltage-clamped circuit has
been employed to recycle the energy stored in the leakage
inductance. However, too many auxiliary components result
in reduced power density. Another solution is based on the
well-known dual-active-bridge (DAB) converter [14], [15]. The
control algorithm of DAB-based inverters is too complicated
owing to nonlinear voltage gain characteristics. In [16] and [17],
efforts have been made to achieve zero-voltage switching (ZVS)
over the entire range and optimize the efficiency. However, the
control system relies on a predetermined lookup table, which
makes the system sensitive to parameters of the converter. Qiu
et al. [18] aim at exploring the possibility of an LLC converter
in single-stage ac–dc applications. However, a wide operating
range results in a small magnetizing inductance and a large
circulating current, which will affect the efficiency of the LLC
converter. Moreover, since the voltage gain cannot be regulated
to zero, the zero-crossing distortion is another critical issue.
Phase-shift-controlled LLC is employed for dc–ac applications
in [19] and [20]. The performance is similar to that of the
DAB-based solutions.

In [21], a bidirectional resonant converter with voltage-in-
phase pulsewidth modulation (VIP-PWM) has been proposed.
With VIP-PWM, the voltage gain can be regulated from zero
to infinity, which makes it possible to be applied in a single-
stage isolated dc–ac converter. Based on the basic principle of
the VIP-PWM-controlled resonant converter, a solution for a
single-stage isolated bidirectional microinverter is proposed in
this article. The major advantages of the proposed solution are
as follows.

1) The voltage gain can be theoretically regulated from zero
to infinity, which helps avoid the zero-crossing issue of
the isolated single-stage dc–ac converter based on the LLC
converters.

2) The voltage gain is only determined by the duty cycle and
is independent of the transferred power.

3) The amplitude and direction of the transferred power can
be changed quickly.

A unified current controller can be employed, which is
much simpler than single-stage dc–ac solutions based on the

Fig. 2. Proposed bidirectional microinverter.

bidirectional resonant and DAB converters. In addition, soft
switching can also be achieved during most of the grid period.

The rest of this article is organized as follows. The basic
idea of VIP-PWM and the detailed operation principle of the
proposed microinverter are discussed in Section II. In Section III,
characteristics, design considerations, and the corresponding
control strategy of the proposed solution are presented. In Sec-
tion IV, experimental results are provided to verify the perfor-
mance of the proposed solution. Finally, Section V concludes
this article.

II. PROPOSED BIDIRECTIONAL MICROINVERTER AND

OPERATION PRINCIPLES

A. Proposed Bidirectional Microinverter

Fig. 2 illustrates the proposed single-stage isolated bidirec-
tional converter. It is composed of two parts: a resonant dc–dc
converter and a line-frequency unfolding inverter (unfolder).
The resonant converter consists of a full bridge in the primary
side and a half bridge in the secondary side, connected by
a high-frequency transformer T , a resonant inductor Lr, and
a resonant capacitor Cr. Since the dc voltage is relatively
low and a higher voltage conversion ratio is required for the
bidirectional dc–ac converter, a half bridge is employed in the
secondary side of the converter to reduce the turns ratio of the
high-frequency transformer. The main purpose of the resonant
converter is to regulate the output current and achieve power
factor correction (PFC), while the unfolder is employed to
reconstruct the pseudo-dc-link current to sinusoidal ac. Both the
resonant converter and the unfolder support bidirectional power
flow.

B. Basic Idea of VIP-PWM

For LLC converters, the voltage conversion ratio is indepen-
dent of the load only when it operates at the resonant frequency.
Inspired by this characteristic, the proposed converter always
operates at the resonant frequency, which is expressed as

fr =
1

2π
√
LrCr

. (1)
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The state function of the resonant current ir and the voltage
uCr across the resonant capacitor can be expressed as{

Lr
dir
dt = uab − ucd − uCr

Cr
duCr

dt = ir
(2)

where uab and ucd are the midpoint voltages of primary and
secondary sides, respectively.

Considering the fundamental component of ir and uCr, the
state function (2) can be simplified and written as

Uab1 − Ucd1 = jωsLrIr1 +
Ir1

jωsCr
(3)

where ωs is the angular switching frequency, and Uab1 and Ucd1

are the fundamental components of uab and ucd, respectively.
When the converter operates at the resonant frequency, the

fundamental impedance of the resonant tank is equal to zero. In
this case,Uab1 = Ucd1, which means thatUab1 andUcd1 have not
only the same amplitude but also the same phase. Accordingly,
the midpoint voltages uab and ucd of primary and secondary
sides also share the same phase.

C. Operation Principles of the VIP-PWM Strategy

The normalized voltage conversion ratio is expressed as

Mn =
nurec

2Udc
(4)

where n is the turns ratio of the transformer. According to the
voltage conversion ratio, the proposed converter is divided into
two modes: buck and boost. The converter operates in the buck
mode when Mn ≤ 1, while it operates in the boost mode when
Mn > 1.

The operation mode of the proposed converter can also be
divided into forward and backward modes according to the
direction of power flow. In the forward mode, the energy stored
in the batteries is transferred to the grid. The proposed converter
operates as an inverter. In the backward mode, the converter
draws energy from the grid and transmits it to the dc side. The
proposed converter operates as a rectifier.

1) Boost Mode: In the boost mode, the duty cycle of the
primary-side switches is fixed at 0.5. The output current is
regulated by the duty cycle of the secondary-side switches. Fig. 3
illustrates the typical waveforms of the boost mode. Switches in
the same leg are driven complementarily. The gating signals
of S1, S4, and S5 are in phase. The gating signals of S2, S3,
and S6 are in phase as well. In order to ensure symmetrical
drive of S5 and S6, the switching sequence is S6–S5–S6 in the
positive half switching period, and t2 − t1 = t6 − t5. The drive
in the negative half switching period is symmetrical to that in the
positive half switching period. Since the operation principles of
the forward and backward modes are similar, only the forward
mode is discussed in detail.

Fig. 3(a) illustrates the typical waveforms in the forward and
boost modes. Each switching period can be divided into 12
stages. The equivalent circuits of these stages are shown in Fig. 4.

Stage I [t0–t1] [see Fig. 4(a)]: Before t0, S2, S3, and S5

are ON, the midpoint voltage uab of the primary-side bridge is
clamped to −Udc, while the voltage ucd is clamped to urec/2.

Fig. 3. Typical operating waveforms of the resonant dc–dc converter in the
boost mode. (a) Forward mode. (b) Backward mode.

The resonant current ir and the magnetizing current im are
negative. At t0, switches S2, S3, and S5 are turned OFF. Owing
to the negative current, the parasitic capacitors of S2, S3, and
S5 are charged, while those of S1, S4, and S6 are discharged.
Until uab reaches Udc, the parasitic diodes of S1, S4, and S6 are
forced to be conducted, and ZVS can be achieved.

Stage II [t1–t2] [see Fig. 4(b)]: At t1, switches S1, S2, and
S6 are turned ON with ZVS. uab is clamped to Udc, while ucd is
clamped to −urec/2. The resonant current ir increases quickly
because of a large positive voltage Udc/n+ urec/2 applied on
the resonant tank. The magnetizing current im also increases
linearly.

During Stages I and II, ucd is clamped to −urec/2. Therefore,
the input voltage charges the resonant tank quickly. The resonant
current ir and the voltage uCr across the resonant capacitor Cr

can be calculated as follows:

ir(t) = ir(t0) cosωr(t− t0)

+
Udc

n + urec

2 − uCr(t0)

Zr
sinωr(t− t0)

(5)

uCr(t) = ir(t0)Zr sinωr(t− t0) +
Udc

n
+

urec

2

−
(
Udc

n
+

urec

2
− uCr(t0)

)
cosωr(t− t0)

(6)
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Fig. 4. Equivalent circuits of the resonant dc–dc converter in the boost mode.
(a) [t0–t1]. (b) [t1–t2]. (c) [t2–t3]. (d) [t3–t4]. (e) [t4–t5]. (f) [t5–t6].

where ωr = 2πfr is the angular frequency and Zr =√
Lr/Cr is the characteristic impedance of the series-resonant

tank.
Stage III [t2–t3] [see Fig. 4(c)]: At t2, S6 is turned OFF. The

parasitic capacitor of S6 is charged by the positive resonant
current, and the parasitic capacitor of S5 is discharged. Since
the resonant current is relatively large, S5 can easily achieve
ZVS.

Stage IV [t3–t4] [see Fig. 4(d)]: At t3, S5 is turned ON

with ZVS. ucd is clamped to urec/2. The resonant inductor Lr

resonates with the resonant capacitor Cr. im keeps increasing
linearly owing to the positive voltage uab clamped to Udc.

During the two stages, Lr resonates with Cr. Most of the
power is transferred during these two stages. ir and uCr can be
expressed as

ir(t) = ir(t2) cosωr(t− t2)

+
Udc

n − urec

2 − uCr(t2)

Zr
sinωr(t− t2) (7)

uCr(t) = ir(t2)Zr sinωr(t− t2) +
Udc

n
− urec

2

− (
Udc

n
− urec

2
− uCr(t2)) cosωr(t− t2). (8)

Stage V [t4–t5] [see Fig. 4(e)]: At t4, S5 is turned OFF. The
negative resonant current charges the parasitic capacitor of S5

and discharges the parasitic capacitor of S6. Until ucd is reduced
to −urec/2, the body diode of S6 is conducted, and ZVS can be
achieved at light load. However, the resonant current is reduced
and close to zero at heavy load. It is difficult for S6 to achieve
ZVS at t5. However, fortunately, zero-current switching (ZCS)
of S6 can still be achieved.

Stage VI [t5–t6] [see Fig. 4(f)]: At t5, S6 is turned ON with
ZCS. The resonant current increases owing to a positive voltage
applied on the series-resonant tank.

During Stages V and VI, ucd is clamped to −urec/2. ir and
uCr can be calculated as follows:

ir(t) = ir(t4) cosωr(t− t4)

+
Udc

n + urec

2 − uCr(t4)

Zr
sinωr(t− t4) (9)

uCr(t) = ir(t4)Zr sinωr(t− t4) +
Udc

n
+

urec

2

− (
Udc

n
+

urec

2
− uCr(t4)) cosωr(t− t4). (10)

The operation principles of the rest of the stages are symmet-
rical to the positive half switching period and hence will not be
discussed again.

2) Buck Mode: In the buck mode, the switches in the sec-
ondary side always operate with a duty cycle of 0.5, while
the duty cycle of switches in the primary side is modulated
to regulate the output. Fig. 5 shows typical waveforms of the
buck mode. The operation principle of the buck mode is similar
to that of the boost mode and will not be presented in this
article.

III. CHARACTERISTICS AND DESIGN CONSIDERATIONS

A. Voltage Conversion Ratio Characteristics

1) Boost Mode: In the boost mode, the duty cycleDp is fixed
at 0.5, while the duty cycle Ds is employed to regulate the grid
current. According to the waveforms in Fig. 3, t0, t2, t4, and t6
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Fig. 5. Typical operating waveforms of the resonant dc–dc converter in the
buck mode. (a) Forward mode. (b) Backward mode.

Fig. 6. Ideal duty cycle during half grid period.

can be expressed by the duty cycle Ds, as follows:

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

t0 = 0

t2 = 1−2Ds

4 Ts

t4 = 1+2Ds

4 Ts

t6 = Ts

2

(11)

where Ts = 1/fs is the switching period.
Substituting (11) into (5)–(10), the resonant current ir and the

resonant voltageuCr at t2, t4, and t6 can be derived, respectively,

as follows:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ir(t2) = ir(t0) sin(πDs)

+
Udc

n + urec

2 − uCr(t0)

Zr
cos(πDs)

uCr(t2) = ir(t0)Zr cos(πDs) +
Udc

n
+

urec

2

− (
Udc

n
+

urec

2
− uCr(t0)) sin(πDs)

(12)

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ir(t4) = − ir(t0) sin(πDs)

+
Udc

n − uCr(t0)

Zr
cos(πDs)

+
urec

2Zr
(cosπDs − 2 sin 2πDs)

uCr(t4) = ir(t0)Zr cos(πDs) +
Udc

n
− urec

2

+
Udc

n − uCr(t0)

Zr
sin(πDs)

+
urec

2
(sinπDs + 2 cos 2πDs)

(13)

⎧⎪⎪⎨
⎪⎪⎩

ir(t6) = −ir(t0)

uCr(t6) = − uCr(t0) +
2Udc

n
+

urec

2
(2− 4 sinπDs).

(14)

Owing to the symmetrical operations of the resonant dc–dc
converter, the resonant voltage uCr

at t6 satisfies

uCr
(t6) = −uCr

(t0). (15)

Using (14) and (15), the normalized voltage conversion ratio
in the boost mode can be derived and expressed as

MBoost =
nurec

2Udc
=

1

2 sin(πDs)− 1
. (16)

The above analysis is performed for the forward mode. The
derived normalized voltage conversion ratio is only determined
by the duty cycle Ds and is independent of the amplitude and
the direction of the transferred power. Therefore, it is believed
that (16) is still valid for the backward mode.

2) Buck Mode: In the buck mode,Ds is fixed at 0.5, andDp is
employed to regulate the power flow. Similarly, the normalized
voltage conversion ratio can be derived as

MBuck =
nurec

2Udc
= sin(πDp). (17)

Actually, the normalized voltage conversion ratio can be
written as a uniform expression, as follows:

Mn =
nurec

2Udc
=

sin(πDp)

2 sin(πDs)− 1
. (18)

As aforementioned, the output voltage of the resonant dc–dc
converter is rectified sinusoidally. Thus, the ideal duty cycle for
the dc–ac operation can be obtained, as shown in Fig. 6, where
Mnpeak is the peak value of the normalized voltage conversion
ratio, i.e., nUg

2Udc
.
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B. ZVS Analysis

According to the operation principles in Section II-C, when
the converter operates in the buck mode, ZVS of S1 and S3 is
difficult to achieve in the forward mode, while ZVS of S2 and
S4 is difficult to achieve in the backward mode. Fortunately,
ZVS of the primary-side switches can be achieved with the help
of the magnetizing inductance Lm. On the contrary, ZVS of
the secondary-side switches is much easier to achieve, since the
phase of resonant current is in advance.

Owing to the symmetry, the ZVS constraint condition for S1

and S3 is the same as that of S2 and S4. Therefore, only the ZVS
of S1 is taken as an example to be discussed here. To achieve
ZVS for S1, the resonant current ir and the magnetizing current
im must satisfy

ir(t2) + im(t2) <
nCpUdc

Td
(19)

where Cp is the total parasitic capacitance of switches and Td

is the dead time. im(t2) is the value of im at t2, expressed by
(20). Substituting (20) into (19), the magnetizing inductanceLm

should satisfy (21)

im(t2) = −nDpUdc

2frLm
(20)

Lm <
nDpUdc

2fr(ir(t2)− nCpUdc

Td
)
. (21)

To calculate the value of the resonant current, the analysis is
conducted in the frequency domain. With the Fourier transform,
the mth-order harmonic components of uab and ucd are derived
as follows:

Uabm =

{
4Udc

mπ sin(mπDp)e
π
2 i m = 1, 5, 9. . .

− 4Udc

mπ sin(mπDp)e
π
2 i m = 3, 7, 11. . .

(22)

Ucdm =

{
2urec

mπ (2 sin(mπDs)− 1)e
π
2 i m = 1, 5, 9. . .

2urec

mπ (−2 sin(mπDs)− 1)e
π
2 i m = 3, 7, 11. . ..

(23)

Accordingly, the mth-order harmonic components of ir are
expressed in (24). It should be noted that the harmonic compo-
nents of ir only generate reactive current and do not participate
in the transmission of active power

Irm =
U ′
abm − Ucdm

(jm+ 1/jm)Zr
, m = 3, 5, 7. . . (24)

where U ′
abm = Uabm/n is the mth-order harmonics of uab

reflected to the secondary side.
In contrast, the impedance of the resonant tank at the resonant

frequency is equal to zero. Considering the influence of parasitic
resistance of switches, the fundamental component of resonant
current Ir1 is in phase withuab anducd, expressed by (25). Since
the power is only transferred by the fundamental component with
the VIP-PWM, the instantaneous output power can be expressed
by (26), as follows:

Ir1 = Ir1me
π
2 i (25)

pg = 2fr

∫ t6

t0

urec

2
ir1dt (26)

Fig. 7. Current stress and voltage stress of the resonant tank when Udc =
40 V, urec = 310 V, and pg = 600 W.

where Ir1m is the amplitude of the fundamental component of
the resonant current, pg is the instantaneous value of the grid
power, and ir1 = Ir1m sin(ωrt) is the fundamental component
of the resonant current in the time domain. Accordingly, Ir1
can be simplified and expressed by (27). Then, ir(t2) can be
calculated by (28) with a numerical method, as follows:

Ir1 =
πi′rec

2 sin(πDs)− 1
e

π
2 i (27)

ir(t2) =

∞∑
m=1

irm(t2) (28)

where irm(t2) is the value of the mth-order harmonic current
at t2.

When the resonant dc–dc converter operates in the boost
mode, ZVS of the primary-side switches can be achieved easily
because of the lag of resonant current. ZVS of the secondary-side
switches is difficult to achieve at some switching moment, but
ZCS can be achieved easily.

For dc–ac power conversion, the voltage gain needs to be
regulated to zero. It is difficult and unnecessary to achieve ZVS
during the entire operating range. Otherwise, the magnetizing
inductance would be designed to be a very low value, resulting
in large circulating losses. To optimize the efficiency, ZVS needs
to be achieved only during the time when most of the power
is transferred. In this article, ZVS of primary-side switches
is designed to be achieved when urec > 250 V. During this
interval, 70% of the grid power is being transferred.

C. Design Consideration of the Resonant Tank

The major design consideration of the resonant tank is to
decrease circulating current and improve efficiency. As seen
from (24), the harmonics of the resonant current decrease with
the increasing of Zr. Fig. 7 shows the curve of the rms value
of the resonant current IrRMS versus Zr. Therefore, Zr should
be designed as large as possible to decrease conduction losses
caused by the circulating current. However, the size of Lr would
also increase with the increase in Lr, resulting in larger losses
of the resonant inductor. In addition, the larger the Zr, the larger
the voltage ripples across the resonant capacitor. The voltage
ripples across the resonant capacitor should not be too large. In
practice, Lr is selected at the inflection point of the curve of
IrRMS versus Lr.
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Fig. 8. Control block of the proposed solution.

Fig. 9. Experimental prototype of the proposed microinverter.

D. Control Strategy

According to the analysis in Section III-A, the voltage conver-
sion ratio is only determined by the duty cycle and is independent
of the value and the direction of the transferred power. The same
modulation strategy is adopted for both forward and backward
modes. Therefore, a unified controller can be used to regulate
the output power in both inverter and rectification modes.

The control block of the proposed solution is illustrated in
Fig. 8. A battery management system is employed to generate the
reference dc current idcRef and manage the charging/discharging
progress of the battery. When idcRef > 0, the proposed mi-
croinverter operates in the inverter mode. When idcRef < 0,
the proposed microinverter operates in the rectification mode.
The output of the dc current controller is used as the amplitude
of the reference grid current IgRefm. In order to prevent the bat-
tery from overcharging and overdischarging, two additional dc
voltage controllers are employed. The controller Gdc1 generates
the upper limit of the grid current and prevents overdischarging
of the battery, while the discharging voltage is limited to UdcRef2

by the controller Gdc2 to prevent the battery from overcharging.
To achieve unit power factor, a phase-locked loop is employed
to track the frequency and phase of the grid voltage. Then, the
reference grid current is expressed by

igRef = IgRefm sin θ (29)

where θ is the phase of the grid voltage. With the inner grid
current controller, the grid current can track the grid voltage and
achieve PFC control.

IV. EXPERIMENTAL VERIFICATION

A 300-W experimental prototype, as shown in Fig. 9, is estab-
lished to verify the effectiveness of the proposed solution. The
dc side, whose voltage is 25–40 V, is connected to a bidirectional
power supply. The ac side is connected to a 220-Vrms ac grid,

Fig. 10. Steady-state waveforms of the proposed solution at an input voltage
of 25 V and an output power of 300 W. (a) Inverter. (b) Rectifier.

provided by an ac power source. The switching frequency of the
converter is 100 kHz. The detailed parameters are listed as fol-
lows:n=4/21,Lr =46.1μH,Cr =55 nF,Lm=180μH,S1–S4

IRFB3307ZPbF, S5 and S6 SCT3080AL, S7–S10 FDPF20N50,
C1 = C2 = 2.2 μF, and dc-side filter capacitor Cdc = 7.2 mF.

Fig. 10 illustrates the steady-state waveforms of the converter
with an input voltage of 25 V and an output power of 300 W.
Since the input dc voltage is relatively small, both buck and
boost modes are employed to control the output current. The
boundary of buck and boost modes in the inverter mode is
|ug|= 270 V. In the rectification mode, mode transition happens
when |ug|= 280 V. Owing to the parasitic resistance, the voltage
conversion ratio in the rectification mode is slightly larger than
that in the inverter mode, which results in the difference of the
boundary of mode transition.

As aforementioned, the worst case for ZVS achievement is at
full load. Therefore, ZVS performance has been tested at 25-V
input voltage and full load in the inverter mode. It is found that
S2 can achieve ZVS during almost whole grid period, while the
ZVS of S1 can be achieved when the grid voltage is greater than
170 V with 25-V dc input voltage, as shown in Fig. 11.

In the buck mode, the resonant current ir lags ucd. Therefore,
it is easy for the switches in the secondary side to achieve ZVS.
In the boost mode, S5 turns ON three times in each switching
period, i.e., ta, tb, and tc. As shown in Fig. 12, ZVS is achieved
at ta and tb, but lost at tc. Fortunately, the value of the resonant
current at tc is approximately equal to zero, which means that
S5 can still operate with ZCS.

In order to verify the dynamic performance of the proposed
solution, mode transition between the inverter mode and the
rectification mode is tested at the peak voltage point of the grid
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Fig. 11. ZVS performance of S1 at full load in the inverter mode when
Udc = 25 V and urec = 170 V.

Fig. 12. ZVS performance of S5 at full load in the inverter mode when
Udc = 25 V and urec = 310 V.

Fig. 13. Dynamic performance during load stepping at an input voltage of
35 V.

voltage. The experimental results are illustrated in Fig. 13. It is
seen that the operation mode can be quickly switched between
the inverter mode and the rectification mode.

The efficiency is measured at different circumstances, as
shown in Fig. 14. When the transferred power is higher than
zero, the proposed converter operates as an inverter, otherwise
as a rectifier. The efficiency at full load is higher than 92% for
both inverter and rectification modes. A peak efficiency of 96.9%
is obtained at an input voltage of 30 V and an output power of
120 W in the rectification mode.

The total harmonic distortion (THD) of the grid current is
tested when the converter operates as an inverter and a rectifier,
as shown in Fig. 15. The THD of the grid current decreases with
the increase in the transferred power. It is seen that the THD is

Fig. 14. Measured efficiency of the proposed solution.

Fig. 15. Measured THD of the grid current.

TABLE I
FEATURES AND PERFORMANCE OF THE PROPOSED SOLUTION AND

PREVIOUS WORK

less than 5% when the output power is greater than 50% rated
power, no matter whether the converter operates in the inverter
mode or the rectification mode. When the presented converter
operates as a rectifier with an input voltage of 30 V and an output
power of 300 W, the minimum THD of 2.6% is achieved.

A brief comparison with the DAB-based bidirectional mi-
croinverter in [16] is conducted, as shown in Table I. It is
seen that both the efficiency and the THD performance of the
proposed solution for a 300-W output are better than those of
the DAB-based 3.7-kW bidirectional ac–dc converter.

V. CONCLUSION

In this article, a single-stage single-phase isolated bidirec-
tional microinverter based on the VIP-PWM-controlled resonant
converter was proposed and investigated for energy storage
applications. With the VIP-PWM control, the voltage conversion
ratio of the resonant converter was able to vary in a wide range,
and step-up and step-down voltage conversion was achieved.
The amplitude and the direction of the transferred power can be
changed quickly and smoothly with a simple unified current
controller. Soft switching was also achieved during most of
the grid period. A 300-W prototype with an input voltage of
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25–40 V and a grid voltage of 220 Vac was established to
verify the effectiveness and feasibility of the proposed converter.
Experimental results demonstrated the analysis performed in this
article. The proposed microinverter achieved a peak efficiency
of 96.9% and a minimum THD of 2.6%.
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