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An Adaptive Switching Frequency and Conduction
Loss Optimization Modulation Strategy for

Single-Phase Soft-Switching Inverter
Chaofan Wei , Jianhua Lei, Ruogu Yao , Jiatao Yang , Rui Li , Senior Member, IEEE, Wei Yu, and Shaohui Li

Abstract—Single-phase full-bridge inverter operating in trian-
gular current mode (TCM) can realize zero-voltage switching to
achieve high efficiency. However, the TCM full-bridge inverter
features a wide range of switching frequency variation, especially
near the ac current zero-crossing point (ZCP), which increases the
switching loss and control difficulty. In this article, an adaptive
optimal quasi-trapezoidal current mode (QTCM) control strategy
is proposed based on the output characteristics of the full-bridge
inverter, which reduces the switching frequency and inductor cur-
rent rms by adjusting the durations of the different operating
modes. The relationship between the zero level ratio m of the
inverter output and the switching frequency and the peak inductor
current is established. By adjusting the ratio m, co-optimization of
switching frequency and conduction loss is implemented according
to the output voltage and current. The switching sequence of the
power switches is improved to achieve the seamless switching of
the ac current ZCP. A 1-kW prototype with Gallium nitride (GaN)
devices is built to verify the effectiveness of proposed modulation
strategy with a peak efficiency of 98.3%. Compared with TCM, the
proposed QTCM has a higher efficiency over the whole load range
with the same hardware cost.

Index Terms—Co-optimization, quasi-trapezoidal current mode
(QTCM), triangular current mode (TCM), zero-voltage switching
(ZVS).

I. INTRODUCTION

S INGLE-PHASE inverters are widely used in photovoltaic
power generation, vehicle transportation, uninterruptible

power supply, and other fields. In small and medium power ap-
plications, the use of wide-bandwidth devices, such as Gallium
nitride (GaN) HFETs, can significantly increase the switching
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frequency and reduce the size of passive components to increase
the power density of the converter [1], [2]. However, high
switching frequency also brings additional switching loss. For
enhanced GaN HFETs, their almost zero reverse recovery charge
characteristics result in small turn-OFF loss, and the turn-ON loss
due to the junction capacitance is much larger than the turn-OFF

loss [3], [4]. Zero-voltage switching (ZVS) technique is usually
used to reduce the switching loss [5].

To realize soft switching of the inverter, there are the following
two schemes: 1) increasing the auxiliary resonant network and
2) increasing the inductor current ripple during the switching
cycle so that the current direction meets the ZVS requirements. A
soft-switching inverter topology with the addition of a resonant
branch in the dc link is proposed in [6] and [7], which transfers
the dc bus voltage to the resonant branch to realize ZVS. An LC
series resonant loop is added between the dc bus and the ac output
to transfer the inductor current ripple to the capacitor to provide
the energy required for ZVS [8]. Liu et al. [9] added an active
auxiliary branch on the ac output side to realize ZVS for the
main power devices and zero-current switching (ZCS) for the
auxiliary switches. However, soft-switching techniques based
on auxiliary resonant networks make the circuit structure more
complex and the additional component requirements reduce the
power density of the system.

In order to realize soft switching without adding additional
devices, a triangular current mode (TCM) or boundary current
mode (BCM) modulation strategy is proposed in [10] and [11],
which satisfies the ZVS condition by operating at variable
switching frequency so that the inductor current is reversed
during the switching cycle. The simplicity of TCM implementa-
tion has attracted the interest of many researchers and has been
optimized in different directions. The loss distribution of micro
inverters with fixed reverse current, variable reverse current, and
constant bandwidth current is compared [12], [13]. Based on the
comparison results, a dual-mode current modulation strategy
combining ZVS and ZCS is proposed to improve the efficiency.
A hybrid modulation strategy with constant peak current is
proposed in [14], where BCM is used to reduce the current rms at
high power output and discontinuous conduction mode (DCM)
is used to reduce the switching frequency at low power output.
For the symmetrical dual synchronous Buck inverter, an average
current control mode with variable PWM frequency is proposed
without high-speed current sampling [15].
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TCM modulation can be further categorized into unipolar
mode and bipolar mode. Unipolar mode suffers from zero-
crossing distortion during zero-voltage crossing area, especially
in the case of reactive power output [16]. For bipolar mode,
when the inductance of the high-frequency inductor is reduced
to tens of μH, the switching frequency near the ac current
zero-crossing point (ZCP) will be as high as several MHz [17],
[18]. High switching frequency brings greater challenges to
digital control systems, sampling, and protection [19]. Switching
loss, core loss, and other losses related to switching frequency
also increase significantly [20]. In addition, when switching
frequency reaches MHz, the effect of parasitic inductance on
the switching process becomes more significant, and the cir-
cuit parameter design and layout of the converter will become
harsher.

To limit the switching frequency under TCM modulation,
researchers have conducted many studies from both topology
and control aspects. The constant frequency control of boost
PFC is realized by changing the inductance in real time [21],
but the design and implementation is complicated. Based on a
single-phase inverter with two bridge legs connected in parallel,
a hybrid quadrilateral and continuous current mode (HQCCM)
with constant frequency is designed, in which ZVS is realized
by controlling the phase-shift angle between the two bridge
legs of the same phase to generate differential mode currents
in the opposite direction [22], [23]. In addition, when BCM
modulation is applied in a single-phase multilevel inverter, the
voltage difference across the inductor can be reduced by adjust-
ing the output mode. So its switching frequency variation range
is smaller than that of a single-phase full-bridge inverter [24],
[25].

DCM modulation is a simple and effective way to limit
the switching frequency, of which switching frequency can be
flexibly adjusted by increasing the turn-OFF time [26], [27].
The DCM can realize ZCS easily, but realizing ZVS requires
an accurate implementation of the turn-ON moments during
dead time. Besides, operating in DCM will lead to high peak
currents. A modulation strategy combining quadrature current
and TCM is proposed to solve the current distortion problem
during zero-voltage crossing area [16]. However, it is difficult
to ensure the ZVS under a wide load range and easy to cause cur-
rent spikes during mode switching. The switching frequency is
effectively reduced by increasing the value of the reverse current
[28], [29], [30]. Variable reverse current control is adopted near
the ac current ZCP to limit the switching frequency to 1 MHz
[28], [29], whereas constant reverse current variable frequency
control is used in [30]. Furthermore, a hybrid TCM modulation
strategy is proposed based on the loss distribution of TCM
and quasi-constant frequency triangle current mode (QCFTCM)
[20], which improves the system efficiency by optimizing the
ratio of QCFTCM under different loads offline. However, either
way of increasing the reverse current brings additional conduc-
tion loss as well as core loss. In addition, increasing the reverse
current leads to an increase in the peak current, which increases
the total turn-OFF current during the switching cycle.

In summary, the switching frequency of TCM can be reduced
by increasing the inductor current variation during the switching

Fig. 1. Topology of single-phase full-bridge inverter.

cycle or decreasing the slope of the inductor current for single-
phase full-bridge inverter without changing the topology. This
article makes full use of the different operating modes of the
inverter and based on this an adaptive optimal quasi-trapezoidal
current mode (QTCM) modulation strategy is proposed, which
adjusts the durations of the different operating modes according
to the output voltage and current. Compared with the previous
modulation strategies, the proposed strategy not only effectively
reduces the switching frequency but also reduces the switching
cycle peak current and inductor current rms.

The rest of this article is organized as follows. In Section II, the
principle of QTCM modulation and soft-switching constraints
are analyzed, and expressions for key variables such as switching
frequency and peak inductor current are derived. In Section III,
a power loss model is established and the co-optimization
strategy of inductor current rms and switching frequency is
proposed. The corresponding closed-loop control strategy and
seamless switching method of the ac current ZCP are proposed
in Section IV. Experimental results are provided to evaluate the
performance of the proposed switching modulation strategies in
Section V. Finally, Section VI concludes this article.

II. OPERATING PRINCIPLE OF QTCM SINGLE-PHASE INVERTER

A. Basic Operating Principle of QTCM Modulation

The topology of the single-phase full-bridge inverter is shown
in Fig. 1. Vdc indicates the dc bus voltage and iL is the inductor
current. vo and io are the output voltage and current of the ac
side, respectively. S1–S4 are the power switches of the inverter.
L1 and C1 represent the filter inductor and filter capacitor. The
positive direction of the inductor current is shown in Fig. 1. To
achieve ZVS for Si (i= 1–4), the direction of the inductor current
before conduction of Si needs to be the same as the conduction
direction of its antiparallel diode, so that the output capacitor of
Si is discharged. For S1 and S4, iL needs to be negative before
conduction, while for S2 and S3 iL needs to be positive. The ZVS
condition can be satisfied by controlling the inductor current
waveform during each switching cycle, as shown in Fig. 2.

In Fig. 2, imax and imin denote the upper and lower bound-
aries of the inductor current envelope, respectively. ioref is the
reference value of the output current. To ensure the quality of
the output current, the average value of the inductor current iav
in each switching cycle should be equal to the reference value of
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Fig. 2. Diagram of triangle current mode.

Fig. 3. Single-phase inverter steady state mode of operation. (a) Inverter output
positive level. (b), (c) Inverter output zero level. (d) Inverter output negative level.

the output current. imax and imin can be calculated as follows:

imax =

{
2ioref + Ia sin(ωt+ ϕ) ≥ 0

−Ia sin(ωt+ ϕ) < 0

imin =

{
Ia sin(ωt+ ϕ) ≥ 0

2ioref − Ia sin(ωt+ ϕ) < 0

iav =
imax + imin

2
= ioref = Im sin(ωt+ ϕ) (1)

where Im denotes the amplitude of the output current and ϕ de-
notes the power factor angle. Ia indicates the value of reverse
current.

The single-phase full-bridge inverter can output three levels
of Vdc, 0, and -Vdc, as shown in Fig. 3. In conventional TCM
modulation, each switching cycle contains only two levels.
Taking the output voltage vo > 0 (vo = Vmsinωt) as an example,
S1 and S2 operate at high frequency, and S3 and S4 operate at line
frequency when unipolar modulation is adopted. The inverter
output two levels of Vdc and 0, corresponding to Fig. 3(a) and
(b). The switching frequency fsu for the high frequency switches
is given as follows:

fsu =
(Vdc − |vo|) |vo|

L1Vdc (2 |ioref|+ 2Ia)
. (2)

Fig. 4. Switching frequency curves of unipolar TCM and bipolar TCM.

In bipolar modulation, S1 and S4 conduct simultaneously. S2
and S3 conduct simultaneously. The inverter output two levels of
Vdc and -Vdc, corresponding to Fig. 3(a) and (d). The switching
frequency fsb is given as

fsb =
V 2

dc − v2o
2L1Vdc (2 |ioref|+ 2Ia)

. (3)

According to (2) and (3), switching frequency curves of unipo-
lar TCM and bipolar TCM under different operating conditions
are plotted, as shown in Fig. 4. The curves in Fig. 4 corre-
spond to the following conditions, Vdc = 380 V, Vm = 311 V,
Im = 6.428 A, Ia = 2 A, L1 = 50 μH, ϕ = 0. According to
Fig. 4, the switching frequency of unipolar TCM is close to zero
near the ac current ZCP, which is easy to cause output current
distortion. In contrast, the switching frequency of bipolar TCM
is close to MHz, which results in more switching loss and higher
drive requirements. Besides, the overall switching frequency
increases as the load is lightened, resulting in a significant drop
in efficiency.

Combined with Fig. 3, it can be seen that the reason for such
a large difference in the switching frequency between the two
modulation methods near the ZCP area is due to the different
voltage across the inductor during the inductor current drop
stage which causes different slopes of inductor current. The
quasi-trapezoidal current mode (QTCM) can be constructed by
combining the two modulation methods and making full use
of the three levels of the inverter output, as shown in Fig. 5.
An additional degree for controlling the range of switching
frequency is created in QTCM. Taking Fig. 5(a) as an example,
one switching cycle of the proposed QTCM is divided into six
intervals shown as Fig. 6.

Interval I [t0-t1]: As shown in Fig. 6(a), S1 and S4 are ZVS
turned ON at t0. The voltage across the inductor is Vdc-vo and iL
is increased linearly during Interval I.

Interval II [t1-t2]: S1 is turned OFF at t1 when iL reaches imax.
The output capacitor of S1 is charged and the output capacitor
of S2 is discharged. When the DS voltage of S2 decreases to 0,
iL flows through the body diode of S2 and the ZVS condition is
satisfied.

Interval III [t2-t3]: S2 is ZVS turned ON at t2. The voltage
across the inductor is -vo and iL is decreased linearly.
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Fig. 5. Diagram of proposed quasi-trapezoidal current mode. (a) vo � 0,
ioref > 0. (b) vo < 0, ioref > 0.

Fig. 6. Operation stages for quasi-trapezoidal current mode. (a) Interval I
[t0–t1]. (b) Interval II [t1–t2]. (c) Interval III [t2–t3]. (d) Interval IV [t3–t4].
(e) Interval V [t4–t5]. (f) Interval VI [t5–t6].

Interval IV [t3-t4]: As shown in Fig. 6(d), S4 is turned OFF at t3
when iL reaches imid. The output capacitor of S4 is charged and
the output capacitor of S3 is discharged. When the DS voltage
of S3 decreases to 0 during the dead time, iL flows through the
body diode of S3.

Interval V [t4-t5]: S3 is ZVS turned ON at t4. The voltage
across the inductor is -Vdc-vo and iL is decreased linearly. iL is
decreased from positive to negative during Interval V.

Interval VI [t5-t6]: S2 and S3 are turned OFF at t5 when iL
reaches imin, as shown in Fig. 6(f). The output capacitors of S2
and S3 are charged and the output capacitors of S1 and S4 are
discharged. When the DS voltages of S1 and S4 decrease to 0
during the dead time, iL flows through the body diodes of S1 and
S4. S1 and S4 can realize ZVS. The subsequent process returns
to Interval I and repeats.

B. Switching Frequency Characteristics Analysis

In Fig. 5(a), tp corresponds to the S1 and S4 conduction stage
of Fig. 3(a), to corresponds to the S2 and S4 conduction stage of
Fig. 3(b), and tn corresponds to the S2 and S3 conduction stages
of Fig. 3(c). The conduction intervals and switching period Ts

can be calculated as follows:

tp = (imax − imin)L1/ (Vdc − vo)

to = (imid − imax)L1/ (−vo)

tn = (imin − imid)L1/ (−Vdc − vo)

Ts = tp + to + tn = 1/fstp (4)

where fstp represents the switching frequency of QTCM. Defin-
ing to = m∗tp, the following expression is yielded according to
the principle of inductor volt-second balance:

tp (Vdc − vo) +mtp (−vo) + tn (−Vdc − vo) = 0. (5)

The average value of the quasi-trapezoidal current iav is equal
to the reference value of the output current ioref

iavTs = tp (imax + imin) /2 + to (imax + imid) /2

+ tn (imid + imin) /2 = iorefTs. (6)

By combining (4)–(6), the following expressions can be ob-
tained:

fstp =
(Vdc + vo)

[
(2m+ 2)Vdc −

(
m2 + 2m+ 2

)
vo
]

2L1Vdc(m+ 2)2 (Ia + ioref)

imax =

[(2m+4)Vdc−(2m+4) vo] ioref+
[(
2−m2

)
vo−2Vdc

]
imin

(2m+2)Vdc−(m2+2m+2) vo

imid =

2ioref+
2m (Vdc+vo) ioref−

[(
m2+4m+2

)
vo−2Vdc

]
imin

(m2+2m+2) vo−(2m+2)Vdc
.

(7)

When the output voltage vo < 0 and output current ioref > 0,
as shown in Fig. 5(b), defining to =m∗tn, the expressions of fstp,
imax and imid similar to (7) can be obtained. When ioref < 0, fstp,
imax, and imid can be derived directly from symmetry, and will
not be calculated in detail here. They are expressed uniformly
as follows:

fstp =
(Vdc + |vo|)

[
(2m+ 2)Vdc −

(
m2 + 2m+ 2

) |vo|]
2L1Vdc(m+ 2)2 (Ia + |ioref|)
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Fig. 7. Switching frequency and current imid variation curves with m. (a)
Switching frequency curves. (b) Inductor current Imid curves.

imax =

[(2m+4)Vdc−(2m+4)|vo|] ioref+
[(
2−m2

) |vo|−2Vdc
]
imin

(2m+2)Vdc−(m2+2m+2) |vo|
imid =

2ioref+
2m (Vdc+|vo|) ioref−

[(
m2+4m+2

)|vo|−2Vdc
]
imin

(m2+2m+2) |vo|−(2m+ 2)Vdc
.

(8)

Comparing the expressions for fsu, fsb, and fstp, it is found
that the switching frequency of the QTCM modulation can be
changed by adjusting ratio m when the circuit parameters and
operating condition are certain.

The curves of fstp and imid in the interval [0,π/10] for different
m are plotted in Fig. 7. As m increases, the frequency near the
ac current ZCP decreases significantly, but imid will be less than
zero in some intervals during which ZVS can not be achieved.
To realize ZVS, the following constraints need to be satisfied
when output current ioref greater than zero:

imid ≥ Ith >
2VdcCoss

td
(9)

where Coss represents output capacitance and td is the dead time.
Ith is taken as 0.8 A to achieve ZVS. If a fixed ratio m is taken
during the line cycle, the effect of switching frequency reduction
near the ZCP will be limited because a small m needs to be
taken. According to Fig. 7, if a large m is taken near the ZCP
and the value of m varies with the ac output current, a better
frequency reduction effect can be achieved while ensuring that
the constraint of imid is satisfied. Optimization for time-varying
m is described below.

III. CO-OPTIMIZATION STRATEGY OF INDUCTOR CURRENT

RMS AND SWITCHING FREQUENCY

A. Loss Distribution Analysis

The losses of the single-phase full-bridge inverter shown in
Fig. 1 mainly include power devices losses and passive com-
ponent losses. When the full range ZVS can be achieved, the
turn-ON loss and the reverse recovery loss of the diode can be
neglected. Thus, power device losses include conduction loss,

turn-OFF loss, diode forward conduction loss, and driving loss.
The line-cycle averaged conduction loss Pcon can be calculated
as follows:

Pcon = 2Irms
2Rdson (10)

where Irms is the inductor current rms over a line cycle and Rdson

can be obtained through Datasheet. For the quasi-trapezoidal
inductor current shown in Fig. 5, the rms value is calculated as
follows:

I2crms (t) =

1

Ts (t)

⎡
⎢⎢⎢⎢⎣
∫ tp
0

(
imin (t) +

imax(t)−imin(t)
tp

t
)2

dt

+
∫ tp+to
tp

(
imax +

(imid(t)−imax(t))(t−tp)
to

)2

dt

+
∫ tp+to+tn
tp+to

(
imid (t)+

(imin(t)−imid(t))(t−tp−to)
tn

)2

dt

⎤
⎥⎥⎥⎥⎦

Irms =
2

Tg

⎛
⎝fc/2∑

k=1

Icrms

(
k

fc

)
round

(
Tc

Ts (k/fc)

)⎞⎠ (11)

where Icrms is the inductor current rms during one switching
cycle, Tg is the line period. Tc and fc are control period and
control frequency, respectively.

The turn-OFF loss of a GAN HFET is related to its voltage
and current during turn-OFF. The switching energy during one
turn-OFF period can be given as

EVIoff =
VdsId (t) (Qgd +Qgs) (Rgint +Rgoff)

2(|Vgoff |+ Vgsth)
(12)

where Id(t) is the inductor current at turn-OFF, Vds is the drain-
source voltage after turn-OFF, Vgsoff is the drive voltage at turn
OFF, Vgsth is the threshold voltage, Rgint and Rgoff are the
internal drive resistance and the external turn-OFF resistance,
respectively. Qgd and Qgs can be obtained through datasheet
[31]. According to Fig. 5, during one switching cycle for QTCM,
Id(t) can be calculated as

Id (t) = imax (t) + imid (t) + 2 |imin (t)| . (13)

Similar with the calculation of Irms, the line cycle averaged
turn-OFF loss P off is calculated through

Poff =
2

Tg

⎛
⎝fc/2∑

k=1

EVIoff

(
k

fc

)
round

(
Tc

Ts (k/fc)

)⎞⎠ . (14)

The inductor current is renewed by the body diode of GaN
during the dead time. If the time of rise and fall of Vds voltage
is neglected, the line cycle averaged diode conduction loss Pvf

during the dead time can be approximated as

Evf (t) = Vsd (imax (t) + imid (t) + 2 |imin (t)|) tdead

Pvf =
2

Tg

⎛
⎝fc/2∑

k=1

Evf

(
k

fc

)
round

(
Tc

Ts (k/fc)

)⎞⎠ (15)

where Vsd denotes the body diode conduction voltage drop and
Evf denotes the energy lost during one switching cycle. The
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Fig. 8. Distribution of power losses for m = 0 at full load.

driving loss Pdr is calculated as follows:

Pdr =
2

Tg

⎛
⎝fc/2∑

k=1

Qg · Vgs · round

(
Tc

Ts (k/fc)

)⎞⎠ (16)

where Qg denotes the total gate charge and Vgs is the difference
between positive and negative drive voltages.

The passive components in this article mainly consider high
frequency inductor, whose losses mainly include winding loss
and core loss. Winding loss can be calculated as

PLcu = Irms
2 ·RL,dc +

∑
f

RL,ac(f)I
2
L(f) (17)

where RL,dc and RL,ac are the dc resistance and frequency-
dependent ac resistance of the inductor, respectively.

The improved general Steinmetz equation [32] is used to
calculated the core loss during each switching cycle

PLfe =
Ve

Ts

∫ Ts

0

ki

∣∣∣∣dBdT
∣∣∣∣
α

(ΔB)β−αdt

ki =
k

(2π)α−1 ∫ 2π

0 |cos θ|α2β−αdθ
(18)

where k, α, and β can be derived from the Steinmetz parameters
of the core material, ΔB is the peak-to-peak flux density in the
core in the switching period, and Ve is the effective volume of
the core.

Fig. 8 shows the losses in each part of the inverter during each
control cycle for m = 0 at full load, which is equivalent to TCM.
The losses related to the switching frequency account for a high
percentage of the total losses in one control cycle near the ZCP.
As the inductor current increases and the switching frequency
decreases, the conduction loss increases rapidly and becomes
the main part of the system losses.

B. Optimization Algorithm

According to the previous analysis, m affects the maximum
value of the inductor current in each switching cycle and, thus,
the inductor current rms in the line cycle. When the load current
is large, the conduction loss accounts for a higher percentage of

Fig. 9. Optimized m and switching frequency curves.

Fig. 10. Inductor current rms of the proposed QCTM and TCM under different
operating conditions.

the total loss. When the average value of the inductor current is
certain, the inductor current rms during one control cycle can
be reduced by optimizing the ratio of zero level m during the
switching cycle.

The detailed expression of (11) is so complex that it is difficult
to directly calculate the optimal m to minimize Irms. However, it
can be transformed into an optimization problem under certain
constraints

min I2rms

s.t. imid. (19)

For (19), m can be solved offline by MATLAB. The time-
varying m and switching frequency determined from (19) are
shown in Fig. 9 for 100% load and 50% load. It can be seen that
the switching frequency near the ZCP is significantly reduced
compared with TCM. At the same time, the switching frequency
is continuously varied during the line cycle, avoiding the effect
of sudden frequency change on the quality of output current.

The rms and maximum values of the inductor current of
QTCM calculated based on the optimized m are shown in
Figs. 10 and 11, where the solid and dashed lines represent
QTCM and TCM, respectively.

According to Fig. 10, it can be seen that the inductor current
rms of QTCM is less than that of TCM in each control cycle. At
the same reverse current 2 A, the line-cycle averaged inductor
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Fig. 11. Peak inductor currents of the proposed QCTM and TCM under
different operating conditions.

current rms of QTCM and TCM are 5.68 A and 5.86 A under
100% load, respectively. Rms value of QTCM reduced by 3.07%
and conduction loss reduced by 6.06% compared to TCM. When
the output power decreases to 50% load, the line-cycle averaged
inductor current rms of QTCM and TCM are 3.165 A and
3.309 A. Compared with TCM, there is 4.35% reduction in rms
value and 8.51% reduction in conduction loss under QTCM. In
Fig. 11, the peak inductor current of QTCM is also smaller than
that of TCM in each control cycle. The peak inductor current is
reduced by more than 50% around the ZCP, so the associated
turn-OFF loss and core loss are also reduced. To achieve the
same switching frequency, TCM requires an increase in the
reverse current, in which case the proposed QTCM has a greater
percentage reduction in the rms and peak values of the inductor
current.

According to Fig. 8, for the interval around the ZCP, it is more
important to focus on how to optimize m to reduce the losses
related to switching frequency. Combined with the principle of
QTCM, the larger m is, the smaller fstp is. But at the same time
the smaller imid is. According to Fig. 11, when the inductor
current rms is optimal in the interval where the output current is
less than Ia, imid is equal to the limiting value, which means that
m has reached its maximum value. Thus, frequency optimization
and inductor current rms optimization can be achieved simul-
taneously around the ZCP. For ease of implementation, when
output current ioref > 0, fitting an approximation to the imid in
Fig. 11 yields

imid =

{
Ith, ioref ≤ Ia

ioref + Ith − Ia, ioref > Ia.
(20)

Combining (8) and (20), m can be obtained from following
equations in real time according to the output voltage and output
current:

am2 + bm+ c = 0

a = −Iavo − vo (imid − 2ioref)

b = 2ioref (Vdc + vo)− 4Iavo + (2Vdc − 2vo) (imid − 2ioref)

c = (Ia + imid − 2ioref) (2Vdc − 2vo) . (21)

The distribution of losses of the inverter calculated based on
the optimized time-varying m for the full load and half load is

Fig. 12. Comparison of main losses of the inverter under different modulation
strategies. (a) Under half load (500 W). (b) Under full load (1000 W).

Fig. 13. Switching frequency distribution and total turn-off current during the
switching cycle with different modulation strategies under half load (dashed
line: switching frequency, solid line: total turn-OFF current).

shown in Fig. 12. Besides, Fig. 12 also represents the theoretical
losses of conventional TCM, hybrid TCM [20], dual-zone TCM
[30]. In hybrid TCM, the maximum switching frequency of
the converter is limited to 600 kHz by changing the reverse
current Ia in real time. For dual-zone TCM, Ia increases to 3 A
when the output current phase is less than pi/12, and remains at
2 A at other moments. It can be seen that the total loss of the
proposed strategy is significantly smaller than the other three.
The switching frequency distribution and total turn-OFF current
during the switching cycle with different modulation strategies
at 500 W are shown in Fig. 13. Although the switching frequency
can be effectively reduced by increasing the reverse current, it
is accompanied by an increase in conduction loss. In addition,
an increase in reverse current results in an increase in turn-OFF

current, so the reduction in turn-OFF loss is limited. According
to Figs. 9–11, the proposed QTCM reduces the switching fre-
quency while decreasing the turn-OFF and RMS currents, so that
both conduction loss and turn-OFF loss are optimized.
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Fig. 14. Block diagram of the proposed control scheme.

IV. CLOSED LOOP CONTROL AND ZERO CROSSING

SWITCHING OPTIMIZATION

A. Proposed Control Scheme

The proposed optimal control method of inductor current
needs to calculate the ratio m according to the output voltage
and current information. Fig. 14 represents the block diagram
of the proposed control strategy. ioref is obtained by output
voltage closed-loop control and current feed-forward control.
Then substituting ioref and vo into (21), mopt is calculated online
by solving the quadratic equation. When the output voltage
amplitude is less than 5 V, m is directly given as 1.8 to avoid
calculation errors. When the dc bus voltage or load fluctuates,
the proposed control strategy can respond quickly and update
the value of m in real time. When the output voltage is positive,
expressions of tp, to, tn are shown in (22), and the case where
the output voltage is negative can be obtained by symmetry

tp =
L1 (2m+ 4) (|iref|+ Ia)

(2m+ 2)Vdc − (m2 + 2m+ 2) vo

to = mtp

tn =
tp (Vdc − vo −mvo)

Vdc + vo
. (22)

B. Proposed Switching Sequence Optimization Method

In the theoretical analysis, for the sake of consistency between
the positive and negative half line cycle, the S1 and S4 conduction
modes are selected as the starting point of the switching cycle
during the positive half cycle of the current, and the S2 and S3
conduction modes are selected as the end of the switching cycle.
Both initial and terminating inductor currents are -Ia. However,
during the negative half cycle of the current, both the initial and
terminating inductor currents are Ia. Direct switching between
positive and negative half cycle will cause the inductor current
start point to deviate from the theory, resulting in output current
distortion. And ZVS conditions cannot be met when switching
directly.

Fig. 15. Optimization of current zero crossing switching. (a) From positive to
negative. (b) From negative to positive. (c) Optimized switching sequence.

In order to improve the current quality during the zero crossing
switching and to minimize changes to the algorithm structure,
an optimized switching sequence is proposed to achieve smooth
zero crossing switching, as shown in Fig. 15. The switching
sequence in the positive half line cycle remains unchanged. In
the negative half cycle, the S1, S4 conduction mode is used as
the starting point of the switching cycle, followed by the S2, S3
conduction mode, and finally the S1, S3 conduction mode. The
inductor current waveforms during the zero crossing switching
before and after optimization are shown in Fig. 15(a) and (b).
The difference of 2Ia is compensated through the S1, S4 conduc-
tion period during which the inductor current increases. At the
same time, the ZVS condition during zero crossing switching is
satisfied. The proposed method is simple and effective. Smooth
switching is realized between positive and negative half line
cycles without the need for special transition mode.

V. EXPERIMENT RESULTS

A single-phase full-bridge inverter prototype is built with
GaN high-electron-mobility transistors (HEMTs) to verify the
proposed adaptive optimal QTCM method, which is shown in
Fig. 16. The parameters of the prototype are shown in Ta-
ble I. The experimental prototype consists of a single-phase
full-bridge inverter and a Buck-type power decoupling circuit,
which will be used to replace the large dc-link capacitor in the
dc bus and not described here. GS0650302L (650 V, 68 mΩ)
is selected as power device for the inverter. High-frequency
inductor core is made of DMR50 ferrite material from DMEGC.
The control scheme of the prototype is implemented based on
the DSP TMS320F28377D whose clock frequency is 200 MHz.

The output current waveforms and inductor current wave-
forms under output power of 1000 W and 500 W are shown
in Fig. 17(a) and (b), respectively. The output current is a
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Fig. 16. Laboratory prototype of 1-kW full-bridge inverter.

TABLE I
PARAMETERS OF THE PROTOTYPE

Fig. 17. Output current and inductor current waveforms. (a) Half load. (b) Full
load.

line frequency sine wave, and the inductor current is a high
frequency quasi-trapezoidal wave. The input voltage/current and
output voltage/current are simultaneously measured by HIOKI
power analyzer PW8001, HIOKI current probe CT6841A with a
maximum range of 20 A, and the efficiency is directly calculated
by the power analyzer. In order to minimize the measurement

Fig. 18. Detailed switching waveforms. (a) Output current is positive.
(b) Output current is negative.

error, the 1 min average value of the efficiency was used as the
measurement value.

The system efficiency is 97.2% (Buck converter is not in-
cluded) at 500 W output, and the THD of output current is 2.15%.
When the output power rises to 1000 W, the system efficiency
rises to 98.3%, and the THD of output current is reduced to
1.86%. It indicates that the proposed control scheme has good
steady-state performance.

The lower boundary of the inductor current during positive
half-cycle and the upper boundary of the inductor current during
negative half-cycle in Fig. 17 are not flat due to the sampling
error and control delay, which can also be found in [20], [27],
and [28]. Both tp, to, and tn are calculated in real time based on
the sampled voltage and current information. Sampling error and
control delay lead to errors between the actual control variables
and the desired one, so the actual reverse current is not equal to
the set value. However, the average value of the inductor current
is almost unaffected under closed-loop control, so the THD of
the output current can meet the requirement. Even if the reverse
current is controlled by a high speed analog comparator, the
actual boundary is different from the set value due to the turn OFF

delay of the power switches, which has been explained in [25].
The switching cycle waveforms of high-frequency inductor

current are shown in Figs. 18 and 19. The DS voltage vDS2,
GS voltage of vGS2 and inductor current are shown from top to
bottom in the figure.

Fig. 18(a) and (b) shows the inductor current waveforms when
the output current is positive and the output current is negative,
respectively. As shown in Fig. 18(a), when the output current
is positive, the current corresponding to the conduction of S2
is imax. Before the drive signal of S2 arrives, imax discharges
the junction capacitance of S2, vDS2 drops to almost 0, and S2
achieves ZVS. The ON-time period of S2 corresponds to the
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Fig. 19. Zero crossing switching cycle waveforms of QTCM. (a) Output
current from positive to negative. (b) Output current from negative to positive.

stages of Fig. 3(b) outputting zero level and Fig. 3(d) outputting
negative level. The voltage across the inductor is negative and
the inductor current iL decreases, the slope of iL in the zero
level stage is less than that in the negative level stage. At the
end of the zero level stage the inductor current is imid greater
than 0, satisfying the ZVS condition of S3. At the moment of
S2 switching OFF, the inductor current is imin less than 0, which
satisfies the ZVS condition of S1 and S4 in the next stage. As
shown in Fig. 18(b), when the output current is negative, the
current corresponding to the conduction of S2 is the reverse
current Ia, and ZVS is also achieved. The ON-time period of S2
corresponds only to the negative level stage in Fig. 3(d), where
the inductor current decreases.

Fig. 19(a) and (b) shows the zero crossing switching cycle
waveforms for output current from positive to negative and from
negative to positive, respectively. Unlike Fig. 18, the zero level
stage near the ZCP accounts for a large portion of the switching
cycle, which causes the switching frequency to be drastically
reduced. As shown in Fig. 19(a), the current corresponding to
the conduction of S2 is less than the reverse current Ia, which
means that the peak inductor current of the proposed QTCM
decreases during the switching cycle. In the zero level stage the
voltage across the inductor is small, which results a low rate of
change of inductor current. So, the currents corresponding to
S2 ON and OFF moments are almost the same. Soft switching
of S2 and S3 is achieved due to the same ZVS condition. When
the output current changes from positive to negative, the inverter
first outputs a positive level to make the inductor current increase
to greater than 0, which compensates for the difference formed
by the different reverse currents in the positive and negative half
line cycle, and at the same time the ZVS condition is satisfied.
Smooth switching of current zero crossing is realized by the
proposed switching sequence optimization method. Comparing

Fig. 20. Switching waveforms near the ZCP of TCM.

Figs. 18 and 19, the proposed strategy adaptively selects different
ratio m to ensure ZVS is achieved while reducing the inductor
current rms at different stages of the output current.

Fig. 20 shows the switching cycle waveforms near the ZCP
of TCM. Comparing Figs. 19 and 20, it can be calculated that
the peak switching frequency of the proposed QTCM is reduced
by about 32%. In order to achieve the same switching frequency
reduction, the reverse current near the ZCP needs to be increased
by approximately 43% for either constant or variable reverse
current control, which is used in [20], [28], [29], and [30]. The
experimental results of hybrid TCM and dual zone are shown in
Fig. 21. The maximum switching frequency is limited to 600 kHz
by increasing the reverse current. It can be seen that the reverse
current near the ZCP increases significantly compared with
Fig. 17. As shown in Fig. 21(c), the reverse current near the ZCP
of hybrid TCM is about 2.8 A. Comparing Figs. 19–21, when the
switching frequency is reduced by increasing the reverse current,
both the turn-OFF current and the inductor current rms increase
compared with the proposed strategy. Therefore the conduction
loss will increase.

If the DCM is used, it is necessary to accurately monitor
the zero crossing point of the high-frequency inductor current
during each switching cycle and precisely control the dead time,
which increases the hardware cost. Besides, DCM mode has
extra partial hard-switching losses compared with TCM.

The experimental results of the dynamic response of the
proposed QTCM are shown in Figs. 22 and 23. As shown in
Fig. 22, the output current remains stable when the dc bus voltage
drops from 420 V to 340 V and steps from 340 V to 420 V. In
Fig. 23, the dynamic response is very fast and smooth when the
output power is stepped up from nearly 0 W to 1000 W. And the
output voltage remains stable.

Fig. 24 shows the efficiency curves with different modulation
strategies. The efficiency of the proposed QTCM outperforms
that of hybrid TCM, dual zone TCM, and conventional TCM
under different load conditions. When the output power is greater
than 600 W, the efficiency of hybrid TCM and dual zone TCM is
almost the same as that of TCM, while the proposed strategy is
slightly better than that of TCM. The peak efficiency is improved
about 0.2%. The overall switching frequency of TCM is higher
during the line cycle under light load, and the efficiency im-
provement of the proposed optimized QTCM is more obvious.
When the output power drops to 200 W, the efficiency of the
proposed strategy is improved by 0.8% compared with TCM.
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Fig. 21. Output current and inductor current waveforms of hybrid TCM and
dual -zone TCM. (a) Hybrid TCM under 500 W. (b) Dual-zone TCM under
500 W. (c) Switching waveforms near the ZCP of hybrid TCM.

Fig. 22. Dynamic experimental results of input voltage variation. (a) DC bus
voltage drops from 420 V to 340 V. (b) DC bus voltage steps from 340 V to
420 V.

Fig. 23. Dynamic experimental results of load transients. (a) 50%–100% load
step. (b) 0–100% load step.

Fig. 24. Measured efficiency comparison with different modulation strategies.

Compared with hybrid TCM and dual zone TCM, the measured
efficiency of the proposed strategy is improved by 0.4% and
0.6%, respectively. When the proposed QTCM is applied to
higher power levels, parallel of power switches is required
to reduce the current stress on the switches. In addition, the
combination of QTCM and CCM can be adopted to improve the
overall efficiency of the converter.

The comparison of different ZVS methods for the full bridge
inverter is shown in Table II. The comparison is made in terms of
ZVS range, inductor current rms, rated power, peak efficiency,
inductance, and switching frequency. From Table II, it can
be seen that the DCM-based method is the most effective in
reducing the switching frequency. But it cannot realize full-range
soft-switching and requires the addition of a high-precision zero
current detection circuit, which is not required in the proposed
strategy. Thus, the proposed QTCM lowers the hardware cost
and the complexity of control circuits. Compared with the
method of varying the reverse current, the proposed strategy
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TABLE II
COMPARISON OF DIFFERENT ZVS METHODS

not only reduces the switching frequency but also decreases the
inductor current RMS. So, both the turn-OFF loss and conduction
loss are optimized.

VI. CONCLUSION

In this article, a switching frequency and inductor current
rms co-optimization strategy for single-phase soft-switching
inverter is proposed. The proposed strategy adaptively adjusts
the ratio of zero level in the switching cycle according to the out-
put voltage and current for switching frequency and efficiency
co-optimization. By constructing a quasi-trapezoidal inductor
current, the switching frequency range is optimized and the
peak switching frequency is reduced by about 32% without
increasing the reverse current. Besides, the peak inductor current
and the inductor current rms are reduced at the same time, and
thus, the system efficiency is improved. A uniform operating
mode is adopted throughout the entire line cycle, and there
is no mode switching. Smooth switching of the current zero
crossing is achieved by optimizing the switching sequence. The
effectiveness of the proposed QTCM modulation strategy is
experimentally verified with a peak efficiency of 98.3%.
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