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Borong Hu , Member, IEEE, Chaoqiang Jiang , Senior Member, IEEE, and Teng Long , Member, IEEE

Abstract—State-of-the-art soft-switching modulations such as
critical conduction mode and triangular current mode increase
the conduction loss of power semiconductors and require vari-
able switching frequencies; thus, these soft-switching methods are
seldom used in high-power dc–ac conversion. To achieve soft-
switching while maintaining low root mean square currents, this ar-
ticle proposes a hybrid quadrilateral and continuous current mode
(HQCCM) modulation for general high-frequency single-phase
dc–ac conversion based on paralleled silicon carbide metal ox-
ide semiconductor field-effect transistors. The proposed HQCCM
adaptively operates in soft-switching quadrilateral current mode
or hard-switching continuous conduction mode in one ac line cycle
depending on the instantaneous ac load current. Thus, high effi-
ciencies can be achieved over the full power range. This HQCCM
modulation features adaptive soft-switching, constant switching
frequency, and compatibility to line filter and is applicable for
high-power applications. A 4.4-kW single-phase dc–ac inverter is
developed and tested to verify the advantages of the HQCCM. This
article is accompanied by a video demonstrating the effectiveness
of the proposed HQCCM in varying load scenarios.

Index Terms—Continuous conduction mode (CCM), parallel
metal oxide semiconductor field-effect transistor (MOSFETs),
quadrilateral current mode (QCM), single-phase inverter, soft-
switching.

I. INTRODUCTION

S ILICON carbide metal oxide semiconductor field-effect
transistors (SiC MOSFETs) have been increasingly success-

ful in high switching frequency and high power density applica-
tions. Although the switching loss of SiC MOSFET is reduced
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compared to Si counterparts, it can be still significant when
it comes to high switching frequencies, and the soft-switching
strategy is therefore considered as necessary to push switching
frequency up to several hundreds of kHz to further increase the
power density of the converter.

Extensive research has been conducted on soft-switching
modulation strategies of dc–ac power converters including
critical conduction mode (CrM) [1], triangular current mode
(TCM) [2], [3], and discontinuous current mode (DCM) [4].
Therein, CrM and TCM are more widely discussed where the
inductor current is forced to research zero or a negative value
(depending on the input/output voltage ratio [2]), referred to as
valley current, and resonates with the output capacitance of the
switching devices. The drain–source voltage then goes down
to zero before the turn-ON event, and a lossless turn-ON can
be achieved. The TCM and CrM, however, increase the root
mean square (rms) current and result in higher conduction loss.
The required large high-frequency current ripple [5], [6] also
leads to increased inductor and conduction losses which offsets
the gain of soft-switching when using CrM and TCM [7]. A
significant efficiency decrease at high load has been reported;
thus, TCM/CrM converters are mostly suitable for low-power
and high-frequency applications like power factor correction
(PFC) and microinverter [8]. Specifically, most of the studied
TCM/CrM converters are approximately around 1 kW [9] and
the highest power reported on TCM/CrM inverters is limited to
2.5 kW [1] for single-phase systems.

Another drawback of TCM/CrM is the large switching fre-
quency variation. As modeled and illustrated in [2], the switch-
ing frequency operating in TCM/CrM is a function of instanta-
neous load current and output voltage with a given power filter.
This issue is particularly highlighted in the ac-tied converters
as the output current is naturally sinusoidal; thus, the switching
frequency is supposed to be continuously varying, e.g., 210–
500 kHz in [2]. Such large variation yields excessive turn-OFF

loss [3], as well as core and winding loss of the inductor [10] in
high-frequency ranges. In a two-level topology, this drawback
could be alleviated by swapping between bipolar and unipolar
modulations [11], between CrM and DCM operations [12],
between TCM and DCM [13], or implementing a variable valley
current [10] or peak current [8] control to reduce the wide high-
frequency range. In [14], an alternative multilevel phase bridge
is used to address the issue from the perspective of topology.
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However, neither of those approaches keeps a real “constant”
switching frequency but only clusters the varying switching
frequencies into a smaller range [10], [11]. Meanwhile, the
conduction loss deteriorates as a penalty of the smaller switching
frequency range.

Furthermore, varying switching frequencies bring forward
problems including electromagnetic interference (EMI) and
distorted output current [15] resulting from the zero current
detection (ZCD) circuit and also complicates the design of filter
inductor and current detection. To address these issues of varying
switching frequency while effectively suppressing the associated
conduction loss, alternative soft-switching techniques have been
proposed. In [16] and [17], a family of partial soft-switching
solutions featured by quadrilateral current mode (QCM) have
been proposed. These solutions are developed based on parallel-
connected power transistors and manage to achieve constant
switching frequency, ZCD-circuit free, and high full load range
efficiency. Meanwhile, no auxiliary switches are required. Their
advantages of wide-range efficiency improvement over conven-
tional soft-switching solutions, e.g., CrM and TCM, have been
validated with buck and boost dc–dc converters. However, its
implementation on a dc–ac converter has not been systematically
explored [18] and the adaptive mode transition between QCM
and continuous conduction mode (CCM), which is expected to
bring forward more efficiency benefits, has not been discussed.

In light of these mentioned drawbacks in existing soft-
switching solutions, this article proposed a hybrid quadrilat-
eral and continuous current mode (HQCCM) modulation for
H-bridge circuit in high power dc–ac conversion. Different to the
TCM modulation mostly for megahertz level converters limited
to low power rating applications, the proposed design intends
to provide a soft-switching solution for relative high-power
ac-tied applications, e.g., photovoltaic inverter, PFC, and electric
vehicle chargers, operating at hundreds of kilohertz [19]. This
novel modulation aims to improve the efficiency at the full range
of load and be compatible with the conventional CCM inverter
without changes in inverter’s grid connection control and grid
side filter design. The contributions of this work are listed as
follows.

1) Bipolar QCM, where the operation of two phases are
interlocked and its digital control implementation for dc–
ac conversion are developed based on previous work on
QCM [17].

2) The QCM and CCM can be seamlessly switched within
one ac line cycle by the proposed HQCCM. The tran-
sition is designed at the modulation level without using
additional sensors or any change of the line/output filter.

3) Theoretical analysis and proportion optimization of the
proposed HQCCM scheme are developed based on the
analysis of loss distribution within one line cycle. Adaptive
operation depending on the instantaneous ac load current
is designed for maximum efficiency at the full range of
load.

4) The advantages of the proposed scheme in terms of consis-
tently high efficiency at full range load, constant switching
frequency, compatibility to conventional ac line filter,
absence of complex sensors, low turn-OFF voltage stress,

and reactive power capability are demonstrated and val-
idated through experimental results by a 4.4-kW single-
phase inverter. The TCM soft-switching will find difficul-
ties in such levels of power rating due to large conduction
losses and current ripples caused by its inadaptability.
A comparison between the TCM and HQCCM has been
provided (shown in Section III-E).

In Section II, operation principles of the HQCCM scheme
and the derivation of bipolar QCM are presented. The detailed
operation optimization based on the loss distribution and mode
transition is discussed in Section III, accompanied by a compar-
ison to other solutions in terms of circuit, control, and efficiency.
In Section IV, a 4.4-kW prototype of which the power rating is
significantly higher than other soft-switching inverters (2.4 kW
in [12] and 2.2 kW in [3]) has been used to test the HQCCM.
Experimental results show high efficiency, i.e., 98.3% and 98.4%
at the full and half loads, respectively. The conventional CCM
and emerging TCM modulations for dc–ac conversion are used
as the baseline to reflect the advantages of the HQCCM in this
article. Finally, the conclusion is drawn in Section V.

II. HYBRID QUADRILATERAL AND CONTINUOUS CURRENT

MODE MODULATION (HQCCM): OPERATION PRINCIPLES

A. Proposed Topology and Key Definitions

The investigated converter circuit, shown in Fig. 1(a), allows a
single-phase inverter derived from a standard H-bridge inverter
with paralleled half-bridges (or legs) to operate in the soft-
switching (QCM) or hard-switching (CCM) mode, depending
on the output instantaneous current. The midpoints of individual
half-bridge in a paralleled group (va1 and va2, vb1 and vb2) are
interconnected, respectively, by a reversely coupled differential
mode (DM) inductor (La and Lb) as shown in Fig. 1(a). The
output of the DM inductor is termed as the output of the switch-
ing units, i.e., va and vb, which are then connected to the grid
line and grid neutral terminals via the output inductance (Lo),
respectively. The output voltage, i.e., vab, is governed by the
voltage difference between va and vb.

In the proposed topology, the current difference between
two parallel legs is termed as the DM current, i.e., iDMa =
(iLa1 − iLa2)/2 and iDMb = (iLb1 − iLb2)/2. The current flow-
ing through the filter inductors per leg, i.e., iLa and iLb, is
termed as the common mode (CM) current. iLa and iLb are of
the same magnitude but opposite directions. The CM currents
are governed by the output voltage vab, whereas iLa1, iLa2, iLb1,
and iLb2 are determined by both vab and the DM voltage applied
across two midpoints of paralleled legs as va12 and vb12.

It should be noted that the DM inductors, i.e., La and Lb, are
typical of much lower inductance than the output filter induc-
tance, accompanied by a relatively low volume (e.g., 17.3% of
the output inductor in this work). Besides, the number of legs
in parallel for each phase is theoretically unlimited, which can
be accomplished by an interphase transformer network reported
in [20] and [21] or by lumping N parallel legs into two groups.
For simplicity, two parallel legs with coupled inductors are
employed for a half-bridge unit (or phase) in this work.



JIANG et al.: HYBRID-MODE ADAPTIVE ZERO-VOLTAGE SWITCHING FOR SINGLE-PHASE DC–AC CONVERSION 14069

Fig. 1. Proposed topology and basic working principles: (a) Topology of
the HQCCM inverter based on split parallel switching cells coupled by DM
inductors. (b) Time-exaggerated view of current waveforms within half of the
line cycle. CCM is activated under high load currents whereas QCM is selected
below the critical current.

B. Instantaneous Load Current Dependent Operation of the
Proposed HQCCM Scheme

For SiC MOSFET, both turn-ON and turn-OFF energy losses
are composed of two portions, i.e., the current-independent
capacitive loss and the current-dependent VI loss. For most
commercial devices, a linear correlation between drain–source
current (Ids) and the current-dependent VI loss can be observed.
On the contrary, an approximate quadratic correlation can be
seen between the drain–source current (Ids) and conduction loss;
such difference leads to the observation that CCM operation is
usually desired when the load current is high and conduction
loss dominates, and soft-switching is preferred at the light load
and high switching frequencies where switching losses are more
significant.

Existing current modulation methods for grid-tied converters,
including TCM and CrM, required consistent switching modes

throughout different loading, resulting in low efficiency at high
loads where the conduction loss is dominant. The proposed
operation scheme, as seen in Fig. 1(b), allows the inverter to al-
ternatively switch between soft-switching mode with minimized
switching loss and hard-switching mode with lower conduction
loss by enabling a soft-switching QCM and low rms CCM at
low and high load currents, respectively. This switching mode
shift can be seamlessly achieved at not only different loads (i.e.,
different load current rms values) but also within half line cycle
depending on the instantaneous current value. In other words,
the light and heavy loads can be segmented at a much smaller
time scale (i.e., within half cycle) to minimize the switching and
conduction loss for any given instantaneous ac current. Fig. 1(b)
illustrates the inductor current in half line cycle: the total loss
incorporating conduction and switching loss is calculated offline
and a threshold is determined which marks the point when power
loss of CCM is smaller than that of QCM. Although it is possible
to achieve zero voltage switching (ZVS) over the whole load
range, the QCM is deliberately activated at a low instantaneous
current and CCM is applied to the rest.

The HQCCM contains three distinct switching modes: bipo-
lar QCM (soft-switching) mode, CCM (hard-switching) mode,
and the transition mode used between the bipolar QCM and
CCM modes. These three modes are adaptively applied in each
half cycle of the fundamental ac period and the portion of the
bipolar QCM and CCM is determined to achieve the minimum
combined switching and conduction losses.

In the CCM, all the parallel devices are synchronized and the
high-side and low-side devices are hard switched in the forward
and reverse [cf., Fig. 1(a)] load current directions, respectively.
Since the operation of CCM has been well known, its operation
analysis is not covered in this article.

C. Switching Pattern in Bipolar QCM

By introducing a negative inductor current on iLa1, iLa2,
iLb1, and iLb2 before the turn-ON events of high-side devices
in forward direction and low-side devices in reserve direction,
ZVS-ON can be achieved for all the transistors in QCM. The
operation principle of the QCM in a half-bridge with unipolar
modulation has been given in [6], and this work is concentrated
on the bipolar modulation where the operation of two phases
are interlocked, i.e., voltage and current waveforms of these two
mirror each other.

Typical operation waveforms in the bipolar QCM operation
have been shown in Fig. 2, where the gate signals for all eight
switches, inductor current through both DM and filter inductors,
and the switch-node voltages for a switching cycle are depicted.
There are eight time intervals illustrated in Fig. 3. It should be
noted that the load currents (iLa and iLb) are assumed to be
constant within one switching cycle, which is common practice
in the analysis of soft-switching behavior [2], [11].

Interval (a) [t0 − t1], ZVS turn-ON of leading leg: Before
interval (a), low-side switches of phase A (SLa1 and SLa2) and
high-side switches of phase B (SHb1 and SHb2) are conducting
in opposite directions. At t0, SLa1 and SHb1 are turned OFF

and the junction capacitance of SHa1 and SLb1 is discharged by
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Fig. 2. Switching pattern of the proposed single-phase inverter operating in
bipolar QCM (soft-switching) over one switching cycle when the load current
is forward.

iLa1 and iLb1, while switch-node voltages va1 and vb1 begin to
increase and decrease, correspondingly, to Vdc and 0 V. At t1,
va1 and vb1 have reached Vdc and 0, and the voltage across SHa1

and SLb1 is zero. A ZVS is, therefore, achieved when SHa1 and
SLb1 are turned ON at the end of interval (a).

Interval (b) [t1 − t2], turn-ON delay φON interval: Due to
different voltage at the switch-nodes of leading (subscript 1)
and lagging (subscript 2) leg, DM voltage, va12 and vb12, pulses
are applied across La and Lb, and the DM current is expected to
increase and decrease in leading and lagging legs, respectively.
The duration of the DM voltage pulse is denoted as φON. By
the end of interval (b), the polarities of ia1, ia2 and ib1, ib2 are
reversed.

Interval (c) [t2 − t3], ZVS turn-ON of lagging leg: At t2, SLa2

and SHb2 are turned OFF, and the commutation inductors La2

and Lb2 start to resonate with the output capacitors of the phase
leg to which they are connected. t3 marks the end of this resonant
stage when the voltages across SHa2 and SLb2 reach zero, and
these two switches are turned ON at ZVS.

Interval (d) [t3 − t4], positive output voltage: During interval
(d), the high-side MOSFETs of phase A and low-side MOSFETs of
phase B are conducting, and the output voltage vab equals Vdc.

Interval (e) [t4 − t5], capacitive turn-OFF of leading leg:
At t4, SHa1 and SLb1 are turned OFF and the commutation

inductors La1 and Lb1 resonate with the output capacitors of
their connected phase leg. Such process is commonly referred to
as capacitive turn-OFFsince the channel of a MOSFET is cut off at a
much higher speed than the discharging of its junction capacitor,
leading to a small V-I overlapping area and low turn-OFFenergy.
t5 marks the end of this capacitive turn-OFF.

Interval (f) [t5 − t6], turn-OFF delay φOFF interval: At t5,
capacitive turn-OFF has been completed. DM voltages va12 and
vb12 with the opposite polarity to those in interval (b) are applied
across La and Lb, again yielding the change of DM current. The
duration of the DM voltage pulse is denoted as φOFF. By the
end of interval (f), the polarities of iLa1, iLa2 and ib1, ib2 are
reversed again as those in interval (b).

Interval (g) [t6 − t7], capacitive turn-OFF of lagging leg:
Identical to interval (d), capacitive turn-OFF is achieved forSHa2

and SLb2 with very low turn-OFF energy in this interval.
Interval (h) [t7 − Ts], negative output voltage: During in-

terval (f), the low-side MOSFETs of phase A and high-side
MOSFETs of phase B are conducting in the opposite direction,
and, therefore, vab equals to −Vdc.

Operation interval analysis can be summarized as: 1) the delay
time between parallel legs is used to generate a DM current in
the opposite direction of the load current before turn-ON events
to facilitate ZVS; 2) two delay times, i.e., φON and φOFF, are
applied on the turn-ON and turn-OFF instants, respectively, and
the DM currents are, therefore, balanced in one switching cycle;
3) with a sufficient valley current (Ivly) before turn-ON event
(t1 and t3), MOSFETs can achieve ZVS turn-ON, and the value

of Ivly should meet: Ivly =
√

VdcQoss
/
Lc [6], where Qoss is the

junction charge of the SiC MOSFET implemented and Lc = La

= Lb.

D. Simplification Model in Bipolar QCM Operation

Simplification is required to obtain the closed-form solution
of delay times,φON andφOFF, which directly determines whether
a proper valley current can be achieved to fulfill ZVS.

1) Linear MOSFET Switching Model: The nonlinearity of
the output capacitance of the MOSFET has been well known
and a linear MOSFET capacitance model [2] is adopted where
the switch-node voltage is modeled to behave in a discrete
manner and only at two voltage levels: 0 and Vdc. In this model,
the switch-node voltage remains unchanged until the parasitic
output capacitance of the MOSFET is injected or ejected a charge
of Qoss. Details of the simplification process are available in [2].
With such a linear model, each nonlinear resonant stage, i.e.,
(a), (c), (e), and (g), can be split into two subintervals featured
by linear charging/discharging behavior. Therefore, (a), (c), (e),
and (g) are merged to adjacent nonresonant linear stages, i.e.,
(b), (d), (f), and (h) [6].

2) Closed-Form Solution of Bipolar QCM Mode: Based on
the linear MOSFET simplification discussed above, the QCM
operation presented in Fig. 3 collapses to four linear switching
stages, i.e., interval (b), (d), (f) and (h), which can be described
by differential equations, and the mathematical description has
been given as follows. For clarity, these four intervals are re-
named as Stages I, II, III, and IV and are spaced apart by time
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Fig. 3. Operating intervals of the bipolar QCM scheme for a full switching cycle [t0, t8(Ts)].

instants T1, T2, and T3. T0 and Ts are the start and end of each
switching period, respectively. In the mathematical description,
iDM = (iLa1 − iLa2)/2 and iCM = (iLa1 + iLa2)/2 are used in
place of iLa1 and iLa2 for simplicity in the following equations.
For each stage analyzed below, the subscripts “T0,” “T1,” “T2,”
“T3,” and “Ts” denote the time at which the values of CM and
DM currents are represented.

Stage I. [Interval (b)] turn-ON delayφON: In Stage I, a positive
DM voltage is applied across La and a negative DM voltage is
applied across Lb. Meanwhile, the voltage difference between
va and vb is zero, which indicates that the CM current remains
constant in this stage. Therefore, both the CM and DM currents
are depicted⎧⎨

⎩
iCM(t) = ICM,T0

iDM(t) = IDM,T0 +
Vdc

2Lc
(t− To)

. (1)

Stage II. [Interval (d)] positive output voltage: In Stage II, the
high-side MOSFETs of phase A and the low-side MOSFETs of
phase B are conducting and a positive dc-link voltage appears
on the output. Meanwhile, the behavior of the DM current is
governed by the time constant of the R− L circuit along the
DM path. Therefore, the analytical description of Stage II is
given as follows:⎧⎪⎨

⎪⎩
Lo

diCM(t)

dt
=

(
1−D

)
Vdc −Rds,ON · iCM(t)

Lc
diDM(t)

dt
= −Rds,ON · iDM(t)

(2)

where D is the duty ratio applied and iCM and iDM can be
obtained by solving the differential equation (2):⎧⎨
⎩iCM(t) = (1−D)Vdc

Rds,ON
+
[
ICM,T1 − (1−D)Vdc

Rds,ON

]
e−

Rds,ON
Lo (t−T1)

iDM(t) = IDM,T1e
−Rds,ON

Lc
(t−T1)

.

(3)
Stage III. [Interval (f)] turn-OFF delay φOFF interval: In Stage

III, a negative DM voltage is applied on La and positive DM
voltage is applied acrossLb. Similar to Stage I, the voltage across
the output of the inverter is 0 as both phases are operating in delay
intervals and the potential of the output terminals is therefore
equal to ⎧⎨

⎩
iCM(t) = ICM,T2

iDM(t) = IDM,T2 − Vdc

2Lc
(t− T2)

(4)

Stage IV. (Interval (h)) negative output voltage: In the final linear
stage, low-side MOSFETs of phase A and high-side MOSFETs
of phase B are conducting and a negative DC-link voltage
is applied on the output side. Similar to equation (2-3), the
corresponding differential equation and time-domain solution
can be obtained as:⎧⎪⎨

⎪⎩
Lo

diCM (t)

dt
= −DVdc −Rds,ON · iCM (t)

Lc
diDM (t)

dt
= −Rds,ON · iDM (t)

(5)
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Solving equation (5) yields the time-domain expression:⎧⎨
⎩ iCM (t) = −DVdc

Rds,ON
+
(
ICM,T1 − −DVdc

Rds,ON

)
e−

Rds,ON
Lo (t−T3)

iDM (t) = IDM,T3e
−Rds,ON

Lc
(t−T3)

(6)
To obtain the closed-form solution of the circuit and solve

out the analytical expressions of φON and φOFF , two sets of
initial conditions and one assumption need to be made. Since
the duration of two delay widths, i.e. φON and φOFF , bear little
difference, they are therefore assumed to be the same initially,
i.e., φON = φOFF . When the steady state is achieved, the next
switching cycle is initiated atTs and we should have ICM (Ts) =
ICM (To), which means that the load currents at the start and end
of each switching cycle are equal to each other.

Secondly, DM inductor currents, i.e. iLa1 and iLa2, at T0 and
T1 should meet the following equations to store enough energy
to charge/discharge the junction capacitance for ZVS, and are
used as initial conditions.⎧⎪⎪⎪⎨

⎪⎪⎪⎩
ILa1,T0 = Ivl

ILa2,T0 = ILa,T0 − Ivl

ILa1,T1 = ILa,T0 − Ivl

ILa2,T1 = Ivl

(7)

where Ivl is termed as the minimum ILa1,T0 and ILa2,T1 al-
lowing for complete ZVS. Substituting (7) into (1), (3), (4) and
(6) yields the closed-form expression for φON in (8) shown at
the bottom of this page. In (8), ILo = 2iCM is the load current
in this certain switching cycle and is obtained by calculating
the averaged value of CM current in the simplified model, from
Stage I to IV in one switching cycle.

Once the analytical expression of φON has been obtained, we
can give the expression for φOFF by substituting (8) into (1), (3),
(4), and (6)

{
φOFF =

2LcIDM,T2

Vdc
+ Lc

Rds,ON
W0(A)

A =
−2IDM,T0Rds,ON

Vdc
×exp

[
Rds,ON

(
(1−D)Ts

Lc
− 2IDM,T2

Vdc

)]
(9)

where W0 is the zeroth branch of the Lambert W function and
the values of IDM,T0 and IDM,T2 are obtained by using (1), (3),
and the initial condition in (7), after knowing φON.

From (8) and (9), delay times φON and φOFF vary with the load
current ILo and duty cycle D. In the control implementation,
they are calculated offline and stored in two 2-D lookup tables,
where load current and duty cycle serve as the input, as shown
in Fig. 4, to reduce implementation effort. It can be seen from
the figure that the calculated φON and φOFF bear little difference.

Fig. 4. 2-D lookup tables for (a) φON and (b) φOFF versus the load current
(iLo) and duty cycle (D).

Fig. 5. Output characteristics of QCM. (a) Output voltage waveform of QCM
in one switching cycle. (b) Voltage gain characteristic of QCM and CCM.

E. Three-Stage Output Waveform and Effective Duty Cycle

As shown in Section II-D and depicted in Fig. 5(a), the output
voltage vab of the inverter is segmented into three stages for
QCM operation, namely +Vdc, 0, and −Vdc, respectively, owing
to the time delays implemented. The equivalent output voltage
can therefore be altered after taking the resonance and time-
delay intervals into consideration. In Stages I (T0–T1) and III
(T2–T3), where the time delays are applied, the output voltages
are zero. In Stage II (T1–T2), the output voltage is +Vdc and the
polarity is reversed in Stage IV (T3–Ts). To compensate possible
distortion introduced by the resonant intervals, averaged output
voltage across one switching cycle is obtained according to the

φON =

⎧⎨
⎩−

[
2(D − 1)2Ts − LoTs

2Lc

]
−
√[

2(D − 1)2Ts − LoTs

2Lc

]2
+(8D−4)Ts

[
2LoIvl − LoILo

Vdc
−(D−1)DTs

]⎫⎬
⎭ / (4D−2)

(8)
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voltage-second balance:

vab · Ts = VdcT12 + (−Vdc)T4Ts (10)

where T12 = D · Ts − φON, T4Ts = (1−D) · Ts − φOFF, vab
denotes the averaged output voltage, which can be obtained after
rearranging (10): v̄ab = (2D − 1 + φON−φOFF

Ts
) · Vdc.

In the time-delay control, the values ofφON andφOFF are close
to each other and the second term of vab becomes insignificant
compared to 2D − 1. Therefore, the effective output voltage
mainly depends on duty cycle D. The relation between D, load
current, and the effective output duty cycle Deff is plotted in
Fig. 5, where a linear correlation that is independent of the load
current can be observed. Neither the switching frequency of
the converter nor the characteristics of the output voltage of
the QCM is changed from the CCM; thus, the transfer func-
tion from voltage to current remains unchanged. This feature
leads to another advantage of QCM operation in retaining the
control/stability design which will be detailed in Section III-E.

III. OPERATION MODE TRANSITION BETWEEN QCM AND

CCM FOR OPTIMAL EFFICIENCY

A. Proportion Optimization Between QCM and CCM

With the quadrilateral shape of inductor current iLa1, iLa2,
iLb1, and iLb2 in QCM (see Fig. 2), the rms current of each
half-bridge over a switching period is determined by both the
load and valley currents. The analytical model elaborated in the
last section helps to evaluate the total conduction loss induced
by QCM.

The instantaneous loss distributions in QCM and CCM oper-
ation at two load conditions, half load and full load, are shown
in Fig. 6. At half load (2.2 kW), as shown in Fig. 6(a) and
(b), the switching loss accounts for the highest share in CCM
in half line cycle; therefore, the total power loss, consisting
of both semiconductor and inductor losses of CCM, is always
higher than that of QCM. Such fact can be attributed to the ZVS
realization of all MOSFETs which leads to negligible turn-ON loss.
Meanwhile, the increase in DM inductor loss and conduction
loss is relatively small, and, therefore, QCM owns a higher
efficiency over CCM across the entire half one cycle. At this
load condition, QCM should always be adopted since the the
loss of CCM is always higher than that of QCM.

By contrast, QCM is not always superior over CCM operation
at full load, i.e., 4.4 kW. It can be observed from Fig. 6(c) and (d)
that the turn-ON loss still represents a significant portion of the
total loss in CCM when the instantaneous load is small at nearby
0 and π. With the increase of the load current, the increase of
semiconductor and inductor conduction loss in QCM begins to
erode the benefits from the ZVS operation of QCM. The critical
value, which marks the demarcation point where the total loss
of QCM is higher than CCM happens at 15.6 A according to
the loss calculation. Such observation hints that QCM should
be adopted between 0 and 15.6 A while CCM should be chosen
when the load current is higher than 15.6 A to keep the minimal
total loss.

In Fig. 7, the portions of QCM and CCM vary while the
load power is changing as illustrated. It should be noted that

Fig. 6. Comparison of loss distribution of instantaneous power loss in half
line cycle between QCM and CCM at two load conditions. (a) and (b) Half load
(2.2 kW), and (c) and (d) full load (4.4 kW). The core and conduction loss of
the inductors are calculated using iGSE and Dowell Model [16]. The switching
frequency is 150 kHz and each switch is a Cree C3M00600650 K SiC MOSFET
(Rds,ON = 60 mΩ). PLo, PLc, PON, POFF, and Pcond denote the power losses
of filter inductor, DM inductor, turn-ON, turn-oFF, and conduction loss of SiC
devices, respectively. (a) CCM@2.2 kW. (b) QCM@2.2 kW. (c) CCM@4.4 kW.
(d) QCM@4.4 kW.

Fig. 7. Illustration of mode transition threshold and change of γ for optimized
efficiency performance over half one line cycle, with varying output power.

this figure is plotted based on unity power factor operation for
the sake of clear illustration. γ is defined as γ = TQCM/Tline to
represent the portion of QCM operation within one half line
cycle, where TQCM represents the duration of QCM and Tline

is half line cycle period. As can be seen, the portion of QCM
operation γ is 1 when the output power is smaller than 2.2 kW
since QCM always enables lower power losses than CCM over
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Fig. 8. Imperfect operation mode transition and the associated current mis-
match without the transition cycle between CCM and QCM.

the entire line cycle; γ begins to decrease when the output power
exceeds 2.2 kW, reaching 0.47 at 3.3 kW, and finally standing at
0.34 at full load (4.4 kW).

B. Proposed Strategy of Mode Transition Between QCM
and CCM

The benefits of operation mode transition have been clarified
in the last subsection. Ideally, the HQCCM inverter has two
operation modes applied to pursue the highest efficiency at any
instantaneous load current at the fundamental frequency in the-
ory by reducing both the conduction and switching losses; thus,
mode transition needs to be carefully handled. A hard transition
from QCM to CCM causes undesirable current mismatch, as
shown in Fig. 8, where the DM current remains at a high level
after QCM is disabled, deteriorating current sharing between
parallel devices. To solve this issue, a new switching cycle named
the transition cycle (TC) is inserted between the operation mode
transition from QCM to CCM or from CCM to QCM.

Before the subsequent CCM operation starts, the DM current
should decrease to zero during the TC. Therefore, the time
sequence in TC needs to be designed separately from that of
QCM and CCM. The current waveforms when operation mode
transitions happen are illustrated in Fig. 9(a) and (b).

1) Mode Transition From QCM to CCM: The TC inserted
between the QCM and CCM operations is essentially an incom-
plete QCM state with an asymmetrical delay time.

For the TC added at the last QCM before CCM cycle, φON

is unchanged while φOFF should be shortened so that the DM
current could converge from IDM,T2 to zero by the end of the
TC [see Fig. 9(a)]. The analytical result can be obtained by
calculating the difference between IDMT2 and 0. In the QCM
operation, the φOFF is defined as the duration of Stage III and
can be analytically determined by

φOFF =
2 (|IDM,T2|+ |IDM,T3|)Lc

Vdc
. (11)

Therefore, φOFF,TC in the TC is represented by

φOFF,TC =
2IDM,T2Lc

Vdc
=

IDM,T2

|IDM,T2|+ |IDM,T3|φOFF. (12)

Note that the absolute values of IDMT2 and IDMT3 are close
to each other according to (3) and (6), as the DM time constant

Fig. 9. Illustration of the current waveforms when operation mode transition
happens from (a) QCM to CCM [zoom-in waveforms are shown in (c)] and (b)
CCM to QCM [zoom-in waveforms are shown in (d)].

τDM = Lc/Rds,ON is large enough (∼10 times) to be outside the
time scale of the switching intervals, and the DM current is,
therefore, assumed as unchanged during Stages II and IV. Such
simplification yields a straightforward but accurate result that
φOFF,TC can be approximated to 0.5φOFF, the delay time of the
last QCM cycle.

2) Mode Transition From CCM to QCM: Similarly, when
transferred from CCM to QCM, the differential current iDM is
expected to rise from 0 to iDM,T1

by the end of Stage I in the TC.
Therefore, φON,TC = 0.5φON, the delay time of the next QCM
cycle, whereas φOFF remains unchanged.

3) Compensation of Delay Time in the Transition Cycle: The
deadtime will also lead to an imperfect mode transition. When
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Fig. 10. Calculated time delays w/ and w/o (a) MOSFET ON-state resistance
Rds,ON, and (b) commutation inductance Lc deviation.

the load current is in the forward direction (from ac switch-node)
and the operation state is transferred from CCM to QCM as
shown in Fig. 9(d), iLa1 commutates from SaL1 to SaH1 with
forward direction while iLa2 commutates from SaL2 to SaH2 in
the reverse direction. The difference in current direction deter-
mines whether the upper or lower device is expected to conduct
during the free-wheeling period. Eventually, the actual delay
time φON applied is shorted due to the existence of deadtime
(Td). Therefore, φON should be compensated by the deadtime:
i.e., φON,TC = φON + Td. A similar phenomenon happens when
the load current is negative and the transition from QCM to CCM
happens. φOFF should be compensated by a negative deadtime:
φOFF,TC = φOFF − Td.

C. Design Guidelines of Commutation Inductor and
Parameter Sensitivity

The design of the DM inductor is expected to affect the
inverter system mainly in three aspects. 1) In the CCM operation,
the commutation Lc (or DM inductance or the coupled La and
Lb) assists the parallelled devices in achieving better dynamic
current sharing. 2) In QCM operation, a higher commutation
inductance results in a lower valley current (see Section II-C);
thus, the power semiconductor conduction loss is reduced. A
higher Lc value also yields a higher inductor volume and a
tradeoff between conduction loss and inductor size should be
made in the design of Lc. 3) Besides, the DM inductors are
exposed to high fluctuations of magnetic flux density, and the
core loss could be significant if the magnetic working point is
selected to be too high. In this article, PQ 26/25 core is used
and the turn number of the primary and secondary sides of
the coupled inductor is chosen to be 4, yielding a maximum
magnetic field Bmax = 0.16T to limit core loss and saturation.

Meanwhile, since the control design is realized by using a
2-D lookup table shown in Fig. 4, which is an open-loop control
architecture, parameter sensitivity is studied to evaluate its im-
pact on the soft-switching realization. Both the impact of Rds,ON

and Lc on the desired delay time are investigated in Fig. 10. As
shown in Fig. 10(a), the deviation of MOSFET ON-state resistance
(Rds,ON) has a negligible effect on the delay time, suggesting
that the HQCCM scheme is robust to the temperature change
and the resulting Rds,ON variation. On the contrary, deviation

Fig. 11. Schematic diagram of the control design for a single-phase inverter
using HQCCM: the hysteresis block positioned before the mode selection block
helps to increase the immunity to noise.

of the commutation inductance (Lc) has more impacts on the
delay time as shown in Fig. 10(b). The value of Lc is monitored
from the design stage by carefully keeping the working point
of the core below the saturation point. Since the output current
is sampled by a current sensor and the magnetic flux density
within the core is zero in CCM operation, the QCM operation
is opted out in the real-time control before the arrival of a load
current that leads to the core saturation.

D. Control Strategy of the HQCCM for DC–AC Conversion

The control design for the single-phase inverter using
HQCCM has been given in Fig. 11. The HQCCM is implemented
at the modulation level and the main current/power control
loop is identical to that in conventional method using CCM
in a single-phase dc–ac converter, without requiring additional
current or voltage sensors. Fixed control frequency (5 kHz) is
used and proves to provide sufficient steady-state and dynamic
performance, as shown in Section IV. In the practical control
implementation, undesired oscillations between two operation
modes may happen due to the presence of sampling noise or
overshoot during the dynamic process. Therefore, the instanta-
neous load current iLo at the line frequency is fed to a hysteresis
block to increase the immunity to such disturbance [16]. Then,
the sensed current value is fed back to the current regulator used
to determine whether the CCM or QCM needs to be adapted for
the minimum combined switching and conduction losses at this
load current. A 2-D lookup table depicted in Fig. 4 is used to
generate the desired delay time between pulsewidth modulation
(PWM) pulses of parallel legs. When the immediate mode to
be adapted differs from the mode used at present, a TC will be
inserted to accommodate the mode change between the CCM
and QCM.
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Fig. 12. Comparison of key features of the CCM, TCM and the HQCCM
strategies for single-phase DC-AC conversion. The HQCCM is competitive in
terms of efficiency, control and circuit.

E. Comparison With Other Modulation Strategies in
DC–AC Conversion

Characteristics of the CCM, TCM, or CrM, and HQCCM
for dc–ac conversion are compared and shown in Fig. 12. The
HQCCM has higher efficiency and is more practical to be
implemented in high power applications. Some key merits of
the HQCCM strategy are elaborated below.

1) Consistent High Efficiency for the Full Range of Load:
The HQCCM adapts the QCM and CCM for the minimum
combined switching and conduction losses at any value of the
instantaneous load current. At a high load, the QCM and CCM
can coexist in the one-half cycle of the line ac current, i.e., QCM
is adapted around the zero-crossing interval and the CCM is
adapted around the peak value interval. The portion of each mode
in one-half cycle is also determined by the load [cf., Fig. 7]. This
seamless and adaptive operation offers the HQCCM consistently
high efficiency throughout the full load range.

However, the TCM or CrM cannot be opted out for high load
due to the restriction of the filter hardware and control structure;
thus, the increased conduction loss will surpass the switching
loss from the TCM or CrM. The efficiency cannot be optimized
throughout the full range of load.

2) Suitable for High Power Applications: The TCM or CrM
trades off the conduction loss for reducing the switching loss,
which is less feasible for high power applications because the
conduction loss is more profound at high power, particularly
for using emerging wide bandgap (WBG) devices. Instead, the
HQCCM can adapt the CCM when the instantaneous current is
high in order to reduce the combined conduction and switching
losses. In addition, the HQCCM is designed for multiple power
semiconductors connected in parallel, which is a common ap-
proach for high power rating applications.

3) Constant Switching Frequency: Different from the TCM
or CrM for dc–ac converters where the switching frequency must
vary, the HQCCM achieves the constant switching frequency.
This feature simplifies both the ac side filter and EMI filter
hardware design and the HQCCM can use the identical filter
from conventional CCM-based converters.

The constant switching frequency of HQCCM also simpli-
fies its controller design. The output current of the HQCCM
is regulated by adjusting the voltage duty cycle D; thus, the
required control bandwidth is much lower than the switching
frequency. Besides, the control design of the fundamental cur-
rent loop is the same as that of CCM converters. This feature
preserves the benefits of traditional CCM converters in stability
analysis.

However, the TCM or CrM use hysteresis-band current con-
trol and the control frequency is synchronized with the varying
switching frequency via the ZCD circuit in most of the published
research, although a few works have been devoted to coping with
this issue [22]. This high, varying, and synchronized control
frequency increases the controller costs. In addition, it is more
difficult to model the grid impedance and the current loop
bandwidth in frequency domain due to the varying switching
frequency/duty cycle. Only a little research has been put on this
issue [23], [24] in a dc–dc scenario via small-signal analysis
or describing function, and its behavior in a dc–ac converter
where the duty cycles keep changing has not been fully revealed.
Therefore, the impedance-based stability analysis [25] where the
transfer function of the current regulator needs to be accurately
modeled in the frequency domain cannot be easily transferred
to TCM/CrM.

4) Low Turn-OFF Current and Associated Voltage Stress:
Modern WBG devices are featured by high switching speed and
high di/dt which causes overshoot voltage due to the parasitic
inductance in the power loop. The dependence of di/dt on the
turn-OFF current has been revealed in [26] and it is concluded
that a higher turn-OFF current is likely to impose more voltage
stress on the device. In TCM or CrM, the maximum turn-OFF

current is roughly more than twice the maximum load current.
In the QCM operation, the maximum turn-OFF current is only
slightly higher than the load current, which significantly reduces
the voltage stress applied across the device.

5) ZCD-Circuit Free: The TCM or CrM operation can only
be realized when knowing the instantaneous inductor current
zero-crossing point at the switching frequency by using the ZCD
circuit. Most of the TCM or CrM dc–ac converters [12], [15] rely
on the ZCD circuit to detect the inductor zero-crossing point
for reliable ZVS realization. In these ZCD-based controls, the
inductor current is regulated within the current band, but the in-
stantaneous current sensing is reported to be error-prone [15] and
lossy in high-frequency applications. For the HQCCM, however,
the ZVS realization is achieved by using a 2-D lookup table and
the ZCD circuit is not required. The associated computational
and hardware costs are eliminated as well, leading to a simple
but robust control.

6) Reactive Power Capability: As stated in [27], single-
phase inverters are expected to support the local grid voltage with
a reactive power capability; however, existing soft-switching
dc–ac topologies mostly focus on unity power factor opera-
tions due to their limits of applications in non-u.p.f conditions.
For example, in TCM, serious output current distortion may
appear on account of a low switching frequency near the cur-
rent zero-crossing point when the power factor is low. The
proposed HQCCM scheme, however, naturally avoids these
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Fig. 13. 4.4-kW single-phase converter using the proposed HQCCM.

TABLE I
KEY SPECIFICATIONS OF THE 4.4-KW SINGLE-PHASE INVERTER

issues as shown in Section IV due to its constant switching
frequency.

IV. EXPERIMENTAL RESULTS

A. Prototype of the DC–AC Converter Using HQCCM

A 4.4-kW prototype of the single-phase converter using the
HQCCM scheme has been built as shown in Fig. 13. 650-V
SiC MOSFETs (C3M0060065) from Cree are selected as the
power semiconductors for the prototype. Key details including
the magnetic design and the specifications of power electronics
devices are listed in Table I and the control implementation is
based on a TI TMS32028379 control card. Since the maximum
current rating of SiC MOSFET is determined by the maximum
junction temperature, which is partially determined by the power
losses, the power rating of the HQCCM inverter would be
higher than a conventional CCM inverter with identical devices.
Eventually, the power density of the converter is 4.89 kW/L,
excluding the control card and dc-link capacitors. Note that
the control frequency of the converter is much lower than the
switching frequency, which would not be possible in TCM or
CrM converters with variable switching frequencies.

B. Steady-State Dynamic Experimental Waveforms

The measured drain–source and gate–source voltages of the
inverter operating in the bipolar QCM mode are shown in Fig. 14.
When the load current direction is forward for phase A, i.e.,
reverse for phase B, ZVS is expected to be achieved on the

upper device of phase A (SHa1 and SHa2) and lower device of
phase B (SLb1 and SLb2) [cf., Fig. 1]. Meanwhile, the remaining
devices can inherently achieve ZVS. As can be seen from the
zoom-in waveforms in Fig. 14(c) and (d), where the waveforms
for phases A and B are demonstrated, respectively, the drain–
source voltages have decreased to 0 before the rising of the
corresponding gate–source voltage. Specifically, switch-node
voltages va1 and va2 both increase to Vdc in Fig. 14(c) before the
gating of upper devices, i.e., vgSa1H and vgSa2H , indicating the
drain–source voltages of SaH1 and SaH2 have been discharged
to zero and ZVS-ON is realized for upper devices. Similarly,
zero switch-node voltages vb1 and vb2 can be observed before
the gating of vgSa1L and vgSa2L and ZVS-ON can be therefore
confirmed as well.

Fig. 15 depicts the experimental steady-state waveforms of the
HQCCM inverter under various load conditions: light (1.4 kW),
partial (2.78 kW), and full (4.4 kW) load. In this figure, currents
of the DM inductors, iLa1, iLa2, iLb1, and iLb2, the CM inductor,
iLa, and the grid-side voltage vg are shown. The portion of QCM
operation, i.e., the value of γ, is 1 at light load since the peak
load current is below the transition threshold current. When the
load increases, however, γ decreases to 0.61 at partial load and
finally to 0.36 at full load, where CCM is more beneficial for the
higher load current. It can also be seen that the valley current
remains to be constant and stable regardless of the sinusoidal
load current, which verifies: 1) the accuracy of the analytical
model, 2) the correctness of the model simplification, 3) the
feasibility of the mode transition compensation strategy, and 4)
the effectiveness of the lookup table [cf., Fig. 4]. Note that all
the soft-switching operation is achieved without any auxiliary
circuit (e.g., ZCD or vds detection) which is a must for traditional
TCM/CrM soft-switching converters.

C. Reactive Power Capability

Fig. 16 presents the experimental results under the nonunity
power factor condition. In the test, the power factor is delib-
erately adjusted to 0.4 (φ = 66◦), indicating that the reactive
power fed to the grid was larger than the active counterpart. Such
operation condition happens when the inverter is instructed to
support the local grid voltage. The reactive power capability is
verified at two conditions. In Fig. 16(a), apparent power was
set to S = 2120 VA and only QCM was implemented. At the
same p.f., the apparent power was increased to S = 2500 VA in
Fig. 16(b) when both QCM and CCM were activated within one
line cycle due to a higher load current. It can be seen from Fig. 16
that the proposed HQCCM scheme is able to handle both unity
and nonunity power factor conditions at different load currents.

D. Mode Transition and Step Load Dynamic Waveforms

Fig. 17 shows the dynamic voltage and current waveforms
under a step load change with the proposed HQCCM scheme.
In the experiment, the load power was increased from 1.5 to
3.5 kW and these step load changes have been applied at two
moments to have two different occurrence of electrical angles. In
Fig. 17(a) and (b), the load step happened at approximately π/3
electrical angle and the inverter was entirely in QCM operation
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Fig. 14. Key current and voltage waveforms of the HQCCM dc–ac converter demonstrating the ZVS operation under QCM operation at partial load: Po =
2.5 kW and γ = 0.72. (a) Full photograph. (b) Zoom-in waveforms @ iLo = 12 A (time scale: 2 μs/div). Zoom-in waveforms of phase (c) A and (d) B (time scale:
500 ns/div).

Fig. 15. Experimental steady-state waveforms at (a) light load (1.4 kW), (b) partial load (2.78 kW), and (c) full load (4.4 kW).

Fig. 16. Experimental results at PF = 0.4. (a) Apparent power = 2120 VA,
active power = 850 W, and reactive power = 1942 Var. (b) Apparent power =
2500 VA, active power = 1000 W, and reactive power = 2291 Var.

prior to the load increase. The operation mode was subsequently
switched to CCM after the step, due to an increase of peak–peak
current from 19 to 45 A. In the following line cycles, the QCM
was alternatively activated with the CCM based on the optimal
efficiency operation at this 3.5-kW load. In Fig. 17(c) and (d), a
similar load step was applied at approximately 5π/6 electrical
angle of the cycle. The operation mode shortly experienced CCM
due to the load increase and then entered QCM again because
the occurrence of load change was close to the zero line current
of that cycle. A small delay in response can be observed as fixed
control frequency (5 kHz) is used, and the controller requires
one cycle to sense current and update the PWM signals. It can be
also seen from Fig. 17(a)–(d) that the described mode transition
control in Fig. 11 is able to achieve a smooth mode transition in
spite of the complexity of the operation condition.

In the demonstration video accompanying the article, a 60-s
continuous test is conducted and the load power is sequentially
increased from 0.8 to 1.8 kW, to 2.6 kW, and finally to 3.4 kW.
The demonstrated experimental results further validate the ef-
fectiveness of the mode transition strategy.

In Fig. 18, enlarged current and voltage waveforms are shown
to depict the operation mode transition process. As discussed
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Fig. 17. Measured dynamic waveforms of the HQCCM scheme under step load changes at random electrical angles over one period. The input voltageVdc = 400V
and the output voltageVoRMS = 220V. The output power increases from 1500 to 3500 W at (a) approximatelyπ/3 electrical angle of the cycle and (c) approximately
5π/6 electrical angle. Zoom-in waveforms of (a) and (c) are demonstrated in (b) and (d), respectively.

Fig. 18. Measured waveforms during operation mode transition when the
switching frequency is set as 200 kHz: (a) from CCM to QCM and (b) from
QCM to CCM.

above, the mode transition is expected to happen when the load
current moves across the transition current point (14.5 A with
the power semiconductors and inductor design listed in Table I).
It can be seen from the figure that the transition process is
smooth with minor current mismatch after entering into the new
operation state, with the aid of the TC. Another observation

Fig. 19. Measured efficiency curve of the HQCCM inverter and a comparison
to QCM and CCM schemes.

on the output waveform is that vab appears to be a three-level
waveform in QCM and a two-level waveform in CCM, as stated
in Section II.

E. Measured Efficiency of the Prototype Utilizing the
Proposed HQCCM Scheme and Loss Breakdown

The efficiency curve of the HQCCM inverter, which is mea-
sured by a Yokogawa WT5000 power analyzer, and its compar-
ison to QCM, CCM, and TCM schemes are plotted in Fig. 19.
When compared with QCM and CCM, the HQCCM scheme
owns the highest efficiency across the whole load range. The
peak efficiency of the inverter is 98.55%which occurs at 1440 W
but remains almost constant across the whole load range. The
HQCCM has the identical efficiency of the QCM at partial load
when γ = 1 and much higher (3.1% higher) efficiency than
CCM since the major switching loss has been eliminated by
ZVS. When the load is relatively high, i.e., γ <1, the HQCCM
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Fig. 20. Comparison of loss distribution among three schemes: (a) CCM,
(b) TCM, and (c) HQCCM.

shows a moderate efficiency increase because the switching loss
is still reduced but the conduction loss is more significant.

Fig. 20, where the loss breakdown of TCM, HQCCM, and
CCM are given, provides a direct view of the loss distribution at
various load conditions. The comparison is based on the identical
semiconductor configuration listed in Table I (two 60-mΩSiC
MOSFETs in parallel). At light loads, the TCM suffers from high
switching frequency and associated inductor loss and turn-OFF

loss. The total loss is, therefore, higher than that of HQCCM.
When the load increases, both the conduction loss of QCM
and TCM increase correspondingly. However, the HQCCM
scheme is able to return back to CCM at high instantaneous
load current, thanks to its adaptive and smooth operation mode
transition capability. Therefore, the increase of conduction loss
in HQCCM is successfully suppressed, whereas that of TCM
is keeping increasing. At full load, the combined conduction
and inductor loss of TCM is obviously higher than that of
HQCCM. Overall, the proposed HQCCM scheme is able to
achieve a better efficiency performance over CCM and TCM
in single-phase inverters. Note that the given loss estimation of
TCM is calculated based on a conventional modulation with
constant lower i− current band of the current envelop, as shown
in Fig. 20(b). Although numerous other schemes for TCM has
been introduced, the constant lower band modulation scheme
stands out as the most representative one [28] and is therefore
used as the benchmark here.

V. CONCLUSION

This article proposes a HQCCM modulation for single-phase
inverters constructed by parallel half-bridges. Based on the fact
that switching loss is more dominant than conduction loss at
light load and this pattern is reversed at high load, the proposed
solution designs a modulation scheme where soft-switching and
hard-switching can be alternatively adopted depending on the
instantaneous value of output current for optimal efficiency
performance. By taking both switching and conduction loss
into consideration, the optimal mode transition threshold is
chosen to maximize the efficiency. The proposed HQCCM solu-
tion features high efficiency over full-load, constant switching

frequency, and ZCD-circuit free. In addition, the HQCCM is
fully compatible with the conventional line filter design and
control stability criteria. A 4.4-kW prototype with 4.89-kW/L
power density has been built for experimental validation, and
a constantly high efficiency within the entire load range can be
observed. The advantages of this adaptive ZVS could potentially
set a new design principle and figure-of-merit for selecting
power electronic devices for high-frequency power converters.
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