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Abstract—Soft switching technology is an effective way to reduce
the switching loss of the single-phase inverter to improve effi-
ciency. Because of the ease of implementing soft switching, inverter
works in boundary conduction mode (BCM) is widely used. On
the contrary, BCM causes wide variation in switching frequency
and large inductor current ripple. In this article, a fixed switching
frequency hybrid modulation method for the inverter is proposed,
which can achieve zero-voltage switching without changing the
switching frequency and reduce the peak value of inductor current.
The modulation achieves good tracking of the output current with
different loads by switching mode between the triangular mode and
the trapezoidal mode accurately. For implementing modulation,
the operation states of the inverter with different conditions are
analyzed in detail, the number of operation states is deduced and
the state machine about mode switching is summarized. In addition,
a single-phase inverter prototype is designed to verify the feasibility
and effectiveness of the proposed modulation. Compared with
BCM, the efficiency of the inverter at both light load and full load
is increased.

Index Terms—Fixed switching frequency, hybrid modulation,
single-phase inverter, zero-voltage switching (ZVS).

I. INTRODUCTION

S INGLE-PHASE inverter is one of the most common dc/ac
converters, which are widely used in power amplifiers,

motor drives, photovoltaic inverters, and so on [1], [2], [3].
Due to the development of wide band-gap semiconductors, the
upper limit of switching frequency has been increased, enabling
inverters to have lower costs and higher power density [4].
However, for nonisolated converters, such as buck converter
and full-bridge converter, affected by the filter inductor and
output current, part of power switches cannot transfer the charge
on the parasitic capacitor during the dead time, which are in
a hard-switching state. As the switching frequency increases,
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Fig. 1. (a) Topology of conventional full-bridge inverter. (b) Topology of
full-bridge inverter with auxiliary resonant circuit. (c) Loop of fundamental
frequency current. (d) Loop of high frequency current. (e) Current waveforms
of isum, iff, and ihf.

the switching loss also increases, resulting in a serious drop in
efficiency. In order to reduce switching loss, many single-phase
inverter soft-switching topologies and modulation methods have
been proposed by researchers [5], [6], [7], [8], [9], [10], [11],
[12], [13], [14], [15], [16], [17], [18], [19], [20], [21], [22], [23],
[24], [25], [26], [27].

In terms of topology, in most soft-switching topologies of
inverter, resonant circuit and auxiliary power switches are al-
ways playing important roles in circuits, which are used to create
the zero-voltage or zero-current conditions for power switches
[5], [6], [7], [8], [9], [10], [11], [12]. Compared with additional
auxiliary power switches, resonant circuit composed by passive
components has less driving circuit, less degree of freedom,
and less control complexity of the inverter. Among them, a
full bridge converter with the auxiliary LC resonant circuit is
proposed creatively in [13], as shown in Fig. 1(b). The converter
can spontaneously separate the fundamental frequency current
and the high frequency current in the filter inductor through the
resonant circuit. The loop for the fundamental frequency current
iff and the high frequency current ihf are shown in Fig. 1(c) and
(d). The ic is the reverse current required to achieve zero-voltage
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switching (ZVS). The resonant capacitor Cr prevents the passage
of fundamental frequency current. By a suitable design, ihf
flows mainly through the resonant inductor Lr, reducing the
current stress on Lf. Compared with the conventional full-bridge
converter, the peak value and loss of the filter inductor current
are reduced significantly, which allows the converter to obtain
higher efficiency [13], [14]. On the other hand, the size of the
filter inductor Lf can be reduced significantly, and both the
resonant inductor and filter inductor can be optimized separately.
Therefore, the addition of resonant circuits does not significantly
affect the power density of the converter [13], [14], [15]. Another
advantage is that the original modulation methods, such as
SPWM and BCM, can still be used without additional control
and vice versa. In summary, the full bridge converter with the
auxiliary LC resonant circuit is selected as the main circuit
topology in this article.

In terms of modulation, the boundary conduction mode
(BCM) has been widely studied because of its simplicity and
ease of implementation [16], [17], [18], [19], [20], [21], includ-
ing critical conduction mode (CRM) and triangular current mode
(TCM). In BCM, the inductor current is large enough to change
the polarity of the current in each switching cycle to achieve the
ZVS of the power switches. Compared with CRM that requires
the dc bus voltage to be higher than twice the maximum output
voltage, TCM does not have strict requirements for dc voltage
[22]. In BCM, the switching frequency changes in a wide range
within a fundamental frequency period [13], which increases
the difficulty of passive components. Although ZVS technology
avoids the turn-ON loss of the power switches, the turn-OFF loss
still exists, which is mainly determined by the drain-source cur-
rent at the turn-OFF moment and the switching energy [23], [24].
When the average value of the inductor current is around zero,
the switching frequency is very high, which causes high turn-OFF

loss [25]. In order to reduce the range of switching frequency,
many modulation methods have been proposed by scholars to
optimize that, such as changing the operating current threshold
or using different modulations according to the instantaneous
value of the output current [25], [26], [27], [28], [29]. At the same
time, affected by the inductor current ripple, the peak value of the
inductor current is about twice the maximum value of the output
current. Therefore, the conduction loss of the elements, the core
loss of the inductor, and the turn-OFF loss are further increased.
In this article, a fixed switching frequency hybrid modulation
(FSFHM) with ZVS is proposed. As the output current changes,
the inverter will switch between triangular mode and trapezoidal
mode to reduce the range of switching frequency and reduce the
peak value of the inductor current.

The rest of this article is arranged as follows. In Section II,
the working principle of triangular mode and trapezoidal mode
is introduced, and the influence of different load characteristics
on inductor current is analyzed in detail. In addition, the switch-
ing process between different modes is described in detail. In
Section III, the sequence of different modes in a fundamen-
tal frequency period is analyzed. The switching conditions of
different modes and the number of modes in a fundamental fre-
quency period with different loads are derived. The arrangement

Fig. 2. Operation mode of the inverter in a fundamental frequency.

characteristics of different modes are summarized. The state ma-
chine is proposed to control the inverter to work in the appropri-
ate mode. In Section IV, the control scheme of the FSFHM and
the flow chart of software are introduced. Finally, a single-phase
ZVS inverter prototype is designed. The experiment proves the
feasibility and correctness of the proposed modulation method.

II. FSFHM WITH ZVS

In the conventional BCM, the inverter works in unipolar or
bipolar modulation. When the inductor current reaches the upper
or lower limit of the reference value, the switching state of
the inverter will change. Affected by the output voltage and
output current, the switching frequency of the inverter in BCM
is variable. Different from the modulation method in the BCM
that only uses the instantaneous value of the inductor current
to determine the switching state. The fix switching frequency
hybrid modulation calculates the duty of different levels by the
instantaneous value of the output voltage and output current.

The FSFHM has two main modes, triangular mode and trape-
zoidal mode. Depending on the instantaneous value of output
voltage and output current, different modes are used along the
fundamental frequency cycle. As the boundary of triangular
mode and trapezoidal mode, boundary mode plays an important
role in switching mode. In a fundamental frequency cycle, as the
output current changes, the inverter’s operation mode is shown
in Fig. 2. The default load is resistive-inductance load.

A. Triangular Mode

In the triangular mode, the full-bridge converter only outputs
two levels in a switching cycle. When the output voltage is
positive, the full-bridge inverter outputs the positive level and
the zero level. Otherwise, the inverter outputs the negative level
and the zero level.

In order to achieve ZVS, isum needs to change to the action
current threshold −ic or ic within each switching cycle, the
current waveform of the isum is shown in Fig. 3.

Taking into account the symmetry of the sine wave, the default
output voltage is positive in the analysis in this section. The
analysis of the negative half-cycle can be deduced by analogy.

As shown in Fig. 3, in the triangular positive mode, the inverter
first outputs the positive level, and the current isum starts to rise
from zero. When the hold time of the positive level reaches t1,
the inverter outputs the zero level. Because the output voltage is
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Fig. 3. Key waveforms of inverter in triangular mode. (a) Voltage and current
waveforms in triangular positive mode. (b) Voltage and current waveforms in
triangular negative mode.

positive, the current isum begins to fall. And after the hold time
of zero level reaches t2, the inverter outputs the positive level
again until the end of the switching cycle.

According to the volt-second balance and average inductor
current, the time t1 and t3 of positive level and the time t2 of
zero level can be expressed as follows:

{
(udc − uout(t))× (t1 + t3)− uout(t)t2 = 0

1
Ts

∫ t0+Ts

t0
isum(t)dt = iout(t)

(1)

where Ts is switching period. The voltages of the filter capac-
itor and the resonant capacitor are almost the same. And the
impedance of both is negligible at the switching frequency. So
the slope of the current isum(t) can be expressed as follows:

{
kisum(t) = uAB(t)−uout(t)

Leq

isum(t) =
∫ t0+Ts

t0
kisum(t)dt

(2)

where Leq is the equivalent inductor, equal to LrLf /(Lr+Lf).
Since the switching frequency of the inverter is much higher
than the fundamental frequency, it can be considered that the
output voltage uout(t) does not change within one switching
cycle. Substituting (2) into (1) can solve for the time of each
level. And t1, t2, and t3 can be expressed as follows:

⎧⎪⎪⎨
⎪⎪⎩
t1 = uout(t)

2udc
Ts +

Leqiout(t)
udc−uout(t)

t2 = udc−uout(t)
udc

Ts

t3 = uout(t)
2udc

Ts − Leqiout(t)
udc−uout(t)

. (3)

iupper and ilower in Fig. 3 represent the upper and lower of
isum in a switching cycle. In triangular positive mode, iupper
and ilower increase with the increase of iout(t). When ilower rises
to the action threshold current −ic or iupper drops to ic, the
triangular positive mode is in the limit state.

The intervals t1, t2, and t3 in triangular negative mode can be
derived similarly.

Fig. 4. Key waveforms of inverter in trapezoidal mode. (a) Trapezoidal posi-
tive mode when uout(t) is positive. (b) Trapezoidal positive mode when uout(t) is
negative. (c) Trapezoidal negative mode when uout(t) is negative. (d) Trapezoidal
negative mode when uout(t) is positive.

Fig. 5. Switching path of the operation mode.

B. Trapezoidal Mode

In the trapezoidal mode, the full-bridge converter outputs the
positive level, the zero level, and the negative level. Affected by
the instantaneous value of the output voltage and output current,
the trapezoidal mode has a total of four voltage and current
waveforms shown in Fig. 4.

Different from the triangle mode, the switching sequence of
the trapezoidal mode is determined by the positive and negative
of the output current. When the output current is positive, the
inverter works in the trapezoidal positive mode, which outputs
the positive level, the zero level, the negative level, and the
positive level in sequence. The switching sequence when the
output current is negative can be similarly deduced.

In the trapezoidal positive mode, the inverter first outputs the
positive level, and the current isum starts to rise from zero. When
the hold time of the positive level reaches t1, the inverter outputs
the zero level. Affected by the output voltage, the current isum
has two possible changing trends in the zero level, namely rising
and falling. After the hold time of zero level reaches t2, the
inverter outputs the negative and the current isum falls. When the
hold time of the negative level reaches t3, the current isum falls
to the lower limit −ic at the same moment. At last, the inverter
outputs the positive level again until the end of the switching
cycle.

As can be seen in Fig. 4, in the trapezoidal positive mode, the
addition of the negative level reduces the time for isum to drop
to−ic. The increase in the area of the positive trapezoid increases
the average value of isum. At the same time, compared with
changing the zero level in the triangular positive mode to the
negative level directly, the zero level in the trapezoidal positive
mode reduces the peak-to-peak value of the isum. By adjusting
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Fig. 6. Current waveforms during the switching process of operation mode.
(a) Process of switching from the triangular positive mode to the trapezoidal
positive mode. (b) Process of switching from the triangular negative mode to
the trapezoidal positive mode.

the time of zero level and negative level, the switching frequency
can be changed to realize fixed switching frequency modulation.

Similar to the previous analysis, the current isum and each
interval t1, t2, t3, and t4 in trapezoidal positive mode can be
expressed as follows:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

t1 = udc+uout(t)
2udc

Ta − 1
2 t2

t2 =

√
u2
dc−u2

out(t)

u2
dc

T 2
a − 4Leqiout(t)

udc
Ts − 4L2

eqi
2
c

u2
dc−u2

out(t)

t3 = udc−uout(t)
2udc

Ta − 1
2 t2 +

Leqic
udc+uout(t)

t4 =
Leqic

udc−uout(t)

Ta = Ts − 2Lequdcic
u2
dc−u2

out(t)

. (4)

According to (4), as the output current iout increases, the
interval t2 decreases. When t2 reduces to zero, the inverter output
current reaches its maximum with ZVS.

In trapezoidal negative mode, it is necessary to replace the
positive level and the negative level with each other. The specific
interval calculation is similar to (4).

C. Boundary Modes

As the current isum(t) changes, the operating mode of the
inverter also changes. The switching path between different
modes is shown in Fig. 5. When the inverter switches from one
mode to another, the boundary mode will appear between the two
modes. As the limit state of each mode, the boundary mode plays
an important role in the process of smooth switching between
different modes. According to the previous analysis, the circuit
has four operation modes. And the trapezoidal positive mode
and the trapezoidal negative mode cannot switch to each other
directly, which is explained in Section III. The switching process
of any two modes is reversible. So there are five switching pro-
cesses in the boundary mode. At the same time, considering that
the switching process from the triangular mode to the trapezoidal
mode is similar. The following analyzes the switching process
with the trapezoidal positive mode as the final mode.

The process of switching from the triangular positive mode to
the trapezoidal positive mode is shown in Fig. 6(a). As the output

current iout increases, the lower limit of isum also increases.
When the lower limit of isum reaches −ic, the triangular positive
mode reaches the limit state. In the next switching cycle, the
output voltage of the inverter changes from two levels to three
levels. The negative level is inserted between the zero level and
the positive level. In this switching process, the boundary mode
can also be considered as the trapezoidal positive mode with the
negative level duty cycle is zero.

When the output voltage is negative and the output current
changes from negative to positive, the inverter switches from
triangular negative mode to trapezoidal positive mode. The
specific process is shown in Fig. 6(b). In the last switching
cycle of the triangular negative mode, the current waveform of
the isum changes symmetrically, and the output current iout is
almost zero. Because the two triangles enclosed by the current
and time axis have the same area, changing the order of the
two triangles does not affect the average value of the isum. In
the next switching cycle, the duty cycle of the first negative
level of the triangular negative mode reduces to zero. In order
to maintain the output current without sudden change, the duty
cycle of the second negative level has been increased. At the end
of the switching cycle, the positive level is added to make isum
rise to zero. The boundary mode can also be considered as the
trapezoidal negative mode with the positive level duty cycle is
zero.

The switch from the triangular positive mode to the triangular
negative mode only exists in the resistive load. When the output
voltage and output current are zero at the same time, the zero
level duty cycle is close to 1. And the slope of the current isum at
the zero level is almost zero. This is the same as the waveform
of the general SPWM modulation method at zero crossing.

It can be seen from Fig. 6 that sometimes the current of
MOSFETS in the boundary mode cannot reach the action current.
This situation always happens when the output current crosses
zero. In this situation, the inductor ripple current and the switch-
ing loss are small. On the other hand, it can be approximately
considered that the MOSFETS realize zero-current switching.

III. IMPLEMENTED MODULATION

After confirming the switch states of each mode, it is nec-
essary to arrange each mode reasonably. This section takes a
fundamental frequency cycle as an example. The operation states
of the inverter with different conditions are analyzed in detail.
The relationship between the circuit parameters and the number
of operation states is deduced. The state machine about mode
switching is summarized to guide the subsequent control system
design.

A. Operation State

When the load is resistive-inductive, the inverter has eight
operation states at most in a fundamental frequency cycle, as
shown in Fig. 7. When the output voltage is zero as the starting
point of the fundamental frequency cycle. The operation states
are analyzed as follows.
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Fig. 7. Operation modes of the inverter in a fundamental frequency with
resistive-inductive load (R = 20 Ω, L = 2.4 mH, fout = 200 Hz).

State I: During this state, the inverter works in triangular positive
mode. The output voltage of the inverter is positive and the
output current is from negative to positive. Limited by the
output voltage, the triangular negative mode cannot be used.
Because the output current is small, the inverter does not work
in trapezoidal mode.

State II: During this state, the increase in output current makes
the inverter switch to the trapezoidal positive mode. The
output voltage and output current of the inverter are both
positive.

State III: During this state, the inverter return to the triangular
positive mode like state I.

State IV: As the output voltage decreases, the slope of the isum at
zero level becomes smaller. This causes the inverter to enter
the trapezoidal positive phase mode even though the current
is also decreasing. At the end of this state, the output voltage
is negative, the output current is positive and the current value
is large. So the inverter does not enter other modes due to the
change in output voltage.

Because of the symmetry of the sine wave, the analysis of
states V–VIII is similar to that of states I–IV. This article does
not discuss it in detail. When the load is a resistive load or a
resistive-capacitive load, the operation state of the inverter can
also be determined by a similar method.

B. Details of States

The operation state of the inverter with resistive-inductive
load is deduced earlier. In fact, with the change of load param-
eters, there are at least two operation states of the inverter and
eight at most.

According to the analysis of the boundary mode in Section II,
the inverter starts the new mode because the current mode cannot
meet the ZVS condition, which can be expressed as t1≤0 or
t3≤0 in (4). Considering that the output current amplitude is
much larger than the action current ic. To simplify the analysis,
assuming that ic = 0, the switching conditions in the positive
half-cycle can be expressed as follows:

⎧⎪⎪⎨
⎪⎪⎩

udc+uout(t)
2udc

Ts ≤ 1
2

√
u2
dc−u2

out(t)

u2
dc

T 2
s − 4Leqiout(t)

udc
Ts

udc−uout(t)
2udc

Ts ≤ 1
2

√
u2
dc−u2

out(t)

u2
dc

T 2
s − 4Leqiout(t)

udc
Ts

. (5)

Fig. 8. Curves and intersections with different conditions. (a) ϕ = 15°,
Leq/ZloadTs = 0.21. (b) ϕ= 45°, Leq/ZloadTs = 0.21. (c) ϕ= 15°, Leq/ZloadTs

= 0.14.

After simplifying (5), the inequality can be rewritten as fol-
lows: {

m sinωt ≤ −1− 2Leq

ZloadTs
(cosϕ− cotωt sinϕ)

m sinωt ≤ 1− 2Leq

ZloadTs
(cosϕ− cotωt sinϕ)

(6)

where m represents the degree of modulation, which is the ratio
of the output voltage amplitude to the dc voltage. ω is the output
angular frequency. Zload is the impedance of the load, and ϕ
represents the impedance angle. Therefore, the moment of mode
switching is the moment when the equation is established in
(6). Combined with the switching conditions of the negative
half-cycle, all switching moments tswitch can be expressed as
follows:⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

f1(t) = m sinωt

f2(t) = sign(ωt)
[
1− 2Leq

ZloadTs
(cosϕ− cotωt sinϕ)

]
f3(t) = −sign(ωt)

[
1 +

2Leq

ZloadTs
(cosϕ− cotωt sinϕ)

]
tswitch = { t| f1(t) = f2(t) ∨ f1(t) = f3(t)}

.

(7)
Therefore, the tswitch can always be determined by the in-

tersection of the modulating wave and the other two curves.
According to (7), f1 (blue curve) is only affected by the degree
of modulation. f2 (red curve) and f3 (black curve) are affected by
the impedance angle ϕ and parameter Leq/ZloadTs. Three curves
can be drawn as shown in Fig. 8. It can be seen from Fig. 8 that
with the condition that the degree of modulation is constant,
the number of operation modes of the inverter in a fundamental
frequency cycle changes with the change of the impedance angle
ϕ and parameter Leq/ZloadTs.

To better describe the relationship among the different pa-
rameters, the quantitative relationship among the impedance
angle, parameter Leq/ZloadTs and the number of state is shown
in Fig. 9. As shown in Fig. 9, with resistive loads, the number
of states can only be 2 or 6. Under resistive-inductive loads or
resistive-capacitive loads, the number of states is 4 or 8. As the
phase difference between the output voltage and output current
increases, the duration of states II and IV in Section III-A be-
comes longer. And the duration of state III becomes shorter until
it reaches zero. It is worth mentioning that the disappearance of
state III connects the two states adjacent to it. The original three
states become one state. It is the direct reason that affects the
number of states. Similar to the impedance angle, the parameter
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TABLE I
SEQUENTIAL CHANGES OF THE OPERATION STATES IN A FUNDAMENTAL FREQUENCY CYCLE WITH DIFFERENT LOADS

Fig. 9. Relationship among the number of operation states, the impedance
angle, and the value of the parameter.

Leq/ZloadTs affects the duration of states I–III. When state II
disappears, the number of states will also change.

According to the above-mentioned analysis, the sequential
changes of the operation states in one fundamental frequency cy-
cle, starting from the output voltage of zero, are shown in Table I.
Some of the operation states will not occur due to the parameters
of the inverter. For example, under the resistive-capacitive load,
i.e., ϕ>0, the first operation state of the inverter must be the
triangular positive mode. The two uncertain operation states in
the negative half-cycle are also recorded in Table I.

C. State Machine

In addition to the number and the order of states, the duty of
different states is also very important to the inverter. However,
the amount of calculation to accurately calculate the duty of
each state is large in FSFHM. From the previous analysis, it
can be known that in any switching cycle, there is only one
operation mode that can achieve ZVS without affecting the
output waveforms. For the parallel controller, four modes can be
calculated together. The result of suitable mode can make t1, t2,
and t3 all greater than zero. For serial controllers, the calculation
of the four modes greatly increases the burden on the controller.
The state machine can simplify the calculation of the controller.

Similar to the analysis in Section II of the boundary mode,
when the current mode is difficult to follow the output current,
the inverter switches to another mode. No matter in triangle
mode or trapezoidal mode, the zero level time t2 is always larger
than zero. Unless the circuit has reached the maximum output
current, which cannot be solved by switching modes. When the
positive level time or the negative level time drops below the

Fig. 10. State machine of the FSFHM.

threshold, the inverter switches operation mode. The specific
state machine is shown in Fig. 10.

IV. CONTROLLER IMPLEMENTATION AND

PARAMETERS DESIGN

A. Controller Implementation

Both the voltage loop and the current loop of the inverter adopt
PI control to achieve good tracking of the reference waveform.
Different from the variable switching frequency modulation, be-
cause of the fixed switching frequency, the current sampling link
does not need to be very sensitive to capture the zero-crossing
time of the current isum. Through controlling the sampling time
of the ADC, the voltage and current values at the beginning of the
switching cycle can always be collected. The current value of the
isum at this moment reflects its deviation from zero, which affects
the average current of filter inductor in the switching cycle. The
state machine and the duty of each level have been introduced
in Sections II and III. After obtaining the mode and duty, the
logic circuit cooperates with the timer to output different levels
at a suitable time. Finally, the pulses sent by the controller are
amplified by the drive circuit to realize the control of the power
circuit. The specific control scheme is shown in Fig. 11.

In terms of filter design of the sampling circuit, all of dc
voltage, output voltage and output current use a low-pass filter
(LPF) to filter out the switching ripple. The design of the filters’
cut-off frequency needs to consider the existence of the double-
frequency ripple in the dc bus of the single-phase inverter. For
the sampling circuit of isum, the method through Rogowski coil
or predictive control has been introduced in detail in [25] and
[30]. The current sampling circuit in this article is shown in
Fig. 12. Combined with the main frequencies of the current in
the isum, the LPF and the band-pass filter can be used to achieve
noise suppression and effective current sampling.
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Fig. 11. Control scheme of the inverter in FSFHM.

Fig. 12. Schematic diagram of current sampling circuit.

Fig. 13. Flow chart of the proposed FSFHM.

In the switching cycle, the flow chart of the controller is
shown in Fig. 13. The controller needs the voltage and current
values at the beginning of the switching cycle to calculate the
duty. But the ADC needs conversion time, which affects the
driving signal transmission. Therefore, the control system uses
the sampling value of the previous cycle during calculation. The
sampling value of the current cycle is stored in the register after
the ADC conversion is completed, waiting for the next cycle
to use. The controller first defaults that the operation mode of
the circuit remains unchanged in adjacent cycles, and judges
the calculation result. If the calculation results are suitable and
valid data, no further processing is done. Instead, the controller
switches to the new mode according to the state machine and

Fig. 14. (a) Current waveforms of isum in BCM and triangular positive
mode. (b) Current waveforms of isum in BCM and boundary mode. (c) Current
waveforms of isum in BCM and trapezoidal positive mode.

recalculates. Finally, different levels are output in turn according
to the calculation results.

B. Comparison of Current Stress

In terms of stress, the voltage of the power switches remains
unchanged at udc. On the contrary, the current stress of the power
switches changes. The current waveforms of isum in different
operating modes are shown in Fig. 14. To simplify the analysis,
the action current ic is temporarily ignored and the output voltage
and output current are assumed to be positive. ip1, ip2 are the
peak currents of isum in FSFHM and BCM.

To fix the switching frequency, the peak current of isum in
triangular mode is larger than that in BCM, which increases
the conduction loss of the power switches at low output current.
According to the average current model, the peak current of isum
in boundary mode equals to that in BCM. At high output current,
inverter works in trapezoidal mode. Compared with BCM, the
addition of the zero level in FSFHM maintains the switching
frequency and reduces the peak current. The duration of the
zero level can be approximated based on (4) as follows:

t2 ≈
√

u2
dc − u2

out(t)

u2
dcf

2
sw

(
1− fsw

fBCM

)
(8)

where fsw and fBCM are the switching frequencies of FSFHM
and BCM, respectively. From (1), it can be seen the zero level
exists when the fsw is lower than the minimum of the fBCM. In
the other words, when fsw is lower than fBCM, the peak current
of FSFHM is always less than that of BCM. According to the
energy equation of the inductor E(t) = LI2(t)/2, the lower peak
current reduces the maximum magnetic energy of the inductor.
So the size and loss of the core can also be reduced. In summary,
the FSFHM increases the current RMS of the power switches
as influenced by the triangular mode. On the other hand, the
peak current of the power switches decrease, which affects both
the volume of the inductor and the core loss. Because the filter
inductor passes almost only the fundamental frequency current.
According to KCL, the current RMS of the power switch also
rises.

C. Parameters Design

In order to achieve ZVS over the entire fundamental frequency
cycle, inequality (9) should hold. When the duration of the zero
level in trapezoidal mode is 0, the two sides of the inequality are
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exactly equal.

2Leqioutmax

udc − uoutmax
+

2Leqioutmax

udc + uoutmax
≤ 1

fsw
. (9)

At the determined switching frequency, the equivalent induc-
tor Leq in the inverter can be expressed as follows:

Leq ≤ u2
dc − u2

outmax

4udcioutmaxfsw
. (10)

Assuming that the inductance of the filter inductor is k times
that of the resonant inductor, each of the two inductors can be
expressed as follows:{

Lf = (k + 1)Leq

Lr = (k + 1)Leq/k
. (11)

Ideally, k should be a large enough positive number to achieve
complete separation of the fundamental frequency current and
high frequency current. In practical application, the filter circuit
can take on part of the high frequency current, which is absorbed
by the filter capacitor. On the other hand, the peak current also
affects the volume of the resonant inductor. As a tradeoff, the
high frequency current ripple of the inductor current is generally
limited to within 40% of the rated current of the filter inductor
[13], which can be expressed as follows:

ΔiLf ≤ 2ioutmax

k + 1
≤ 40%ioutmax. (12)

After simplifying (12), we can obtain k should greater than
4. Considering the margin, this article takes k equal to 6. The
inductance of filter inductor and resonant inductor can also be
determined. In order to filter out high frequency harmonics, the
cut-off frequency of the output filter is designed as follows [31]:

10foutmax ≤ fcutoff ≤ fsw/2 (13)

where foutmax is the maximum output frequency. According to
(13), the range of values of the filter capacitor can be expressed
as follows:

1

(πfsw)
2Lf

≤ Cf ≤ 1

(20πfoutmax)
2Lf

. (14)

For resonant capacitor, the fundamental frequency current
through them is limited to 1% of the output current for a good
blocking of the fundamental frequency current.

Cr ≤ ioutmax

200πfoutmaxuoutmax
. (15)

Meanwhile, the voltage of the resonant capacitor should not
vary excessively to prevent it from affecting the current of the
resonant inductor, with the design equation derived in [13].

Cr ≥ 5ioutmax

4π2f2
swLric

. (16)

V. EXPERIMENT

To verify the correctness and feasibility of the proposed
modulation method, an experimental prototype has been built,
as shown in Fig. 15. The specific parameters are shown in
Table II. The core of the resonant inductor is made of ferrite

Fig. 15. Experimental prototype, showing the main blocks.

TABLE II
PARAMETERS OF THE EXPERIMENTAL PROTOTYPE

(PC90 PQ5050) with better high frequency characteristics. The
core of the filter inductor is made of Fe-Si magnetic ring
(NPF184060) with better magnetic saturation capability. The
power switch is SiC MOSFET CAB011M12FM3, and the con-
troller is EP4CE10E22C8 from Altera.
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Fig. 16. Key waveforms of the inverter under resistive loads (20 Ω, 200 Hz). (a) Output voltage, filter inductor current, and resonant inductor current waveforms.
(b) Voltage and current waveforms in triangular mode. (c) Voltage and current waveforms in trapezoidal mode. (d) Drain-source and gate-source voltage waveforms
of the power switch.

Fig. 17. Key waveforms of the inverter under resistive-inductive load (20 Ω+4.8 mH, 200 Hz). (a) Output voltage, filter inductor current, and resonant inductor
current waveforms. (b) Voltage and current waveforms in triangular mode. (c) Voltage and current waveforms in trapezoidal mode. (d) Drain-source and gate-source
voltage waveforms of the power switch.

Fig. 18. Key waveforms of the inverter under resistive-capacitive load (20 Ω+145 μF, 200 Hz). (a) Output voltage, filter inductor current, and resonant inductor
current waveforms. (b) Voltage and current waveforms in triangular mode. (c) Voltage and current waveforms in trapezoidal mode. (d) Drain-source and gate-source
voltage waveforms of the power switch.

The waveforms of the inverter output voltage, resonant in-
ductor current, and filter inductor current under different loads
are shown in Figs. 16–18. It can be seen that the resonant
inductor takes up most of the high frequency current ripple
regardless of the load. The high frequency current ripple through
the filter inductor is less, which improves the quality of the output
current waveform. As can be seen from among output voltage
waveforms in Figs. 16(a), 17(a), and 18(a), the switching process
between different operating modes is smooth. The output voltage
waveform has no significant distortion due to mode switching.
The voltage and current waveforms of the inverter at the switch-
ing frequency are shown in Fig. 16(b) and (c), etc. isum is the
sum of ir and iL. The inverter switches between triangular mode
and trapezoidal mode with different operating conditions. In
triangular mode, the inverter outputs two levels. In trapezoidal
mode, the inverter outputs three levels. In each mode, isum can
always cross zero in each switching cycle, enabling the switch
to achieve ZVS.

As can be seen from Figs. 16(d), 17(d), and 18(d), in addition
to the current of isum, it can also be seen from the drain-source
voltage uds and gate-source voltage ugs that the power switch

achieves ZVS. The resonant current is not affected by the load
and takes up most of the switching frequency current. Therefore,
the ugs and uds of the power switch are always similar under
different loads.

Figs. 19 and 20 show the voltage and current waveforms of the
inverter at different modulation degrees and output frequencies
in turn. From Figs. 19 and 20, the inverter can output good
voltage waveforms at different modulation degrees and output
frequencies. It is worth mentioning that, similar to SPWM, as
the output frequency increases, the carrier ratio keeps decreasing
and the waveform quality of the output voltage decreases.

In the dynamic response experiments, Fig. 21 shows the
key waveforms of voltage and current when the output voltage
changes suddenly, and Fig. 22 shows the key waveforms of volt-
age and current when the load changes suddenly. In the case of
sudden changes in output voltage, the resonant inductor current
is affected first and changes rapidly because the impedance of the
resonant circuit is smaller. And then with the voltage and current
loop, modulation degree is raised and the output voltage tracks to
the new reference. In order to achieve soft switching, the inverter
goes from the triangular mode to the trapezoidal mode. Due to
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Fig. 19. Key waveforms of the inverter at different modulation degree with resistive-inductive load (20 Ω+4.8 mH, 200 Hz). (a) Output power: 330 W+95 Var.
(b) Output power: 1730 W+500 Var. (c) Output power: 2970 W+850 Var.

Fig. 20. Key waveforms of the inverter at different output frequencies with resistive-inductive load (20 Ω+4.8 mH). (a) Output frequency: 50 Hz. (b) Output
frequency: 100 Hz. (c) Output frequency: 500 Hz.

Fig. 21. Key waveforms of voltage and current when the output voltage changes suddenly (200–400 Vpeak).

the rapid change in duty cycle, the resonant inductor current
fluctuates and gradually stabilizes. And when the load changes
suddenly, the modulation degree does not change at the first
time. Therefore, the resonant inductor current does not change,
and the filter inductor has a tendency to rise, but it changes
slowly. The voltage of the filter capacitor has a voltage dip.
With the voltage outer loop, the modulation degree is raised
and the inverter enters the trapezoidal mode. The output voltage
is recovered and tracked to the reference value. The filter and
resonant current are also gradually stabilized with the current
inner loop.

Table III shows the switching frequency, switching loss, in-
ductor current peak value, and THD of output current with dif-
ferent topologies and modulation methods. The load is resistive-
inductive load (40 Ω+4.8 mH, 200 Hz). It can be seen from the
comparison that the modulation method proposed in this article

TABLE III
TEST RESULTS OF DIFFERENT TOPOLOGIES AND MODULATIONS

greatly reduces the range of switching frequency and reduces the
turn-OFF loss of the MOSFETS. The FSFHM can also reduce the
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Fig. 22. Key waveforms of voltage and current when the load changes suddenly (40–20 Ω).

Fig. 23. Loss distribution under different topologies and modulation methods.

Fig. 24. Measured efficiency curve of the FSFHM inverter and a comparison
to SPWM and BCM schemes.

peak current of resonant inductor, but increases the conduction
loss of the power switches. The result is consistent with the
previous analysis.

Figs. 23 and 24 show the loss distribution curves and effi-
ciency curves of the full-bridge inverter with different topologies
and modulation methods, respectively. At the rated voltage and
light load, the output current of the inverter is small. The total
loss of the SPWM inverter with hard-switched is smaller because
of the smaller conduction loss. The inverter in BCM has some
current ripple in resonant inductor, but its RMS value is not

Fig. 25. THD curves of inverter in FSFHM with resistive-inductive load
(40 Ω+4.8 mH, 200 Hz).

high. The BCM has the high average switching frequency and
the turn-OFF loss Pswoff mainly affects the total loss. The inverter
in FSFHM has the loop current in the resonant circuit at the rated
output voltage. The resonant inductor loss PLr and conduction
loss Pmoscon reduce the efficiency of the inverter. At this stage,
the hard-switching SPWM has higher efficiency. The efficiency
of FSFHM and BCM is lower due to loop current and turn-OFF

losses, respectively. As the output current rises, the percentage
of conduction loss and filter inductor loss of the SPWM inverter
with hard-switched remains small, while the turn-ON loss Pswon

gradually increases. The switching frequency and turn-OFF loss
Pswoff of the inverter in BCM gradually decreases, and the
conduction loss Pmoscon and resonant inductor loss PLr of the
inverter increases. Because the switching frequency is fixed,
the resonant inductor loss PLr and turn-OFF loss Pswoff of the
inverter in FSFHM are almost independent of the output current,
and the conduction loss Pmoscon has increased. At this stage, the
advantages of soft-switching modulation gradually emerge. The
efficiency of both FSFHM and BCM increases significantly and
the total loss of both modulation increases slightly. Under heavy
load, the SPWM inverter with hard-switched has higher losses at
heavy load because the turn-ON loss Pswon increase more rapidly.
The total loss of the inverter in FSFHM is slightly smaller than
that of the inverter in BCM due to the smaller turn-OFF loss
and core loss. Meanwhile, the efficiency difference between the
two soft-switching modulation methods decreases as the power
increases.

In terms of output voltage and output current waveforms
quality, the THD of output voltage and output current tends to
decrease with the increase of modulation degree as shown in
Fig. 25.
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VI. CONCLUSION

This article proposes the FSFHM method with ZVS to reduce
the range of switching frequency and the peak value of inductor
current. The correctness and feasibility of the proposed modu-
lation method have been verified by the experimental prototype.
The modulation method proposed in this article can also be
used without the resonant circuit independently to improve the
efficiency of the inverter. On the other hand, whether it is to
reduce the switching frequency range or ZVS, it is realized
by increasing the RMS of the current of the MOSFETS and the
inductors. So it is necessary to combine the working conditions
in the design and selection of components to make the inverter
achieve the best cost, efficiency, and power density.

REFERENCES

[1] X. Ge, L. Cheng, and W. Ki, “A DCM ZVS class-D power amplifier for
wireless power transfer applications,” in Proc. IEEE Asian Solid-State
Circuits Conf., 2019, pp. 43–44.

[2] C.-S. Liu, J.-C. Hwang, and C. Po-Cheng, “Improvement of driver effi-
ciency for the single-phase motor,” in Proc. IEEE Int. Symp. Ind. Electron.,
2012, pp. 664–667.

[3] A. Trubitsyn, B. J. Pierquet, A. K. Hayman, G. E. Gamache, C. R. Sullivan,
and D. J. Perreault, “High-efficiency inverter for photovoltaic applica-
tions,” in Proc. IEEE Energy Convers. Congr. Expo., 2010, pp. 2803–2810.

[4] B. Gu, J. Dominic, J. Lai, C. Chen, T. LaBella, and B. Chen, “High
reliability and efficiency single-phase transformerless inverter for grid-
connected photovoltaic systems,” IEEE Trans. Power Electron., vol. 28,
no. 5, pp. 2235–2245, May 2013.

[5] Y. Li, Z. Ye, N. He, J. Wu, C. Hu, and D. Xu, “Efficiency improvement
of a SiC-MOSFET 500 kHz ZVS inverter,” in Proc. IEEE 7th Int. Symp.
Power Electron. Distrib. Gener. Syst., 2016, pp. 1–8.

[6] M. Mezaroba, D. C. Martins, and I. Barbi, “A ZVS PWM half-bridge
voltage source inverter with active clamping,” IEEE Trans. Ind. Electron.,
vol. 54, no. 5, pp. 2665–2672, Oct. 2007.

[7] R. Gurunathan and A. K. S. Bhat, “Zero-voltage switching DC link single-
phase pulsewidth-modulated voltage source inverter,” IEEE Trans. Power
Electron., vol. 22, no. 5, pp. 1610–1618, Sep. 2007.

[8] C. M. de Oliveira Stein, H. A. Grundling, H. Pinheiro, J. R. Pinheiro, and
H. L. Hey, “Zero-current and zero-voltage soft-transition commutation
cell for PWM inverters,” IEEE Trans. Power Electron., vol. 19, no. 2,
pp. 396–403, Mar. 2004.

[9] Y. Xia and R. Ayyanar, “Naturally adaptive, low-loss zero-voltage-
transition circuit for high-frequency full-bridge inverters with hybrid
PWM,” IEEE Trans. Power Electron., vol. 33, no. 6, pp. 4916–4933,
Jun. 2018.

[10] B. Chen et al., “Design and optimization of 99% CEC effi-
ciency soft-switching photovoltaic inverter,” in Proc. 28th Annu.
IEEE Appl. Power Electron. Conf. Expo., 2013, pp. 946–951,
doi: 10.1109/APEC.2013.6520331.

[11] J.-S. Lai, “Resonant snubber-based soft-switching inverters for electric
propulsion drives,” IEEE Trans. Ind. Electron., vol. 44, no. 1, pp. 71–80,
Feb. 1997.

[12] W. McMurray, “Resonant snubbers with auxiliary switches,” IEEE Trans.
Ind. Appl., vol. 29, no. 2, pp. 355–362, Mar./Apr. 1993.

[13] D. Rothmund, D. Bortis, J. Huber, D. Biadene, and J. W. Kolar, “10
kV SiC-based bidirectional soft-switching single-phase AC/DC converter
concept for medium-voltage solid-state transformers,” in IEEE 8th Int.
Symp. Power Electron. Distrib. Gener. Syst., 2017, pp. 1–8.

[14] D. Rothmund, T. Guillod, D. Bortis, and J. W. Kolar, “99.1% efficient
10 kV SiC-based medium voltage ZVS bidirectional single-phase PFC
AC/DC stage,” IEEE J. Emerg. Sel. Topics Power Electron., vol. 7, no. 2,
pp. 779–797, Jun. 2019.

[15] J.-W. Shin, W. Kim, and K. D. T. Ngo, “DBC switch module for man-
agement of temperature and noise in 220-W/in3 power assembly,” IEEE
Trans. Power Electron., vol. 31, no. 3, pp. 2387–2394, Mar. 2016.

[16] C. Marxgut, F. Krismer, D. Bortis, and J. W. Kolar, “Ultraflat interleaved
triangular current mode (TCM) single-phase PFC rectifier,” IEEE Trans.
Power Electron., vol. 29, no. 2, pp. 873–882, Feb. 2014.

[17] Z. Liu, B. Li, F. C. Lee, and Q. Li, “High-efficiency high-
density critical mode rectifier/inverter for WBG-device-based on-board
charger,” IEEE Trans. Ind. Electron., vol. 64, no. 11, pp. 9114–9123,
Nov. 2017.

[18] Q. Huang and A. Q. Huang, “Variable frequency average current mode
control for ZVS symmetrical dual-buck H-bridge all-GaN inverter,” IEEE
J. Emerg. Sel. Topics Power Electron., vol. 8, no. 4, pp. 4416–4427,
Dec. 2020.

[19] Z. Huang, Z. Liu, F. C. Lee, and Q. Li, “Critical-mode-based soft-switching
modulation for high-frequency three-phase bidirectional AC–DC con-
verters,” IEEE Trans. Power Electron., vol. 34, no. 4, pp. 3888–3898,
Apr. 2019.

[20] G. Son, Z. Huang, Q. Li, and F. C. Lee, “Critical conduction mode based
high frequency single-phase transformerless PV inverter,” in Proc. IEEE
Appl. Power Electron. Conf. Expo., 2020, pp. 3232–3237.

[21] Z. Liu, F. C. Lee, Q. Li, and Y. Yang, “Design of GaN-based MHz totem-
pole PFC rectifier,” IEEE J. Emerg. Sel. Topics Power Electron., vol. 4,
no. 3, pp. 799–807, Sep. 2016.

[22] Y. Chen and D. Xu, “Review of soft-switching topologies for single-phase
photovoltaic inverters,” IEEE Trans. Power Electron., vol. 37, no. 2,
pp. 1926–1944, Feb. 2022, doi: 10.1109/TPEL.2021.3106258.

[23] S. Tiwari, J. K. Langelid, O.-M. Midtgard, and T. M. Undeland, “Soft
switching loss measurements of a 1.2 kV SiC MOSFET module by both
electrical and calorimetric methods for high frequency applications,” in
Proc. IEEE 19th Eur. Conf. Power Electron. Appl., 2017, pp. P.1–P.10.

[24] S. Tiwari, J. K. Langelid, O.-M. Midtgård, and T. M. Undeland, “Hard and
soft switching losses of a SiC MOSFET module under realistic topology
and loading conditions,” in Proc. 19th Eur. Conf. Power Electron. Appl.,
2017, pp. P.1–P.10.

[25] T. Liu, C. Chen, K. Xu, Y. Zhang, and Y. Kang, “GaN-based megahertz
single-phase inverter with a hybrid TCM control method for high efficiency
and high-power density,” IEEE Trans. Power Electron., vol. 36, no. 6,
pp. 6797–6813, Jun. 2020.

[26] A. Amirahmadi, L. Chen, U. Somani, N. Kutkut, and I. Batarseh, “High
efficiency dual mode current modulation method for low power DC/AC
inverters,” IEEE Trans. Power Electron., vol. 29, no. 6, pp. 2638–2642,
Jun. 2014.

[27] A. Amirahmadi et al., “Hybrid ZVS BCM current controlled three-
phase microinverter,” IEEE Trans. Power Electron., vol. 29, no. 4,
pp. 2124–2134, Apr. 2014.

[28] H. Yin, T. Lang, X. Li, S. Du, and H. Hu, “A hybrid boundary conduction
modulation for a single-phase H-bridge inverter to alleviate zero-crossing
distortion and enable reactive power capability,” IEEE Trans. Power Elec-
tron., vol. 35, no. 8, pp. 8311–8323, Aug. 2020.

[29] Y. Jiang, Y. Shen, L. Shillaber, and T. Long, “Design of a SiC-based
switched CCM/TCM inverter for high-speed machine drive with low
PWM-induced current ripple,” in Proc. IEEE Energy Convers. Congr.
Expo., 2020, pp. 5784–5789.

[30] D. Neumayr, D. Bortis, and J. W. Kolar, “The essence of the little box
challenge-part a: Key design challenges solutions,” CPSS Trans. Power
Electron. Appl., vol. 5, no. 2, pp. 158–179, 2020.

[31] A. Reznik, M. G. Simões, A. Al-Durra, and S. M. Muyeen, “LCL filter
design and performance analysis for grid-interconnected systems,” IEEE
Trans. Ind. Appl., vol. 50, no. 2, pp. 1225–1232, Mar./Apr. 2014.

Jiayu Hu (Student Member, IEEE) was born in Jilin,
China, in 1996. He received the B.S. degree in elec-
trical engineering in 2018 from Hunan University,
Changsha, China, where he is currently working to-
ward the Ph.D. degree in electrical engineering with
the College of Electrical and Information Engineer-
ing.

His main research interests include switch power
amplifier, soft-switching power converters, active
power decoupling, and their applications in power
electronics.

https://dx.doi.org/10.1109/APEC.2013.6520331
https://dx.doi.org/10.1109/TPEL.2021.3106258


3126 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 3, MARCH 2023

Qianming Xu (Member, IEEE) was born in Henan,
China, in 1989. He received the B.S. degree in elec-
trical engineering and automation and the Ph.D. de-
gree in electrical engineering from Hunan University,
Changsha, China, in 2012 and 2017, respectively.

Since 2019, he has been an Associate Professor
with the College of Electrical and Information En-
gineering, Hunan University. His research interests
include a multilevel converter, power electronic reli-
ability monitoring, and power quality control.

Peng Guo (Member, IEEE) was born in Hunan,
China, in 1992. He received the B.S. degree in electri-
cal engineering from the Wuhan University of Tech-
nology, Wuhan, China, in 2015, and the Ph.D. de-
gree in electrical engineering from Hunan University,
Changsha, China, in 2020.

He is currently a Postdoctoral Fellow with Hu-
nan University. His main research interests include
a modular multilevel converter, switch-mode power
amplifier, and model predictive control.

Hongliang Wang (Senior Member, IEEE) received
the B.Sc. degree in electrical engineering from An-
hui University of Science and Technology, Huainan,
China, in 2004, and the Ph.D. degree in electrical
engineering from Huazhong University of Science
and Technology, Wuhan, China, in 2011.

From 2004 to 2005, he worked as an Electrical
Engineer with Zhejiang Hengdian Thermal Power
Plant. From 2011 to 2013, he worked as a Senior
System Engineer with Sungrow Power Supply Co.,
Ltd. From 2013 to 2018, he worked as a Postdoctoral

Fellow with Queen’s University. Since 2018, he has been with Hunan University,
Changsha, China, where he is currently a Full Professor with the College
of Electrical and Information Engineering. He has authored more than 60
technical papers in journals and conferences. He is the inventor/coinventor of
42 China issued patents, 8 U.S. issued patents. His current research interests
include multilevel topology, high-gain topology, parallel technology and vir-
tual synchronous generator (VSG) technology for photovoltaic application and
micro-grids application, resonant converters and server power supplies, and LED
drivers.

Dr. Wang is currently a Senior Member of China Electro-Technical Society
(CES), and a Senior Member of China Power Supply Society (CPSS). He serves
as a Member of CPSS Technical Committee on Standardization, a Member of
CPSS Technical Committee on Renewable Energy Power Conversion, a China
Expert Group Member of IEC Standard TC8/PT 62786, a Vice-Chair of IEEE
Kingston Section, a Session Chair of ECCE 2015 and ECCE2017, and a TPC
Member of ICEMS2012.

Zhixing He (Member, IEEE) was born in Hunan,
China, in 1989. He received the B.S. degree in infor-
mation science and engineering from Central South
University, Changsha, China, in 2011, and the Ph.D.
degree in electrical engineering from Hunan Univer-
sity, Changsha, China, in 2017.

Between 2017 and 2018, he was with Hunan Uni-
versity, as a Postdoctoral Researcher. He has been
an Associate Professor with the College of Electrical
and Information Engineering, Hunan University. His
research interests include power electronics, medium

voltage dc conversion, model predictive control, and modular multilevel con-
verter.

Yandong Chen (Senior Member, IEEE) was born
in Hunan, China, in 1979. He received the B.S. and
M.S. degrees in instrument science and technology
and the Ph.D. degree in electrical engineering from
Hunan University, Changsha, China, in 2003, 2006,
and 2014, respectively.

He was a Professor with the College of Electri-
cal and Information Engineering, Hunan University.
His research interests include power electronics for
microgrid, distributed generation, power quality, and
energy storage.

Dr. Chen was the recipient of the 2014 National Technological Invention
Awards of China, and the 2014 WIPO-SIPO Award for Chinese Outstanding
Patented Invention. He is a Member of the IEEE Power Electronics Society.

An Luo (Senior Member, IEEE) was born in Chang-
sha, China, in 1957. He received the B.S. and M.S.
degrees in industrial automation from Hunan Univer-
sity, Changsha, China, in 1982 and 1986, respectively,
and the Ph.D. degree in fluid power transmission and
control from Zhejiang University, Hangzhou, China,
in 1993.

Between 1996 and 2002, he was a Professor with
Central South University. Since 2003, he has been a
Professor with the College of Electrical and Informa-
tion Engineering, Hunan University, where he also

serves as the Chief of the National Electric Power Conversion and Control
Engineering Technology Research Center. His research interests mainly include
distributed generation, microgrid, and power quality.

Dr. Luo was elected to the Chinese National Academy of Engineering (CNAE)
in 2015, the highest honor for scientists and engineers and scientists in China. He
has won the highly prestigious China National Science and Technology Awards
three times (2014, 2010, and 2006).



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


