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Abstract—A wide-range soft-switching high-efficiency
cycloconverter-type high-frequency-link inverter with dual-
phase-shift modulation strategy is proposed in this paper. By
adding an auxiliary inductor in primary-side full bridge circuit
and adopting center-tapped four-winding transformer structure,
the soft-switching range for primary-side switches has been
extended. The secondary-side active clamper network is designed
to recycle leakage inductor energy, and suppress voltage spikes
caused by the resonance of the leakage inductor and the parasitic
capacitance of switches. One feature of the proposed inverter is
that both the primary-side full-bridge and active clamper network
employ phase-shift modulation technique where all switches
are driven with nearly 50% duty cycle square signals, hence a
simple and reliable transformer-isolated gate drive circuit with
small transmission delay is presented. Moreover, all switches
in the proposed inverter achieve zero voltage switching, which
contributes to higher conversion efficiency as well as higher
switching frequency. Analysis, design, and implementation of the
proposed inverter are discussed in detail. A 200-kHz laboratory
prototype for the high-voltage audio amplifier application is
developed and the experimental results are presented to validate
the analysis and performance of the proposed inverter.

Index Terms—Active clamper network, dual-phase-shift
(DPS) modulation strategy, high-frequency–link (HFL) inverter,
transformer-isolated gate drive (TIGD) circuit, zero voltage switch-
ing (ZVS).

I. INTRODUCTION

COMPARED with the conventional sinusoidal pulse width
modulation (SPWM) dc–ac converters with bulky and

heavy line-frequency transformers, the high-frequency-link
(HFL) inverters employ a high-frequency (HF) transformer to
realize galvanic isolation and to match the input and output
voltages, which have attributes of more compact size, lighter
weight, and higher power density [1]–[23]. HFL inverters have
widespread applications in recent decades [1]–[8], including un-
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interruptible power supply systems [1], renewable energy pro-
cessing units [2]–[4], electric vehicles battery chargers [5]–[6],
direct-conversion audio power amplifier [7]–[8], and especially
in submarine or aerospace applications, where the efficiency and
power density are very critical features.

HFL inverters could be broadly classified into three typi-
cal topologies [9]–[13]: the conventional HFL inverters, the
rectifier-type HFL (RHFL) inverters, and the cycloconverter-
type HFL (CHFL) inverters. The conventional HFL inverters
have three power conversion stages and require intermediate
bulky dc-link LC filter, leading to lower efficiency and larger
size. RHFL inverters have a structure similar to that of the
conventional HFL inverters except for removing the bulky dc-
link LC filter, which reducing the cost and the size of the cir-
cuit. However, the dc-link voltage is pulsating dc resulting in
more complicated modulation for the secondary-side dc/ac stage
[10]–[11]. The CHFL inverters reduce the power conversion
stages by directly placing a cycloconverter to the secondary
side of the HF transformer, which is of benefit to system effi-
ciency. Additionally, the architecture of CHFL inverters offers
bidirectional power flow and reduces system complexity [9],
[12]–[13]. Two typical phase-shift modulation strategies, bipo-
larity and unipolarity, have been proposed and investigated in
the literatures [2]–[3], [7] and [8]–[9], [12]–[20], respectively.
For the unipolarity phase-shift modulation strategy, the out-
put SPWM voltage waveform is three level, including positive
level, negative level, and zero level, thus, secondary-side cyclo-
converter can realize natural commutation during the zero-level
state guaranteeing zero voltage switching (ZVS) of the cyclo-
converter switches [8].

However, CHFL inverters based on unipolarity modulation
strategy suffer from load current commutation problem dur-
ing the dead time of bidirectional switches of cycloconverter
because there is no current flowing path for the filter induc-
tor current, which definitely causes high voltage spikes on
SPWM waveform [17]–[20]. A derecouple modulation strategy
was proposed to solve the problem [17]. Nevertheless, there is
still the issue of synchronized trigger between the primary-side
and the secondary-side switches during the zero-crossing point
of output voltage [18]. In [19] and [20], overlap commutation
switching method was employed to enable natural load cur-
rent commutation between the bidirectional switches. However,
the secondary-side voltage oscillation of HF transformer due
to the resonance between transformer leakage inductance and
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parasitic capacitances of switches is still serious, which leads to
electromagnetic-interference problems, and usually drives MOS-
FETs into avalanche mode [19]–[23]. An active voltage clamper
circuit (ACC) was developed to suppress voltage oscillation in
[1] and [20]. However, the duty cycle of driving signals for
switches of ACC is a variable value from 0 to 1 and contains
low-frequency sinusoidal components, thus, it is difficult for
these switches to operate normally in the case of the narrow
duty cycle. Meanwhile, adopting optocoupler (OC) is the com-
mon way to provide isolation driver for switches of ACC in [1]
and [20]. However, the optocoupler has the disadvantages of
transmission delay, distortion, low reliability, and limited range
of operating temperature [24]–[26].

In addition, the primary side of CHFL inverters in [1] and [20]
is constituted of the conventional full-bridge mode circuit, where
the soft-switching conditions are highly dependent on primary
current of transformer, resulting in primary-side switches par-
tially operating in ZVS across different output power or output
voltage range. Especially, when the primary current of trans-
former is small, the primary switches in [20] are impossible
to achieve soft-switching. Passive auxiliary circuits in conven-
tional pulse width modulation (PWM) dc/dc converter have
been presented in detail to extend ZVS range for full bridge
[27]–[29]. Due to the facts that the phase-shift angle of primary-
side H-bridge varies with the output sinusoidal voltage, and the
leading bridge and the lagging bridge are automatically alter-
nately switched in the case of zero output voltage, the passive
auxiliary circuit for wide ZVS range in the CHFL inverter is
required to be reconsidered.

In this paper, an isolated wide-range soft-switching high-
efficiency CHFL inverter is proposed. Compared with the invert-
ers in [1] and [20], the proposed CHFL inverter has following
features:

1) By adding an auxiliary inductor in conventional full bridge
mode circuit and adopting center-tapped four-winding
transformer structure, the soft-switching range of primary-
side switches has been extended and the proposed CHFL
inverter achieves ZVS for all switches under different op-
erating conditions.

2) A dual-phase-shift (DPS) modulation strategy for CHFL
inverter is presented, where both the primary-side H-
bridge and secondary-side active clamper network em-
ploy phase-shift modulation strategy. The active clamper
network is utilized to recycle leakage inductor energy and
suppress voltage spikes.

3) The duty cycle of driving signals for all switches in the
proposed inverter is nearly 50% due to the DPS modu-
lation strategy, thus, a simpler transformer-isolated gate
drive (TIGD) circuit for all switches is presented.

4) Two high-voltage clamping diodes that are required to as-
sist commutation in [20] can be omitted and the proposed
DPS-CHFL inverter achieves higher efficiency.

This paper is organized as follows. In Section II, the proposed
inverter topology, modulation strategy, and the gating signal
generation logic are introduced. The operation principles and
soft-switching conditions are described in Section III. Design
guidelines and processes for key parameters of the proposed
inverter are detailed in Section IV. Experimental results of a high

Fig. 1. Proposed DPS-CHFL inverter.

Fig. 2. Phase-shift modulation strategy of DPS-CHFL inverter.

efficiency and high switching frequency prototype for the single-
stage high-voltage audio power amplifier application [7]–[8],
[30]–[31] are demonstrated in Section V. The conclusion is
presented in Section VI.

II. DPS-CHFL INVERTER AND MODULATION STRATEGY

A. DPS-CHFL Inverter

The circuit configuration of the proposed DPS-CHFL in-
verter is shown in Fig. 1, where Vi represents the input dc
voltage and Ca1 and Ca2 are two equal capacitors for halving
the input voltage. The H-bridge converter at primary side con-
tains switches M1 − M4 and TX is a four-windings (P1 − P4)
HF galvanic isolation transformer with turns ratio n : n : 1 : 1
(NP 1 = NP 2 , NP 3 = NP 4 , n = Np1/Np3) and the equivalent
leakage inductor Lr1 . The auxiliary inductor La is connected
to the center tap of primary windings P1 and P2 , which ex-
tends ZVS range for switches M1 − M4 . The secondary-side
cycloconverter comprises bidirectional switches M5/M6 and
M7/M8 . The active clamper network composed of full-bridge
converter (S1 − S4) and clamping capacitor Cf is employed to
recycle leakage inductor energy and eliminate voltage spikes.
Lo,Co , and R are the filter inductor, filter capacitor, and equiv-
alent load resistance, respectively.

B. Modulation Strategy

Fig. 2 shows the phase-shift modulation strategy, where mod-
ulation signals vms and −vms are sinusoidal waveforms with
a phase-shift of 180°, vcs denotes fixed frequency saw-tooth
carrier signal. The drive signals M1 and M2 are generated by
comparing the carrier signal vcs with the modulation signal vms .
Similarly, the drive signals M3 and M4 are obtained by com-
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Fig. 3. Active voltage clamping strategy. (a) Conventional PWM clamping
strategy. (b) Phase-shift clamping strategy.

paring the vcs with the −vms . When vms > 0, the drive signals
M1 and M2 lead to M4 and M3 , respectively; therefore, the
bridge leg consisting of switches M1 and M2 is defined as the
leading leg and the one consisting of switches M3 and M4 as
the lagging leg. When vms < 0, the switches M1 and M2 form
the lagging leg and the switches M3 and M4 form the leading
leg. There is a phase-shift angle ϕ between the leading bridge
leg and lagging bridge leg, which varies with the references vms
and−vms . The drive signals M5(M6) and M7(M8) are obtained
from carrier signal vcs by frequency divider circuit at trailing
edge. The commutation overlap time ts in [20] is adopted to
enable natural commutation between the bidirectional switches
M5(M6) and M7(M8) shown in Fig. 1.

As shown in Figs. 1 and 2, vAB is the primary voltage of
HF transformer Tx, d is the effective SPWM duty cycle, and
the SPWM voltage vG is modulated into a typical three-level
waveform flowing through low-pass filter (LoCo) to output
voltage vo .

Yamato et al. [1] proposed an active voltage clamper with
conventional PWM strategy to enable the CHFL inverter to be
free of voltage spikes, as shown in Fig. 3(a), where the duty
cycle of driving signals Sc1 − Sc4 for switches S1 − S4 varies
from 0 to 1 with the reference signals vms and −vms changing.
Thus, the gate drive circuits for switches S1 − S4 are generally
implemented with optocouplers to realize galvanic isolation,
which limits the life time and the range of operating temperature.
In this paper, a novel clamping strategy is proposed, as shown
in Fig. 3(b), the drive signals S1 − S4 for switches S1 − S4 are
the same with driving signals M1 − M4 , respectively, which are
nearly 50% fixed duty cycle square signals. Both the primary-
side H-bridge and the secondary-side active full-bridge clamper
network employ the phase-shift modulation strategy, which can
be referred to as DPS modulation strategy.

It can be seen from Figs. 2 and 3(b) that all switches in the
proposed DPS-CHFL inverter are driven with nearly 50% fixed
duty cycle square signals and the switching period Ts of all
switches is twice of the carrier signal cycle Tc , thus, making
gate drive circuits for all switches easy to realize.

Fig. 4. Gating signal generation logic diagram of DPS-CHFL inverter.

C. Gating Signal Generation Logic

Fig. 4 presents the gating signal generation logic correspond-
ing to the modulation strategy in Figs. 2 and 3(b).

As shown in Fig. 4, the square signal vk3 is obtained from
the saw-tooth signal vcs by frequency divider circuit at trailing
edge, which is used as driving signal of switch M7/M8 . The
signals vk1 and vk2 are generated by comparing the signals vms
and −vms with vcs , respectively, then the driving signals M1/S1
and M2/S2 (M3/S3 and M4/S4) are generated by capturing the
value of the square signal vk3 at the rising edge of the signal
vk1 (vk2) with D flip-lop.

III. OPERATION PRINCIPLES AND ZVS CONDITIONS OF THE

DPS-CHFL INVERTER

To simplify the analysis of operation mode of the proposed
inverter, some assumptions are considered as follows:

1) All components in the proposed inverter are assumed
ideal, except the parasitic capacitor Cp and junction diode
Dp of power switches.

2) The switching frequency fs is much greater than the out-
put voltage frequency f . Thus, in one switching period Ts ,
the output voltage vo and modulation signal vms remain
constant.

3) Ca1 and Ca2 have equal capacitance value, thus, the vE

is equal to Vi/2.

A. Operation Principles of Primary-Side Auxiliary Inductor

As two switches on each leg of primary-side H-bridge are
switched alternately and symmetrically with little dead time td
in between, the auxiliary inductor La sees alternating positive,
negative, and zero voltage for different intervals. Therefore, the
steady-state current through La has a trapezoidal shape, which
is shown in Fig. 5. The peak value ILa of the auxiliary inductor
current iLa(t) can be obtained as follows, where the leakage
inductance Lr1 and the dead time td are negligible

ILa =
Vi(1 − d)Ts

8La
. (1)

In system analysis, the physical transformer can be repre-
sented by an ideal transformer with a magnetizing inductance
Lm . Thereby, the four-winding transformer Tx can be deformed
and simplified as Fig. 6(a) for convenient analysis, where L1
and L2 referred as the magnetizing inductance are coupled
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Fig. 5. Operation sequences and auxiliary inductor current waveforms.

Fig. 6. Primary-side simplified circuit of DPS-CHFL inverter.

inductors in parallel with the primary side of ideal trans-
former Tx1 . Considering that the primary-side winding turns
NP 1 = NP 2 , then the coupled inductors L1 = L2 = Lm /4.

The decoupling equivalent circuit of coupled inductors L1
and L2 is shown in Fig. 6(b). It is assumed that the coupling
coefficient between L1 and L2 is equal to 1, then the mu-
tual inductor M , equivalent inductors L1m and L2m can be
obtained as

M =
√

L1L2 = Lm /4 (2)

L1m = L2m = L1 + M = Lm /2. (3)

According to Fig. 6(b), the variations of voltage vH (t) can be
obtained by Kirchoff laws and derived as

vA (t) − vH (t)
L1m

=
vH (t) − vB (t)

L2m
+

vH (t) − vE (t)
Lax

(4)

where Lax = La − M = La − Lm /4.

Fig. 7. Operation sequences and key waveforms of DPS-CHFL inverter.

Following the operation sequences shown in Fig. 5 and (4),
the voltage vH (t) can be expressed as

vH (t) =

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

Vi/2 0 ≤ t ≤ dTc

Vi
2 + kmx/2
2 + kmx

dTc ≤ t ≤ Tc

Vi/2 Tc ≤ t ≤ dTc + Tc

Vi
kmx/2

2 + kmx
dTc + Tc ≤ t ≤ 2Tc

(5)

where the parameter kmx = Lm /2Lax .
In terms of voltages vA (t), vB (t), and vH (t), the peak

IL1m (IL2m ) of current iL1m (t) (iL2m (t)) and the defined spe-
cific value IL1md of current iL1m (t) shown in Fig. 5 can be
calculated as

IL1m = IL2m =
ViTs

16La
(1 − d) +

dViTs

4Lm
(6)

IL1md =
ViTs

16La
(1 − d) − dViTs

4Lm
. (7)

B. Operation Principles of DPS-CHFL Inverter

Fig. 7 shows the schematic waveforms and operation se-
quences of the DPS-CHFL inverter corresponding to positive
output voltage and positive output current. There are 16 oper-
ation modes in one complete switching cycle Ts . The former
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Fig. 8. Equivalent circuit for different modes in half switching cycle for DPS-CHFL inverter. (a) t0 − t1 , (b) t1 − t2 , (c) t2 − t3 , (d) t3 − t4 , (e) t4 − t5 , (f)
t5 − t6 , (g) t6 − t7 , (h) t7 − t8 : stage I, (h) t7 − t8 : stage II, (i) t8 − t9 .

eight modes are discussed in detail later and the operation con-
dition of the latter eight modes is symmetric with the former
eight modes. The corresponding equivalent circuits for the for-
mer eight modes are depicted in Fig. 8.

For the low-pass filter, the steady-state current flowing
through filter inductor Lo has the saw-tooth waveform as shown
in Fig. 7, ILom and ILov are the peak and valley values,

respectively, which are given below

ILom =
Vi(1 − d)dTs

8Lon
+

dVi

2nR
(8)

ILov = − Vi(1 − d)dTs

8Lon
+

dVi

2nR
. (9)
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Mode 1 [t0 − t1 , Fig. 8(a)]: The switches M2 ,M3 , S2 , S3 ,
M7 , and M8 are conducting during this mode and the primary
voltage vAB is negative. Energy transfers from dc side to ac side
through HF transformer. The clamping capacitor Cf begins to
first accumulate charge, and then releases the energy during this
mode. Assuming that the secondary current i2(t) [the definition
of variables i1 , i2 , i3 , iM 2 , iM 3 , iLr2 , iS3 and their positive di-
rections are given in Fig. 8(a)] and capacitor voltage vcf (t) at
t0 are equal to Ic and Vi/n, respectively. Then the variations of
voltage vC f (t) and current i2(t) can be obtained by Kirchoff
laws during t0 − t1
⎧
⎪⎪⎨

⎪⎪⎩

vC f (t) =
(

Vi

n
− k

)
cos ω(t − t0) +

Ic

ωCf
sinω(t − t0) + k

i2(t) = −ωCf

(
Vi

n
− k

)
sin ω(t − t0) + Ic cos ω(t − t0)

(10)

where ω is the resonant angular frequency and k is the defined
factor, which can be obtained as

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

ω =

√
Lm Lr1 + 4LoLr1n

2 + 4LoLm n2

4LoLm Lr1Cf

k =
2Lm (VoLr1+2nViLo)

Lm Lr1 + 4LoLr1n2 + 4LoLm n2

. (11)

According to the law of capacitor amp-second balance, the
clamping capacitor voltage vcf (t) and current i2(t) at t1 can be
approximately expressed by

{
vC f (t1) = vC f (t0)
i2(t1) = −i2(t0) = −Ic

. (12)

By simplifying (10)–(12), the current Ic can be calculated as

Ic =
sin (ωdTc)

1 + cos (ωdTc)

(
Vi

n
− k

)
ωCf . (13)

Mode 2 [t1 − t2 , Fig. 8(b)]: At t1 ,M2 and S2 are turned
OFF simultaneously. In the secondary side, the current
i2(t1) (i2(t1) = −Ic) is negative and begins to discharge the
parasitic capacitor CpS1 of switch S1 and charge the para-
sitic capacitor CpS2 of S2 , the parasitic capacitor CpS1 will
be discharged quickly, then the antiparallel diode DpS1 of S1
conducts. In the primary side, the current iM 2 starts to charge
the parasitic capacitor CpM 2 of M2 and the current iM 1 dis-
charges the parasitic capacitor CpM 1 of M1 . Provided that
CpM 1 = CpM 2 , then iM 1 is equal to iM 2 that can be derived as

iM 1(t1) = iM 2(t1) =
−2Ic + ILom

4n
+

IL1m

2
. (14)

To achieve ZVS turn-on of switch M1 , the value of voltage
vA at t2 must be clamped to Vi . Thus, the charging current iM 2
should be enough to make sure the voltage vAB drops to zero
within the dead time period td (t1 − t2). Therefore, the required
charging current iM 2 shall satisfy

iM 2(t1) ≥ ViCpM 2/td . (15)

Mode 3 [t2 − t3 , Fig. 8(c)]: At t2 , the voltage vA has been
clamped to Vi , the switch M1 is turned ON at ZVS mode. The

antiparallel diode DpS1 of switch S1 is conducting and the
voltages vAB , vC , vD , and vG are clamped to zero guaranteeing
ZVS turn-on of S1 .

Mode 4 [t3 − t4 , Fig. 8(d)]: At t3 , switch S1 is turned ON at
ZVS mode. During this mode, the secondary voltages vC , vD ,
and vG are zero; therefore, switches M5 and M6 can be turned
ON at zero voltage at t4 without incurring switching loss.
Meantime, the primary voltages vA1B and vAB are zero cor-
respondingly, thus, the voltage vLr1 is clamped to zero and the
current iLr1 remains constant. The equivalent circuit of this
mode is further simplified as Fig. 9(a), where the iS3 = i2 and
i3 = iLo + i2 .

Mode 5 [t4 − t5 , Fig. 8(e)]: At t4 , switches M5 and M6 are
turned ON in ZVS. To avoid voltage spikes occurrence due to
the interruption of continuous filter inductor current iLo , over-
lap commutation time ts (t4 − t5) is employed to enable nat-
ural commutation between bidirectional switches M5/M6 and
M7/M8 in soft-switching mode.

Mode 6 [t5 − t6 , Fig. 8(f)]: At t5 , switches M7 and M8 are
turned OFF in ZVS condition. The equivalent circuit of this
mode is further simplified as Fig. 9(b), where the iS3 = i3 and
i3 = iLo + i2 . It can be seen from Fig. 7 that the current iS3
changes from i2(t5) to i3(t5) immediately, however, the primary
currents iLr1 and i1 remain constant.

During the interval of t1 − t6 , the voltage vLr1 of leakage in-
ductor Lr1 is keeping to zero, thus, the leakage inductor current
iLr1 remains unchanged, which is given as

iLr1(t1) = iLr1(t6) = (2Ic − ILom )/2n − IL1m . (16)

Additionally, during the interval of t1 − t6 , the current iL1m

assures a linearly increase, which is equal to IL1md at t6 , thus,
the primary-side currents i1(t) and iLr2(t) at t6 are deduced as
follows:

i1(t6) = iLr1(t6) − IL1md

iLr2(t6) = i1(t6) − IL2m . (17)

According to Fig. 9(b), the relationship between the primary
current i1(t), secondary current i2(t), i3(t), and the filter induc-
tor current iLo at t6 can be expressed as

{
i2(t6) + i3(t6) = −2n∗i1(t6)

i2(t6) + ILov = i3(t6)
. (18)

Substitution of (16) and (17) into (18), leads to

i3(t6) = −Ic + (ILom + ILov )/2 + n(IL1m + IL1md). (19)

Mode 7 [t6 − t7 , Fig. 8(g)]: At t6 , switches M3 and S3 are
turned OFF simultaneously. In the secondary side, according to
(19) and Fig. 7, the current i3(t6) is positive and flows through
the antiparallel diode DpS3 of switch S3 , thus, the voltages
vC , vD , and vG are still clamped to zero. In the primary side,
the current iM 3 starts to charge the parasitic capacitor CpM 3
of M3 , and at the same time the current iM 4 discharges the
parasitic capacitor CpM 4 of M4 . To achieve ZVS turn-on of
switch M4 , the value of voltage vB must be clamped to zero.
Thus, the current iM 4 is employed to make sure the voltage
vB drops to zero within the dead time period td , which can be
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Fig. 9. Further simplified equivalent circuits of Fig. 8(d), (f), and (h) (stage I).

derived as

iM 4(t6) ≥ ViCpM 4/td (20)

where iM 4(t6) = iM 3(t6) = −iLr2(t6)/2.
Mode 8 [t7 − t8 , Fig. 8(h)]: At t7 , switch M4 is turned ON

at ZVS mode. The voltage vAB is clamped to Vi and voltages
vC and vD are still clamped to zero due to the positive current
i3 . The equivalent circuit of this stage is further simplified as
Fig. 9(c). It can be found that, since vLr1 = Vi (VA1B = 0), this
positive voltage forces current iLr1 to increase linearly. If the
increased value of current iLr1 is ΔI (ΔI = Vi t/Lr1), then
the primary currents i1 and iLr2 will increase the same value
ΔI and change their directions. According to (18), the changed
value Δi2 + Δi3 of secondary currents i2 and i3 is equal to
−2n∗ΔI. At the same time, (i3 + Δi3) − (i2 + Δi2) = iLo ,
thus, both Δi2 and Δi3 are equal to −n∗ΔI , i.e., the currents
i2 and i3 will decay rapidly with the rate of nVi/Lr1 .

When current i3 is decreasing to zero, the voltage vC (vD )
begins to increase (decrease) quickly. The parasitic capacitor
CpS4 of switch S4 begins to discharge and the CpS3 of switch
S3 is charged. When the voltages vC and vD are clamped to
Vi/2n and −Vi/2n, respectively, the parasitic capacitor voltage
vC pS4 (vC pS4 = vCD − vCf ) is almost equal to zero, which
guarantees ZVS turn-on of S4 at t8 . The equivalent circuit is
shown in Fig. 8(h) Stage II.

At t8 , the S4 is turned ON at ZVS, as shown in Fig. 8(i).
From t8 , the latter eight modes (modes 9–16) can be explained
following the explanations for modes 1–8. Furthermore, the
switching states of all power switches during different modes in
one complete switching cycle Ts are listed in Table I.

C. ZVS Conditions of Switches M1 − M8 and S1 − S4

1) Switches M1 − M4: From the analysis presented in
Section III-B, it can be seen that in order to achieve ZVS turn-on
for switches M1 − M4 , the parasitic capacitor in parallel with
the incoming switch should be completely discharged and the
parasitic capacitor in parallel with the outgoing switch in the
same bridge leg should be fully charged.

According to (14) and (15), a factor called iZV M 1 given
in (21) is defined to validate the ZVS conditions for switch
M1 (M2). The ZVS turn-on transition for switch M1 (M2) is
achieved only when iZV M 1 > 0

iZV M 1 =
ILom

4n
+

IL1m

2
− Ic

2n
− ViCpM 2

td
(21)

where the peak value IL1m of magnetizing current iL1m is
shown in Fig. 5 and the charging current Ic can be calculated as

TABLE I
SUMMARY OF CONDUCTING COMPONENTS OF THE DPS-CHFL INVERTER

AT DIFFERENT MODES

Mode Conducting Components

Mode 1 (t0 − t1 ) M2 , M3 , S2 , S3 , M7 , M8
Mode 2 (t1 − t2 ) M3 , DS 1 , S3 , M7 , M8
Mode 3 (t2 − t3 ) M1 , M3 , DS 1 , S3 , M7 , M8
Mode 4 (t3 − t4 ) M1 , M3 , S1 , S3 , M7 , M8
Mode 5 (t4 − t5 ) M1 , M3 , S1 , S3 , M5 , M6 , M7 , M8
Mode 6 (t5 − t6 ) M1 , M3 , S1 , S3 , M5 , M6
Mode 7 (t6 − t7 ) M1 , S1 , DS 3 , M5 , M6
Mode 8 (t7 − t8 ) M1 , M4 , S1 , M5 , M6
Mode 9 (t8 − t9 ) M1 , M4 , S1 , S4 , M5 , M6
Mode 10 (t9 − t10 ) M4 , DS 2 , S4 , M5 , M6
Mode 11 (t10 − t11 ) M2 , M4 , DS 2 , S4 , M5 , M6
Mode 12 (t11 − t12 ) M2 , M4 , S2 , S4 , M5 , M6
Mode 13 (t12 − t13 ) M2 , M4 , S2 , S4 , M5 , M6 , M7 , M8
Mode 14 (t13 − t14 ) M2 , M4 , S2 , S4 , M7 , M8
Mode 15 (t14 − t15 ) M2 , S2 , DS 4 , M7 , M8
Mode 16 (t15 − t0 ) M2 , M3 , S2 , M7 , M8

follows:

Ic =
sin(ωdTc)

1 + cos (ωdTc)

(
Vi

n
− k

)
ωCf ≈ dω2TcCf

2

(
Vi

n
− k

)
.

(22)

By inserting (6), (8), and (22) into (21), the ZVS conditions
of switches M1 (M2) are obtained as

iZV M 1 =
Vid

8n2R
+

ViTs

32La
(1 − d) − ViCpM 2

td
. (23)

Similarly, a factor called iZV M 4 given in (24) is defined to
validate the ZVS conditions for switch M4 (M3) using mode
7 analysis and the ZVS transition for switch M4 (M3) can be
achieved only when iZV M 4 > 0, where the iZV M 4 can be ex-
pressed as

iZV M 4 =
Vid

8n2R
+

3ViTs

32La
(1 − d) − ViCpM 3

td
. (24)

According to (6), (23), and (24), the auxiliary inductor La

is designed to provide enough reactive current iL1m and iL2m

to make sure the iZV M 1 > 0 and iZV M 4 > 0 under entire duty
cycle range (0 ≤ d ≤ 1). The design considerations for the aux-
iliary inductor La are explained in the next Section IV.

2) Switches M5 − M8: By adopting the overlap modulation
scheme, switches M5/M6 and M7/M8 have the overlap conduc-
tion time t4 − t5 and t12 − t13 , as shown in Fig. 7. It is evident
that the ZVS turn-on and turn-off conditions of M5 − M8 can
be satisfied.
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3) Switches S1 − S4: As shown in Fig. 8(c), before switch
S1 is turned ON, the voltages vAB , vC , vD , and vG have been
clamped to zero, which guarantees the switch S1 operating under
the ZVS condition. Therefore, switches S1 and S2 can achieve
ZVS easily.

For switch S4 , as shown in Fig. 8(h), the secondary-side cur-
rent i3 will decrease until the parasitic capacitor CpS4 of switch
S4 has been fully discharged. To achieve the ZVS conditions of
S4 , the required increase value ΔIreq of primary-side current
iLr1 shall satisfy

Vita
Lr1

≥ ΔIreq =
i3(t6) + Ic

n
. (25)

A factor called iZV S4 given in (26) is defined to validate the
ZVS conditions for switch S4 . The ZVS turn-on transition for
switch S4 (S3) is achieved only when iZV S4 > 0. By inserting
(19) and (22) into (25), the iZV S4 can be expressed as

iZV S4 =
Vita
Lr1

− ΔIreq =
Vita
Lr1

− ViTs

8La

−
(

ViPo

2n2V 2
orms

− ViTs

8La

)
d > 0. (26)

From inequality (26), it can be observed that the bigger ta is
preferred to achieve ZVS turn-on for switches S3 and S4 over
the entire duty cycle range (0 ≤ d ≤ 1). However, an increase
in ta results in the higher harmonic distortion of output SPWM
voltage. The design considerations for ta are explained in the
Section IV.

When output voltage vo < 0, the driving signals for switches
M4 and M3 will lead those for switches M1 and M2 , respec-
tively; for secondary-side active clamper network, the driving
signals for switches S4 and S3 will lead those for switches S1
and S2 , respectively; the operation modes and the ZVS condi-
tions for switches M1 − M4 and S1 − S4 will be symmetrical
to these of the positive output voltage. In practice, the load
characteristic of the proposed DPS-CHFL inverter can be re-
sistive, inductive, or capacitive. When the load is inductive or
capacitive, the inverter still has similar operating states in one
switching cycle. The soft-switching ranges of M1 − M4 are af-
fected by the type of load because the primary current is closely
related to load current. However, the switches M5 − M8 can
achieve soft switching at different type of load.

IV. DESIGN GUIDELINES AND PROCESS OF

CIRCUIT PARAMETERS

Circuit parameters design is one of the important parts for
the proposed DPS-CHFL inverter that is applied in single-
stage high-voltage audio power amplifier application [7]–[8],
[30]–[31]. The design process is presented in this section and
the design specifications are shown in Table II.

A. Design Considerations of Switching Frequency, the HF
Transformer and Power Switches

For the audio power amplifier application, the signal fre-
quency f is in the range of 20–20 kHz. Considering the fre-
quency of the output SPWM voltage vG is the double of the

TABLE II
PROPOSED INVERTER SPECIFICATIONS

Components Parameters

DC input voltage Vi 300 V
AC output voltage Vo rms 110 Vac
Rated output power Po 242 VA

Fig. 10. Magnetizing states of HF transformer in the proposed DPS-CHFL
inverter.

switching frequency fs , the minimum frequency modulation ra-
tio mf min is 2fs/fmax and the fs can be selected to be 200 kHZ.

The turns ratio n of HF transformer Tx is designed for
output peak voltage at maximum duty cycle dmax , thus, the
Vorms , dmax , Vi , and turns ratio n should meet the following
inequality:

√
2Vorms ≤ dmaxVi/2n (27)

where the dmax = 0.9, then the turns ratio n ≤ 0.86, thus n can
be selected to be 0.8.

The magnetizing states of HF transformer Tx is shown in
Fig. 10, where “+” and “−” represent positive and negative mag-
netizing direction, respectively, and “0” represents unchanged
direction. It can be seen that the operating flux density B is
bipolar trapezoidal that can be obtained as

B =
VidmaxTc

4np1Ae
≤ Bm (28)

where Bm is the maximum flux density.
Considering that the switching frequency fs of the proposed

inverter is 200 kHz, the DMEGC DMR50B is chosen as it is
characterized by low losses at high frequencies in the range of
100–250 kHz and Bm is designed to be 0.1 T. At the same time,
according to the principle of core area product, DMEGC PTS33
is chosen as the transformer magnetic core and its effective
cross-sectional area Ae is 148.9mm2 . Therefore, the number of
primary side turn np1 for Tx is estimated from (28), which is
selected as 16 and the actual Bm is calculated as 0.078T. Fig. 11
shows the three-dimensional (3-D) model of HF transformer Tx

in finite element analysis simulation where the simulation result
of equivalent leakage inductor Lr1 is equal to 2.2μH.

According to the switching frequency (200 kHz) and de-
sign cost, MOSFET is preferred for all power switches of
the proposed DPS-CHFL inverter. The primary side switches
M1 − M4 require MOSFET with a maximum blocking volt-
age of Vimax (300 V). Considering a safety margin of 30%,
the drain-source breakdown voltage of the selected MOSFET,
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Fig. 11. 3-D model of HF transformer in finite element analysis simulation.

V(BR)DSS , should be at least 390 V. Meanwhile, the pos-
itive level value of secondary voltage vC (vD ) is equal to
Vi/2n (188V), thus, the drain-source breakdown voltage of the
selected MOSFET for M5 − M8 and S1 − S4 , V(BR)DSS , should
be at least (1 + 30%)Vi/n (488V). The FDPF20N50FT MOS-
FET from Fairchild [32] with drain-source breakdown voltage
500 V, typical output parasitic capacitance Cp = 350 pF, a
lower on-state resistance (max. RDS,on = 0.26Ω at VGS = 10V
and Tj = 25 ◦C) in the TO-220 package, and a low reverse re-
covery charge (0.5μc) is selected for switches M1 − M8 and
S1 − S4 .

B. Design Considerations of the Auxiliary Inductor, Dead
Time, Delay Time, and Clamping Capacitor

The ZVS operation of all switches is a significant factor for
the efficiency-optimal design of the DPS-CHFL inverter. From
(23) and (24), it can be seen that the ZVS conditions of primary
switches M1 − M4 depend on the auxiliary inductor La and
dead time td , thus, La and td should be selected to ensure
that the available reactive current during switching transitions
guarantees ZVS for switches M1 − M4 under the different duty
cycle d. Owing to the factors iZV M 4 > iZV M 1 , the criterion
considered here for achieving ZVS for switches M1 − M4 is
to guarantee the iZV M 1 > 0 at any duty cycle d (0 ≤ d ≤ 1).
From (23), the iZV M 1 can be deduced as follows:

iZV M 1 = Vi

[(
Po

8n2V 2
orms

− Ts

32La

)
d +

Ts

32La
− CpM 2

td

]
> 0.

(29)

As we can see that there are two possible cases depending on
the value of Po

8n2 V 2
o rms

− Ts

32La
.

Case I: Po

8n2 V 2
o rms

− Ts

32La
> 0. The minimum value of iZV M 1(d)

is acquired at duty cycle d = 0, which can be expressed as

iZV M 1(0) = Vi

(
Ts

32La
− CpM 2

td

)
> 0. (30)

Fig. 12. iZ V M 1 versus duty cycle d (a) at different auxiliary inductance La

(b) at different dead time td with La (c) at different dead time td without La .

Case II: Po

8n2 V 2
o rms

− Ts

32La
< 0. Then the minimum value of

iZV M 1(d) can be acquired at duty cycle d = 1, thus

iZV M 1(1) = Vi

(
1

8n2

Po

V 2
orms

− CpM 2

td

)
> 0. (31)

According to (30) and (31), La and td can be selected as
⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

n2V 2
ormsTs

4Po
< La ≤ Tstd

32CpM 2
(a)

or

La <
n2V 2

ormsTs

4Po
and td >

8n2V 2
ormsCpM 2

Po
(b)

. (32)

For the design specifications shown in Table II, the La and td
can be calculated as

⎧
⎨

⎩

40μH < La ≤ 450td (a)
or
La < 40μH and td > 90ns (b)

. (33)

Therefore, based on (29) and (33), iZV M 1 versus duty cycle
d can be plotted in Fig. 12(a), showing that the smaller auxiliary
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Fig. 13. Example design curves for the auxiliary inductor La at different
switching frequency fs and output power Po .

inductance La is a benefit to achieve the ZVS at whole range
duty cycle from 0 to 1. Fig. 12(b) and 12(c) show the iZV M 1
versus duty cycle d at different dead time td for the proposed
DPS-CHFL inverter and the conventional inverter, respectively.
It can be seen that the ZVS range for switches M1 − M4 in the
DPS-CHFL inverter is extended dramatically.

Ultimately, according to (33) and Fig. 12, La and td are
selected as 100μH and 220 ns, respectively.

Fig. 13 shows an example of the selection curves of the aux-
iliary inductor La as functions of rated output power Po and
the switching frequency fs . It is seen that for a higher power
DPS-CHFL inverter such as 5 KVA when switching frequency
fs is selected to be 20 kHz, the auxiliary inductor La shall be
about 40μH.

The delay time ta significantly influences the ZVS region
borders of switches S1 − S4 . Inequality (26) shows the design
methodology of ta , which can be deduced as

iZV S4 = Vi

[
ta

Lr1
− Ts

8La
−

(
Po

2n2V 2
orms

− Ts

8La

)
d

]
> 0.

(34)

Similarly, there are two possible cases depending on the value
of Po

2n2 V 2
o rms

− Ts

4La
.

Case I: Po

2n2 V 2
o rms

− Ts

4La
> 0. The minimum value of iZV S4(d)

is acquired at duty cycle d = 1, which can be expressed as

iZV S4(1) = Vi

(
ta

Lr1
− Po

2n2V 2
orms

)
> 0. (35)

Case II: Po

2n2 V 2
o rms

− Ts

4La
< 0. Then the minimum value of

iZV S4(d) is acquired at duty cycle d = 0, thus

iZV S4(0) = Vi

(
ta

Lr1
− Ts

8La

)
> 0. (36)

According to (35) and (36), then the required delay time ta
can be obtained as

⎧
⎪⎪⎨

⎪⎪⎩

ta ≥ Lr1Po

2n2V 2
orms

, if
Po

2n2V 2
orms

− Ts

8La
> 0 (a)

ta ≥ TsLr1

8La
, if

Po

2n2V 2
orms

− Ts

8La
< 0 (b)

. (37)

Fig. 14. iZ V S 4 versus duty cycle d at different delay time ta .

For the design specifications shown in Table II and the La

value (100μH), the ta can be calculated as

ta ≥ 34 ns. (38)

The iZV S4 versus duty cycle d at different delay time ta can
be plotted in Fig. 14. It can be seen that the bigger delay time
ta is a benefit to achieve the ZVS for S4 at whole range duty
cycle from 0 to 1. According to (38) and Fig. 14, ta is selected
as 30 ns.

The design of clamping capacitor Cf should consider the
resonant operation between capacitor Cf and the leakage in-
ductance Lr1 . According to the (13), the resonant frequency ω
shall satisfy

1 + cos (ωdTc) �= 0 ⇒ ωTc < π. (39)

Thus, the clamping capacitor Cf is obtained as

ω ≈
√

n2

Lr1Cf
⇒ Cf >

n2T 2
s

4π2Lr1
= 0.18μF. (40)

Therefore, the value of capacitor Cf is selected to be 0.22μF.

C. Design Considerations of DC Capacitor, Divider
Capacitors, Filter Inductor, and Filer Capacitor

The proposed DPS-CHFL inverter is a typical single-phase
inverter, the ac side instantaneous power contains both a dc
component and a double line frequency power oscillation when
the power factor is equal to 1 [33]. This power oscillation will
then induce a significant current or voltage ripple on the dc
side. To cope with this issue, the straightforward solution is
to apply the bulky electrolytic capacitor (E-cap) as the energy
buffer to passively decouple the power oscillation, which is
shown in Fig. 15. The design constraints of the proposed DPS-
CHFL inverter are that the input dc bus peak-to-peak current
and voltage ripples should be <20% and 2% of the nominal
values, respectively. Thereby, the E-cap Cdc can be obtained as

Cdc =
(1 − 20%/2)Po

2ωV 2∗
i 2%

= 190.8μF. (41)

Therefore, the E-cap capacitor Cdc can be selected as 200μF.
If the internal resistance Rs of the dc voltage source is small
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Fig. 15. Schematic showing the ripple power on the dc link.

Fig. 16. Charging and discharging operation of capacitors Ca1 and Ca2 .

Fig. 17. TIGD circuit for all switches of the proposed DPS-CHFL inverter.

and can be ignored, the dc voltage source Vi will be the ideal
voltage source and capacitor Cdc will be not required, however,
the input current iin will obtain significant second-order current
ripple.

The two capacitors Ca1 and Ca2 should be employed to halve
the input voltage Vi with little ripples over a single switching
cycle. The permitted ripple voltage Δv on the capacitor Ca2 is
considered as 1% of vC a2 . As shown in Fig. 16, the capacitor
Ca2 is charged by the auxiliary inductor current iLa(t) during
the interval of t1 − t2 , then the Δv shall satisfy

∣∣∣
∫ t2

t1
iLa(t)dt

∣∣∣

2Ca2
≤ Δv =

Vi

2

∗
1% (42)

where the integral area A of the current iLa (t) during the interval
of t1 − t2 can be obtained as follows:

∣
∣∣∣

∫ t2

t1

iLa(t)dt

∣
∣∣∣ =

ViTs
2

32La
(1 − d2). (43)

Substituting the internal (43) into (42), then the Ca1 and Ca2
are expressed as

Ca1 = Ca2 ≥ 25Ts
2

8La
= 0.78μF. (44)

So the value of capacitor Ca1 (Ca2) is selected to be 1μF.
The output inductor Lo and capacitor Co form a low-pass filter

that filters out the high frequency components of output SPWM.
The design of the Lo should take the ripple of harmonic current

Fig. 18. Experimental prototypes. (a) Proposed DPS-CHFL inverter proto-
type. (b) Experiment setup of the system.

TABLE III
UTILIZED COMPONENTS AND PARAMETERS OF THE DPS-CHFL INVERTER

Components Parameters

DC input voltage Vi 300 V
Power MOSFETs M1 − M8 and S1 − S4 FDPF20N50
Switching frequency fs 200 kHz
Auxiliary capacitor Ca1 = Ca2 1 μF
The dead time td 220 ns
The delay time 30 ns
Auxiliary inductor La 100 μH
HF transformer Tx np1 : np2 : np3 :

np4 = 16 : 16 :
20 : 20

Leakage inductor Lr 1 2.2 μH
Clamping capacitor Cf 2.2 μF
Output filter inductor Lo 100 μH
Output filter capacitor Co 0.5 μF
Load resistance R 50 Ω
AC output voltage vo 110 VAC
Rated output power Po 242 VA

into considerations [34]. To limit the current ripple (40%) of
harmonic current at the peak point of inductor current iLo , the
lower limit of La should meet the following equation:

Lo ≥ ViVorms

16
√

2nfs∗40%∗Po

= 94μH. (45)

So the value of filter inductor Lo is selected to be 100μH.
To get good high-frequency components attenuation, the cut

off frequency is selected at fs/8, thus, the output capacitor Co

can be obtained as

Co =
16

π2f 2
s Lo

= 0.41μF. (46)

Therefore, a 0.5μF output filter capacitor Co is selected.
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Fig. 19. Measured waveforms of the TIGD circuit for switch M1 . (a) Driving signal waveform. (b) Turn-on waveform. (c) Turn-off waveform.

Fig. 20. Experimental waveforms for the proposed DPS-CHFL inverter under resistor load. (a) Input current iin , output SPWM voltage vG , and output voltage
vo . (b) Output SPWM voltage vG , output voltage vo , and output current io . (c) Output voltage vo and auxiliary inductor current iL a . (d) Expanded waveforms of
vo and iL a . (e) Primary-side voltage vA B , secondary-side voltage vC , and output SPWM voltage vG . (f) Clamping capacitor voltage vcf and current icf .

Fig. 21. Experimental waveforms for the proposed DPS-CHFL inverter. (a) Steady waveform under inductive load. (b) Steady waveform under capacitive load.
(c) Steady waveform under diode rectifier load. (d) Transient waveforms from no-load to 50 Ω load. (e) Transient waveforms from 50 Ω load to no-load.
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D. Design Considerations of Gate Drive Circuits

Gate drive circuits for switches M1 − M8 and S1 − S4 of
the proposed DPS-CHFL inverter require electrical isolation to
separate the low-voltage side (control circuit) from high-voltage
side (power circuit). Because the driving signals for all switches
are nearly 50% fixed duty cycle square signals, a TIGD cir-
cuit with small transmission delay for all switches is proposed,
which is shown in Fig. 17. It consists of primary-side totem-
pole transistors Q1 and Q2 , a dc blocking capacitor C1 , drive
transformer Tdr with turns ratio 0.5, voltage doubler circuit
C2 , C3 ,D1 , and D2 , and secondary-side totem-pole transistors
Q3 and Q4 . The TIGD circuit does not require an additional
isolated secondary-side power supply. Both the gating signal
and the gate drive power flow through the isolation transformer
Tdr . Meantime, the transformer cores can be reset at every
half-cycle and the average volt-second of the transformer Tdr is
zero to avoid core saturation.

V. EXPERIMENT VERIFICATION

In order to verify the theoretical analysis, gate driver tech-
nique, and the efficiency of the proposed DPS-CHFL inverter,
an experimental prototype, as shown in Fig. 18(a), was built
with the dimensions of 17 cm × 12 cm × 5 cm in the labora-
tory, where the proposed inverter is designed based on the well-
established design considerations presented in the Section IV
and the driving signals for all switches can be generated by a
single DSP chip or the analog logic circuit. The experimental
setup is shown in Fig. 18(b) in detail. According to Section IV,
the detailed electrical parameters and utilized components are
summarized in Table III.

A. Steady-State Results

Fig. 19(a) is the experimental waveforms of the input voltage
vM 1 and the gate-to-source voltage vM 1GS of switch M1 for
the TIGD circuit shown in Fig. 17. From the figure, it can be
seen that the switching frequency is 200 kHz. Fig. 18(b) and (c)
show that the rise and fall times of the TIGD circuit are less than
50 ns. The delay between input voltage vM 1 and output voltage
vM 1GS is approximately in the range of 25 ns, which validates
that the TIGD circuit has better speed performance and small
transmission delay.

Fig. 20 shows the stability waveforms of the proposed DPS-
CHFL inverter when the equivalent load is a resistor. The experi-
mental waveforms of input current iin , output voltage vo , output
current io , and output SPWM voltage vG are shown in Fig. 20(a)
and (b), respectively. Fig. 20(c) presents the waveforms of output
voltage vo and the auxiliary inductor current iLa , showing that
the amplitude ILa of auxiliary inductor current iLa varies with
the output voltage vo . The expanded waveforms of vo and iLa are
given in Fig. 20(d), which shows that the current iLa has a trape-
zoidal shape verifying the theoretical results shown in Fig. 5.
Fig. 20(e) indicates the waveforms of primary-side voltage vAB ,
secondary-side voltage vC , and output voltage vG , where all
waveforms are free of voltage spikes. Fig. 20(f) shows the wave-
forms of clamping capacitor voltage vC f and current iC f .

Fig. 21(a) shows the experimental waveforms with the induc-
tive load, where the output voltage vo leads the output current
io . Fig. 21(b) is the result with the capacitive load, showing the
output current io leads the output voltage vo . Fig. 21(c) shows
the experimental waveforms when the load is diode rectifier
load. The above experimental results verify that the proposed
DPS-CHFL inverter can operate well at the inductive load, ca-
pacitive load, and nonlinear load. Fig. 21(d) and (e) shows the
transient waveforms when the resistor load (50 Ω) is pop-in and
pop-out, respectively.

B. ZVS Waveforms

Fig. 22(a) and (b) show the overlapping gate-to-source and
drain-to-source voltages of switch M1 for different effective
SPWM duty cycle d, illustrating that the drain-to-source voltage
of the switch M1 attains zero before the gating signal is applied.
This phenomenon confirms ZVS turn-on of primary switches
over wide duty cycle range. Fig. 22(c) shows the switching
waveforms of switch S1 , showing that the switches of active
clamper network can achieve ZVS due to the delay time ta .
In addition, the ZVS turn-off of switches M1 and S1 can be
achieved as well due to the parasitic capacitor of power switches,
as shown in Fig. 22 (a)–(c). The switching waveforms across
switch M8 are shown in Fig. 22(d). It can be seen that ZVS turn-
on and ZVS turn-off of the cycloconverter switches are actually
attained, which agrees with the ZVS predictions of theoretical
analysis.

C. Experimental Efficiency and Harmonic Spectrums

The measured efficiency versus output power is given in
Fig. 23. The system was tested up to a peak power of 270 W,
where the target system efficiency of 92.8% is achieved. An
overall peak efficiency of 93.6% was measured at an output
power of 190 W. The efficiency drops off at lower power lev-
els; however, it is still greater than 91.9% at an output power of
100 W. Compared with the inverter in [20], it can be seen that the
proposed DPS-CHFL inverter achieves higher efficiency over
wide power range. The loss breakdown at 240 W is shown in
Fig. 24. It can be seen that the conduction loss of power switches
and the transformer loss are two major aspects of total loss,
which take up around 36% and 33%, respectively. The switch-
ing loss only accounts for a minor proportion of total loss, which
verifies the soft switching of the proposed inverter. Fig. 25(a) in-
dicates the harmonic spectrums for the output voltage vo at rated
power. In addition, total harmonic distortion+noise (THD+N)
against signal frequency f at 200 W output power in Fig. 25(b)
shows the promising audio performance of DPS-CHFL inverter.

D. Comparison With Other CHFL Inverters

A comparison between the proposed DPS-CHFL inverter (A)
and the other two CHFL inverters (B and C) are given in Ta-
ble IV. One is a conventional primary-side H-bridge CHFL
inverter (B) without the auxiliary inductor, where the active
voltage clamper employs conventional PWM strategy [20]. The
other is a recently developed push-pull CHFL inverter (C)



7818 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 9, SEPTEMBER 2018

Fig. 22. Measured waveforms for the DPS-CHFL inverter. (a) Switching
waveform of switch M1 at d = 0. (b) Switching waveform of switch M1
at d = 0.4. (c) Switching waveform of switch S1 . (d) Switching waveform of
switch M8 .

without active clamper circuit [12]. Compared with inverters
(B) and (C), both the modulation strategy and the isolated drive
circuit for the proposed inverter (A) are simpler and more reli-
able. In addition, the wide range ZVS for primary-side switches,
higher efficiency, and higher power density in the proposed DPS-
CHFL inverter have been achieved.

Fig. 23. Experimental efficiency curve for conventional CHFL inverter and
proposed DPS-CHFL inverter.

Fig. 24. Loss breakdown at rated output power 240 W.

Fig. 25. Harmonic spectrums under resistance load. (a) THD for the output
voltage vo at rated power. (b) THD + N against signal frequency at 200 W.
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TABLE IV
COMPARISON OF THREE CHFL INVERTER

Components A: The proposed
DPS-CHFLI

B: Typical
H- bridge CHFLI

C: Push-pull
CHFLI

Main active
switches

12 MOSFETs 12 Insulated gate
bipolar transistor

(IGBT)

3 MOSFETs +4
IGBTs

Number of diodes 0 2 1
Number of
auxiliary inductor

1 0 0

Modulation
strategy
complexity

Easy (50% duty
cycle)

Complex Complex

Driving circuits Transformer-
isolated
driver

OC-isolated driver OC-isolated driver

Soft switching Wide range ZVS
for all switches

Partly ZVS Partly ZVS

Max efficiency 93.6% 89% 91%
Power density Highest Low Middle
Reliability Very good Good Good

VI. CONCLUSION

In this paper, an isolated wide-range soft switching high-
efficiency DPS-CHFL inverter has been proposed. Topology
configuration, modulation strategy, operation principles, soft-
switching conditions, and circuit parameters design of the pro-
posed inverter have been presented in detail. The theoretical re-
sults have verified that the ZVS range for primary-side switches
has been extended due to the auxiliary inductor and the center-
tapped four-winding transformer structure; the voltage spikes on
SPWM waveform have been suppressed by the secondary-side
active clamper network. All switches in the proposed inverter
are driven with nearly 50% duty cycle square signals, thus, a
simple and reliable TIGD circuit with small transmission delay
has been presented. Moreover, all switches achieve ZVS, which
contributes to higher conversion efficiency. The features have
been validated by the experimental results from the 200-kHz
laboratory prototype, which is applied in high voltage audio
amplifier and the efficiency results have proved the improved
performance of the proposed DPS-CHFL inverter over the con-
ventional CHFL inverters.
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