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Abstract—In this paper, a modified half-bridge (HB) resonant
inverter topology with a dc-link neutral-point-clamped cell is pro-
posed. A pseudo asymmetrical voltage-cancellation PWM method
and a control strategy are introduced. The proposed topology can
maximize the inverter output power factor, and minimize varia-
tions in the switching frequency. In addition, most switches are
clamped to half of the dc input voltage at turn-off, increasing the
overall efficiency of the system for a wide load range. The effi-
ciency of the proposed inverter is improved up to 7% at light-load
conditions compared with that of the conventional HB inverter.
Informative expressions for performance comparison between the
proposed inverter and its counterpart are provided. In addition,
the losses in the inverter primary components are analytically ana-
lyzed in detail. For validation, a 120-W prototype is implemented,
and experimental results are presented.

Index Terms—DC-link neutral-point-clamped cell (NCC), mod-
ified half-bridge (MHB), pseudo asymmetrical voltage cancella-
tion (pseudo AVC), series-resonant inverter, zero-voltage switching
(ZVS).

I. INTRODUCTION

FULL-BRIDGE (FB) and half-bridge (HB) resonant con-
version topologies have been widely applied to dc–dc con-

verters for switched-mode power supply system, photovoltaic
power conversion system, and battery chargers of electric ve-
hicles (EVs) [1]–[10]. Along with these applications, induction
heating systems are typical examples of dc–ac inverters that
use both topologies [11]–[15]. Recently, contactless inductive
power transfer systems, mostly developed for low-power appli-
cations, have been shifted to higher power levels such as in EV
chargers [16]–[20]. The main purpose of the power conversion
system is doubtless the efficient energy transfer from the source
to the load with little loss. Thus, resonant converter/inverter
topologies are a good solution to minimize losses through soft
switching for a wide load range. In these fields, recent stud-
ies have focused on evenly increasing system efficiency over
a wide load range, especially from middle- to low-load ranges
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Fig. 1. Comparison of the FB/HB inverter topologies according to power
levels.

[10], [11], [17], [21]. The selection criteria for FB/HB topologies
basically depends on the power, control possibilities, and appli-
cations. Fig. 1 shows a comparison of the FB and HB inverter
topologies in the literature according to the power levels used in
practical applications. Considering short-time rating operation
with better cooling geometries, the HB topology is allowed to
operate at higher power levels of more than 2 kW. In actual
practice, HB resonant inverters are suitable for systems of less
than 2 kW from the point of view of cost performance. However,
the HB resonant inverter suffers from rather limited control pos-
sibilities such as frequency modulation (FM) and asymmetrical
duty cycle (ADC) controls [1], [11]. In the FM control method,
the switching frequency of the inverter is rapidly ramped up un-
der low-load conditions, resulting in increased switching losses.
On the other hand, the ADC control method, considered as an
alternative solution to reduce switching losses, unbalances the
resonant current, resulting in aggravated partial saturation in the
magnetic components. To overcome the limitations of the FM
and ADC control methods, asymmetrical voltage-cancellation
(AVC) control method has been presented [12]. The AVC con-
trol method can reduce the phase of the hth-order harmonic of
a square-wave inverter output voltage in comparison with the
ADC control method, resulting in maximization of the phase dif-
ference between the voltage and current of the inverter output.
The duty cycle can be adjusted for lighter load, while ensur-
ing a zero-voltage switching (ZVS) operation, which implies
that the AVC control method can minimize the switching fre-
quency variation according to the load and output power, thus
increasing the efficiency. Unfortunately, this control method can
be applied only to an FB inverter topology, but not to an HB
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inverter topology because of its topological limitation. More-
over, all switches in the HB inverter are stressed by the dc input
voltage at turn off. The turn-off switching loss is proportional to
the magnitude of the switch voltage during turn-off transition.
As the dc-link voltage clamped circuits, the three-level inverter
topologies, such as neutral-point-cell inverter, have been widely
applied in various industry. Compared with the FB and HB in-
verters, the three-level inverter is regarded as a good solution
for high-power applications, but it could be a reluctant circuit
for small and medium power ranges with respect of limited
mounting space and implementation cost [22], [23]. Several of
the aforementioned drawbacks result in strong motivation for an
advanced topology development for small and medium power
applications.

In this paper, a modified half-bridge (MHB) resonant inverter
topology with a dc-link neutral-point-clamped cell (NCC) is
proposed. NCC is realized by a common-drain connection of
two MOSFETs. In the proposed topology, two switch pairs ex-
ist in which one switch of the bridge leg and one switch of the
NCC complementarily operate with each other. One switch pair
is controlled by varying the duty cycle during a half-switching
period, and the other pair is fixed by a half-duty cycle during one
switching period. Because of this operation, the proposed series-
resonant inverter topology offers attractive advantages over the
conventional HB series-resonant inverter topology. First, the
pseudo AVC control method, which shows similar character-
istics to the AVC control method of an FB inverter, can be
implemented for the HB inverter topology. The proposed con-
trol method generates an inverter output voltage step-shaped
wave according to the duty cycle ratio. Therefore, the power
factor (PF) of the inverter output and the switching frequency
variation under load conditions can be significantly improved.
Second, because the two switches added to the neutral point and
one switch of the HB leg are always clamped to half of the dc
input voltage during turn off, the switching turn-off losses can
be remarkably reduced. In addition, controlling the HB inverter
using the voltage-cancellation control method can alleviate the
unbalanced-current problem in a resonant network caused by
the ADC control method.

In Section II, detailed analysis about the operating modes and
the main derivations of the proposed inverter topology are pre-
sented. In addition, along with the design procedure for the res-
onant parameters, the performance results of the FM-controlled
HB, ADC-controlled HB, and the proposed MHB inverters in
terms of the inverter output total harmonic distortion (THD)
and PF are compared, and the optimum control strategy for the
proposed inverter topology is presented in Section III. Section
IV shows the analytical results of the various losses. The ex-
perimental results are presented in Section V to validate the
theoretical analysis.

II. OPERATING PRINCIPLE AND ANALYSIS

OF THE PROPOSED INVERTER

Fig. 2 shows the circuit diagram of the proposed inverter.
It is a combination of the conventional HB inverter with an
additional NCC composed of switches S3 and S4 . The inverter

Fig. 2. Circuit diagram of the proposed inverter.

Fig. 3. Conventional HB inverter and main waveforms according to the control
schemes. (a) Circuit diagram. (b) FM control scheme. (c) ADC control scheme.

is analyzed in steady state, and for simplicity, several things are
assumed which are as follows.

1) The two input capacitors in series, namely Cdc1 and Cdc2
are large enough to be considered as two constant voltage
sources with a Vdc/2 value.

2) The resonant current is approximated to be sinusoidal for
large loaded quality factor Q.

3) The output capacitances of the MOSFETs have the same
values as that of Coss but are ignored in the mode analysis.

A. Operational Principle

Before the operation description of the proposed inverter, the
typical operating waveforms of a conventional HB inverter with
FM and ADC control schemes are shown in Fig. 3. In the FM-
controlled HB inverter, the control variable is the switching fre-
quency with a fixed duty cycle D = 0.5, and the ADC-controlled
HB inverter changes the switching frequency and duty cycle for
the loads. In the proposed inverter, one switch pair is composed
of S1 and S3 , and the other pair is composed of S2 and S4 . One
of both pairs is duty controlled during one-half switching period
TS /2, and the other pair is fixed by a 0.5 duty cycle during one
switching period TS . Therefore, two redundant switching states
exist in the proposed inverter topology to control the power
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Fig. 4. Operating waveforms for different switching states in the proposed
inverter topology. (a) Switching state I. (b) Switching state II.

transferred to the load as shown in Fig. 4. Both switching states
I and II are identical in terms of electrical characteristics. This
paper focuses on the analysis of switching state I.

The steady-state operation of the proposed inverter topology
includes five modes in one switching period TS . The operating
modes and typical waveforms are shown in Fig. 5.

Mode 1 [t0 , t1] Prior to t0 , switch S2 is turned OFF. The
current through the resonant network iin is conducted through
the antiparallel diode of switch S1 . During this interval, switch
S1 can achieve ZVS operation; its turn-on switching loss is
eliminated. Even though switch S4 in the NCC is simultane-
ously turned on with switch S1 , the resonant current cannot
flow through the NCC because the antiparallel diode of switch
S3 in the NCC blocks the switch voltage to Vdc/2 by turn-off
switching.

Mode 2 [t1 , t2]: After t1 , resonance changes the resonant
current into the positive direction. Power is transferred from
the dc-link voltage Vdc to the load. Similar to Mode 1, the

resonant current does not flow through the NCC because of the
blocking voltage of switch S3 . This mode is the same as that of
the conventional HB inverter operation. One difference is that
switch S1 is turned ON during DTS . Therefore, the conduction
loss of switch S1 can be reduced.

Mode 3 [t2 , t3]: As switch S1 is turned OFF and switch S3
is turned ON at t2 , the NCC begins to conduct by dividing the
resonant current. It can be observed that the turn-off voltage
across switch S1 is clamped to Vdc/2 compared with that in the
traditional HB inverter, reducing the turn-off loss of switch S1 .
During this mode, switch S3 operates as a synchronous rectifier
except for a short dead time. In addition, switch S4 is turned ON
under ZVS condition.

Mode 4 [t3 , t4]: At t3 , all switches in the NCC are turned
OFF. The current through the resonant network iin is conducted
through the antiparallel diode of switch S2 . During this interval,
switch S2 can achieve a ZVS operation, eliminating its turn-
on switching loss. Moreover, because switch S4 in the NCC
can only withstand Vdc/2, the turn-off switching loss of S4
remarkably decreases.

Mode 5 [t4 , t5]: The resonant current flows through switch
S2 in the negative direction. The stored energy in the resonant
network is transferred to the load. This mode is the same as that
in the conventional HB inverter operation.

B. Voltages, Currents, and Power

Fig. 5(b) shows the steady-state operating waveforms of the
proposed inverter under an arbitrary load. The time variation
and the phase of the hth-order harmonic of the square-wave
input voltage vin can be expressed through a Fourier series [2],
as shown in (1) and (2).

In (1), the dc component is blocked by series capacitor Cr ;
thus, the ac component of vin contributes to the flow of iin
through the resonant network. In addition, although a square-
wave voltage is applied to the resonant network, the filtering
action of the series resonant network forces the current through
the network to become sinusoidal. Therefore, the rms value of
the fundamental resonant current is sufficient for power anal-
ysis of the proposed inverter. The time-varying expression of
the fundamental current of iin through the resonant network
results in

θh = tan−1
(

sin (2πDh)
2 − cos (πh) − cos (2πDh)

)
(2)

iin1 (t) =
Vin1

Zin1
sin (ωt + θ1 − φ1) . (3)

In (3), Vin1 represents the fundamental component of the reso-
nant input voltage, and θ1 is the phase of the fundamental voltage
of vin . Zin1 and θ1 represent the resonant network impedance
and the phase delay between vin and iin for the fundamental

vin (t) =
1
2
Vdc

(
D +

1
2

)
+

Vdc

2π

∞∑
h=1

1
h

√
6 − 4cos (πh) − 4cos (2πDh) + 2cos (πh) cos (2πDh)sin (hωt + θh) (1)
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Fig. 5. Proposed inverter operation for switching state I. (a) Operating modes. (b) Typical waveforms.

harmonic, respectively. They are expressed as

Vin1 =
√

2Vdc

2π

√
5 − 3 cos (2πD),

θ1 = tan−1
(

sin (2πD)
3 − cos (2πD)

)
(4)

Zin1 = R

√
1 + Q2

(
ωn − 1

ωn

)2

,

φ1 = cos−1
(

R

Zin1

)
(5)

where RL is the load resistance, Q(=
√

Lr/Cr/RL ) is the
loaded quality factor, ωo(= 1/

√
LrCr ) is the angular resonant

frequency, and ωn (= ωs/ωo) is the normalized angular switch-
ing frequency.

In this section, the detailed analysis of the input and output
power is presented, and the related expressions are derived.
The maximum value of the resonant current can be obtained by
substituting (4) into (3) as

Im =
√

2Vdc

2πZin1

√
5 − 3cos (2πD). (6)

Using (5) and (6), the output power transferred to the load is
expressed as

Po =
I2
m RL

2
=

V 2
dc (5 − 3cos (2πD))

4π2RL

[
1 + Q2

(
ωn − 1

ωn

)2
] . (7)

In (7), the output power for D = 0.5 and ωn = 1 is defined
as the peak output power Po,pk

Po |ωs =ωo & D=0.5 = Po,pk =
2V 2

dc

π2RL
. (8)

Fig. 6 shows the output power normalized by (8). The de-
crease in the duty cycle reduces the output power at the same fre-
quency. On the other hand, it can be observed that the switching
frequency decreases with the reduction in the duty cycle, while
maintaining the same output power. In particular, the decrease
in the switching frequency is distinguishable under a light load,
which means that the decrease in the switching frequency can al-
leviate the switching losses and eventually enhance the inverter
efficiency. However, the range of the output power transferred
through an adjustment in D at a fixed switching frequency is
limited.

Fig. 7 shows the relationship of the output power and D, ob-
tained from (7), with certain circuit parameters. Theoretically,
the minimum output power, which the proposed MHB inverter
can deliver to the load by reducing only the duty cycle from
0.5 to 0 at a fixed switching frequency, is limited to 25% of
the maximum output power. It demands a small increase in the
switching frequency to deliver power of less than 25%. Nev-
ertheless, implementing the proposed inverter can yield some
benefits compared with the conventional HB inverter in terms
of efficiency and PF.

The dc input power can be obtained by the integral of the cur-
rents through switches S1 , S3 , and S4 for one switching period,
as shown in Fig. 4(a) and (b). The average current through S1
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Fig. 6. Normalized output power as function of ωn and D under different
quality factors. (a) Q = 5. (b) Q = 1.

Fig. 7. Output power versus D.

during DTS and the average current through the NCC during
DTS to T/2 are given by

IS1,avg =
Im

2π
[cos (θ1 − φ1) − cos (2πD + θ1 − φ1)] (9)

In,avg =
Im

2π
[cos (θ1 − φ1) + cos (2πD + θ1 − φ1)]. (10)

TABLE I
GIVEN ELECTRICAL SPECIFICATIONS

Parameters Values

Rated dc input voltage Vd c 48 V
Maximum inverter output power Po , m a x 120 W
Range of output power 10%–100%
Resonant frequency fo 80 kHz
Ratio of switching to resonant frequency fn 1.2

It should be noted that in through the NCC (S3 and S4) is fed
by Vdc/2. Thus, the dc input power is expressed as

Pin = Vdc

(
IS1,avg +

1
2
In,avg

)

=
VdcIm

4π
[3cos (θ1 − φ1) − cos (2πD + θ1 − φ1)] .

(11)

III. DESIGN OF THE PROPOSED INVERTER

In this section, the optimum control scheme for the proposed
inverter that ensures less harmonics, high PF, and high efficiency
under ZVS conditions is presented, along with the design of
the resonant parameters. Although the scaled 120-W prototype
inverter is a relatively low-power model, it is sufficient to show
the advantages of the proposed inverter by evaluating several
performance results against the conventional HB inverter with
FM and ADC controls under the same power.

A. Circuit Parameters for ZVS Conditions

Under given circuit conditions, maximum inverter output
power is transferred to the load at duty cycle D = 0.5. The
operation at D = 0.5 is the same as that in the conventional HB
inverter because the NCC does not operate. Thus, the circuit
parameters under operation at D = 0.5 can be determined. The
necessary electrical specifications are listed in Table I to obtain
the circuit parameters such as the resonant inductance, resonant
capacitance, and load resistance.

The minimum switching frequency should preferably have
a 20% margin based on the resonant frequency considering
parameter variation and stray components.

As mentioned earlier, the inverter overall resistance R con-
sists of RL and Rloss , which is the total parasitic resistance that
includes the on-resistances of the MOSFETs, equivalent series
resistances of Lr and Cr , and the resistance of the other com-
ponents. The maximum inverter output power Po,max from (7)
for D = 0.5 can be expressed as

Po,max =
2V 2

dc

π2RL

[
1 +

1
R2

L

×
(

Lr

Cr

)
×

(
ωn − 1

ωn

)2
] .

(12)
Rearranging (12) to obtain Lr and Cr yields

Lr =

√
A · RL − R2

L

ωo × (ωn − 1/ωn )
, Cr =

1
ω2

o Lr
(13)
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Fig. 8. Range of resonant parameters for ZVS operation. (a) Lr and Cr versus
RL . (b) Im and VCr ,m ax versus RL . (c) IS2 ,off versus RL according to D for
10% load.

TABLE II
RANGE OF RESONANT PARAMETERS

Parameters Values

Load resistance RL 2–2.8 Ω
Resonant inductance Lr 9.5–10.6 μH
Resonant capacitance Cr 375.1–417.4 nF

Fig. 9. Percent THD values of the inverter output voltage according to D.

Fig. 10. Inverter output PF versus. Po .

where A = (2V 2
dc)/(π2Po,max).

Considering the given specifications, Lr in (13) is a function
of the inverter load resistance RL , where Cr is dependent on
Lr . Therefore, Lr and Cr can be lots of values depending on
the RL value. Practically, a constraint on the value of RL can
be derived from the numerator of the formula related to Lr in
(13) to satisfy the desired power requirement as given by

RL <
2V 2

dc

π2Po,max
. (14)

In the proposed inverter, the load resistance RL is limited to
less than 3.8 Ω for circuit conditions listed in Table I. Evaluating
which values are valid among the candidates for the resonant
inductance and capacitance corresponding to the RL values is
necessary. The current through the resonant network and the
voltage across the resonant capacitor can be good criteria in se-
lecting the optimum parameters. The lower the resonant current
is, the smaller is the conduction losses of the components. On
the other hand, the lower the resonant capacitor voltage is, the
smaller is the physical size of the capacitor. For D = 0.5, the
maximum resonant current can be derived from (5) and (6) as

Im@D=0.5 =
2Vdc

πRL

√
1 +

1
R2

L

×
(

Lr

Cr

)
×

(
ωn − 1

ωn

)2
.

(15)
The maximum voltage across the resonant capacitor can be

obtained using (15) as

VC r,max =
Im@D=0.5

ωsCr
=

2Vdc

πωn

√
R2

LCr

Lr
+

(
ωn − 1

ωn

)2
.

(16)
Satisfying the ZVS operation to increase the efficiency for a

wide range of load is most essential. The first condition for ZVS
in all switches can be obtained from (3) as

φ1 − θ1 ≥ 0. (17)

However, (17) is only a necessary condition for ZVS oper-
ation but is not sufficient. Parasitic capacitances such as the
MOSFET output capacitance Coss and stray capacitance Cstray
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TABLE III
INVERTER OUTPUT VOLTAGE, CURRENT, AND VOLTAGE PHASE FOLLOWED BY FOURIER SERIES FOR DIFFERENT TOPOLOGIES

Fig. 11. Normalized angular switching frequency as a function of D for
RL = 2 Ω.

require enough energy for charging and discharging during dead
time tdead of Modes 1 and 4, as shown in Fig. 5. The other ZVS
conditions of the proposed inverter are as follows:

IS4,off > (3Coss + Cstray ) × Vdc

2tdead
(18)

IS2,off >

(
3
2
Coss + Cstray

)
× Vdc

tdead
(19)

where Is2,off and Is4,off are the turn-off current values when S2
and S4 are turned OFF at t = T/2 and T, respectively.

Equations (2) and (5) show that φ1 does not depend on D but
is proportional to the switching frequency, where θ1 is inversely
proportional to D. To satisfy (17) for lighter loads, the increment
in the switching frequency of the inverter should be minimized
by reducing D up to the available limitation value to reduce the
switching losses while maintaining ZVS. In addition, determi-
nation of the ZVS ranges of all switches is very appropriate
by investigating whether the switch turn-off currents satisfy the
necessary requirements of (18) and (19) for the loads. Therefore,
determining the relationship between the switching frequencies
and duty cycles available for the loads is necessary to investi-
gate the switch turn-off currents, and the impedance magnitude

Fig. 12. Control block diagram of the proposed MHB resonant inverter.

of the resonant network has to be calculated from the deduced
switching frequencies. The relationship can be derived from (7)
and is expressed as

ωn =
1
2

√
5 − 3cos (2πD)

8KQ2 − 1
Q2

+
1
2

√
4 +

(
5 − 3cos (2πD)

8KQ2 − 1
Q2

)
(20)

where K =
(
π2PoRL

)
/
(
2V 2

dc

)
. Because the values of the res-

onant inductance and capacitance are dependent on RL from
(13), the value of Q in (20) is fixed according to each value
of RL .
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Fig. 13. PWM generation of the gate drive signals.

Fig. 8 shows the resonant inductances and capacitances, max-
imum inductor current and capacitor voltage, and switch turn-off
currents as a function of the load resistance. Fig. 8(a) shows that
the resonant inductance and capacitance corresponding to the
value of RL obtained from (14). Fig. 8(b) shows that the maxi-
mum capacitor voltage is smaller as the load resistance is larger.
On the other hand, the maximum inductor current tends to be
saturated. Thus, the limitation for the maximum capacitor volt-
age is chosen to be the dc input voltage. In particular, Fig. 8(c)
shows the switch turn-off currents according to D for the lightest
load, which is the worst case for ZVS operation. Considering the
minimum duty cycle and dead time, the switch turn-off current
must satisfy (18) and (19). The available range of values of the
resonant parameters to maintain ZVS operation for 10%–100%
load is listed in Table II.

B. Comparison of the Harmonic Components and PF

The conventional HB inverter operated by the FM and ADC
control schemes and the proposed MHB inverter operated by
the pseudo AVC control scheme are compared with respect to
the harmonic components and PF of the inverter output. The
aim is to determine which topology can produce a lower THD.
A lower THD increases the resonant current quality, leading
to the reduction in magnetic component losses. Fig. 9 shows
the percent THDv values in the inverter output voltage of both
inverters with different control schemes. The percent THD for-
mula is well defined in [24]. In Fig. 9, the dotted line shows the
constant percent THDv values of the HB inverter operated by
FM control at D = 0.5. Fig. 9 shows that the proposed MHB
and ADC-controlled HB inverters have lower percent THDv

values up to D = 0.25 compared with the HB inverter with the
typical FM control scheme. Although the ADC-controlled HB
inverter appears to have a lower THD than the proposed MHB
inverter, it is restricted in terms of only the output voltage har-
monics. Evaluating the topologies from the perspective of the
PF and ZVS operation is essential. The voltage and current of
the inverter output become nonsinusoidal periodic waveforms,
including the hth-order harmonics. In this case, the PF is repre-
sented as a ratio of apparent power S to active power P as

PF =
P

S
=

VoIo +
∞∑

h=1
VhIhcosφh

√
∞∑

h=0
V 2

h

√
∞∑

h=0
I2
h

(21)

where Vo and Io are the dc offset values and Vh and Ih are the
rms magnitudes of each harmonic component.

Fig. 10 shows the PF values when the Lr and Cr values for
RL = 2 Ω are selected as resonant parameters from the range of
values given in the previous section. The proposed inverter can
be distinguished compared with the other inverters for the entire
load range. In the ADC-controlled HB inverter, the variable
range of the duty cycle is extremely limited up to 80% load for
ZVS operation. As a result, phase delay φ and the THD should
be smaller to maximize the PF. φ is strongly dependent on the
switching frequency, and the THD is dependent on the duty
cycle. A higher PF can increase the active power, enhancing
inverter efficiency.

Table III lists the main equations to calculate THDv and the
PFs of the FM and ADC-controlled HB and the proposed MHB
inverters. In Table III, Zinh represents the total resonant network
impedance of the hth-order harmonic, and φh represents the
phase delay of the hth-order harmonic between vin and iin .
They are identically applicable to all topologies discussed in
this paper owing to the same resonant network as expressed by

Zinh = RL

√
1 + Q2

(
hωn − 1

hωn

)2

(22)

φh = tan−1
[
Q

(
hωn − 1

hωn

)]
. (23)

C. PWM and Control Strategy

The greatest advantage of the proposed MHB series-resonant
inverter is that the magnitude of the inverter output voltage
can be varied with minimum switching frequency variation by
adjusting the duty cycle to transfer energy to the load. Fig. 11
shows the normalized angular switching frequency versus the
duty cycle for 10%–100% load at RL = 2 Ω using (20). Fig. 11
shows that decreasing the duty cycle can considerably lower the
switching frequencies to deliver power corresponding to each
load. The optimum control strategy available for the proposed
inverter that minimizes the switching frequency variation could
be considered. Thus, the control scheme of the proposed MHB
resonant inverter consists of two parts: 1) duty cycle control at
a fixed switching frequency and 2) frequency control at a fixed
duty cycle for ZVS operation under light loads.

The controller consists of reference generators, mode selec-
tor, and PWM generators, as shown in Fig. 12. The reference
generators generate the command signals for the duty cycle and
the switching frequency to regulate the output power. The mode
selector determines which one of the two control modes to use
according to the power. If mode = 1, duty cycle D is only ad-
justed from 0.5 to 0.15 with a minimum switching frequency. If
D becomes less than 0.15 in this duty cycle control mode, the
control mode changes to the frequency control mode. Although
the proposed inverter can operate under ZVS conditions as the
duty cycle is below 0.15, it is desirable to limit the duty cycle
to 0.15 due to dead time and DSP resolution problems when
actually implemented. Therefore, the switching frequency is
varied by fixed duty cycle D = 0.15. If the switching frequency
reaches the minimum frequency for the frequency control mode,
the mode changes to the duty cycle control mode again, which
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TABLE IV
MAIN FORMULAS TO CALCULATE THE SWITCH LOSSES FOR DIFFERENT TOPOLOGIES

Fig. 14. FEM analysis results. (a) Inductor loss composition of the proposed inverter for the loads. (b) Comparison of core loss distributions for a 40% load.

implies that the load starts to increase. The mode transition
is dependent on the load state. Then, gate signals to drive the
switches are generated by the PWM generators. Fig. 13 shows
the PWM generation of the gate drive signals for switching state
I. In this switching state, one switch pair (S2–S4) always com-
plementarily operates at fixed duty cycle D = 0.5 so that the
first ramp signal Carr is compared with half of the carrier peak

value (= 0.5 × Carrpeak ). On the other hand, another switch
pair (S1–S3) must be driven by adjusting the duty cycle. There-
fore, PWM signals for S1 and S3 are generated by comparing
the ramp signal with the duty cycle command. It should be
noted that another ramp signal Carrshifted is utilized for the S3
PWM signal. The second ramp signal starts when the duty cycle
command signal meets the first ramp signal. Finally, the PWM



RYU et al.: ANALYSIS AND DESIGN OF MODIFIED HALF-BRIDGE SERIES-RESONANT INVERTER WITH DC-LINK NEUTRAL-POINT-CLAMPED 2291

Fig. 15. Loss distributions. (a) Core losses. (b) Body-diode conduction losses. (c) MOSFET switching losses. (d) MOSFET conduction losses.

signals are delivered to the gate circuits for S1 , S2 , S3 , and S4
through the dead time setting part.

IV. LOSS ANALYSIS

In this section, the losses of the proposed inverter are calcu-
lated and compared with those of the FM- and ADC-controlled
HB inverters. Although the sources of losses in the system are
numerous, comparative evaluation of the main sources, such as
the MOSFET conduction and switching losses, MOSFET body
diode conduction loss, and resonant inductor loss, offers use-
ful estimation of the system efficiency. The dissipated power to
drive the switch gate is excluded in the loss analysis.

A. Switch Losses

The switch conduction losses are calculated by the MOSFET
approximation of the drain–source on-state resistance. Because
of the ZVS operation, only the turn-off loss is considered. The
conduction losses of the body diodes are calculated using the
diode approximation of the diode on-state voltage and diode
average current under a zero-current transition. The adopted
switch is the STP36NF06FP 60-V n-channel MOSFET. Table IV
lists the related formulas for the calculation of the switch losses
derived using the fundamental harmonic component.

B. Magnetics Losses

The resonant inductor loss can be classified into two major
categories: core and winding losses. Between them, the core
loss has a complex distribution because it depends on the mag-
netic flux density distribution, which accounts for the core mag-
netic saturation. In this paper, a magnetic field analysis simu-
lation based on the finite-element method (FEM) using JMAG-
Designer v12.0 is performed, while the winding loss considers
only the winding dc resistance because the litz wire strand di-
ameter is chosen to reduce the high-frequency effects such as
skin-effect losses to a minimum [25]. Therefore, the litz wire
winding in the FEM simulation can be modeled as a copper wire
with a uniform current density as in the dc case. This prevents
the time-intensive calculation of eddy currents in the windings.
The specifications of the core and the wire are as follows: Ferrite
core PQ3221 PC40 by TDK and USTC 0.1φ × 150 Litz wire.
Fig. 14 shows the loss trajectories that compose the inductor loss
of the proposed MHB inverter for the load variations: 1) wind-
ing loss, 2) core eddy current loss, and 3) core hysteresis loss.
Among them, hysteresis loss is crucial in the inductor loss. Its
share increases as the load becomes lighter. It can be observed
that the FM- and ADC-controlled HB inverters have almost the
same loss distributions as the MHB inverter. The hysteresis loss
is strongly dependent on the frequency. Therefore, decreasing
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Fig. 16. Comparison of the FB and MHB inverters. (a) MOSFET switching
losses. (b) MOSFET conduction losses. (c) Body-diode conduction losses. (d)
Switching frequency variations.

TABLE V
CIRCUIT PARAMETERS IN THE EXPERIMENT

Parameters Values and unit

Vd c DC input voltage 48 V
Po Output power 120 W
fo Resonant frequency 80 kHz
Lr Resonant inductance 10.5 μH
Cr Resonant capacitance 376 nF
RL Load resistance 2 Ω
S1 –S4 Switches STP36NF06FP

Fig. 17. Experimental setup of the proposed MHB inverter prototype.

the switching frequency is very clearly the most efficient way of
reducing the inductor loss, leading to the increase in the overall
efficiency. Fig. 14(b) shows the core loss distributions among
the proposed inverter and its counterparts for a 40% load.

C. Loss Distributions

The comprehensive loss results in the main components
among the different topologies are compared. Fig. 15 shows
the ratio of the component loss to the output power for the
loads. The component losses of the proposed MHB inverter are
lower than those of the FM- and ADC-controlled HB inverters.
It is noticeable that the conduction losses of the MOSFET body
diodes of the proposed inverter are eliminated by the duty cycle
control at a fixed switching frequency in the middle-load range.
This can be confirmed by the results of the inverter output PF
shown in Fig. 10. In addition, because the switching frequency
for light loads can be decreased by a maximum of 24% com-
pared with that of the conventional FM-controlled HB inverter,
the MOSFET switching losses are reduced by approximately
50%. However, the MOSFET conduction losses are larger than
those of the others because of the use of the NCC switches as
a bridge leg, increasing the value of the drain–source on-state
resistance of the MOSFET. Nevertheless, the proposed inverter
evidently outperforms its competitors. In practical application,
because a switch with half of the voltage rating of the bridge
leg can be used as an NCC switch, the on-state resistance can
be remarkably reduced.
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Fig. 18. Experimental waveforms at 80%, 50%, and 20% loads. (a) FM-controlled HB inverter. (vS 1 : 50 V/div, iS1 : 10 A/div, vin : 50 V/div, ir : 10 A/div, tims:
2 μs/div). (b) ADC-controlled HB inverter. (vS1 : 50 V/div, iS1 : 10 A/div, vin : 50 V/div, ir : 10 A/div, tims: 2 μs/div). (c) Proposed MHB Inverter. (vS1 : 50 V/div,
iS1 : 10 A/div, vin : 50 V/div, ir : 10 A/div, tims: 2 μs/div).

Fig. 19. Dynamic response due to load changes. (fsw ,com : 2V/div, iin : 5 A/div, Po,ref : 2 V/div, Po, fb : 2V/div, time: 5 s/div).
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D. Performance Comparison With the FB Inverter

The FM- and AVC-controlled FB inverters have been theo-
retically compared with the proposed MHB inverter in terms
of switch loss and switch frequency variation, except inductor
and capacitor losses. For the clear evaluation, both inverters
adopt the same switch (STP36NF06FP 60-V n-channel MOS-
FET), even though two switches of NCC in the proposed MHB
inverter only block half of the dc input voltage. Resonant pa-
rameter values of the FB inverter are induced as RL = 2 Ω,
Lr = 28.3 μH, and Cr = 140.1 nF in order to have the same
rms resonant current value as the proposed MHB inverter at the
maximum output power. Fig. 16 shows the ratio of the switch
loss to the output power and the range of the switch frequency
variation for the loads. As shown in Figs. 16(a)–(c), the switch
losses of the proposed inverter are lower than those of the FB
inverter, especially MOSFET switching loss and body-diode
conduction loss are substantially reduced. Because the voltage
stress on three switches in the proposed inverter is half of the
dc input voltage at turn off, the turn-off switch loss becomes re-
duced. In addition, only two body diodes in the proposed inverter
conduct the current, while all of body diodes in the FB inverter
conduct the current regardless of control methods. Fig. 16(d)
shows the switching frequency variations of both inverters for
the loads. The switching frequency variation of the proposed
inverter is almost the same as that of the AVC-controlled FB
inverter. However, when the FB inverter is operated by the FM
control method, the switching frequency rapidly increases com-
pared with the proposed inverter as the load is lower.

V. EXPERIMENTAL RESULTS

To verify the proposed inverter, the main performance results
are compared using the experimental results. The specifications
of the system parameters are listed in Table V, and Fig. 17
shows the test setup of the 120-W prototype inverter. At maxi-
mum output power, three topologies are operated by duty cycle
D of 0.5 at the minimum switching frequency. Fig. 18 shows
the experimental waveforms of the voltage across switch S1 ,
current through S1 , inverter output voltage, and inverter output
current for 80%, 50%, and 20% loads. Fig. 18(a)–(c) shows
the waveforms of the FM-controlled HB, ADC-controlled HB,
and proposed MHB inverters, respectively, which prove that the
experimental results are identical to the theoretical results.

It can be shown that the switching frequencies of the proposed
inverter are lower than those of the conventional HB inverter
with the FM and ADC control schemes as the load becomes
lighter. The proposed inverter can operate with only a duty cy-
cle control at 95 kHz for a fixed switching frequency from a
40% load up to full load. In contrast, the ADC-controlled HB
inverter should increase the switching frequency for operation
at less than 80% load. For reference, the switching frequency of
the proposed inverter is around 136 kHz at about 10% load, a
reduction of more than 24% compared with the 179-kHz switch-
ing frequency of the FM-controlled HB inverter. Fig. 19 shows
the dynamic response of the proposed MHB inverter to a step
change from 100% to 10% load. Po,ref and Po,fb are command
and feedback signals for the output power, respectively, and

Fig. 20. Efficiency comparison for the different topologies.

fsw ,com is the command signal for the switching frequency. It
can be shown that the switching frequency is fixed from 40% to
100% power ranges, and the proposed controller well regulates
the output power according to load variations. Fig. 20 shows
the measured efficiency comparison among the three different
topologies. The efficiency of the proposed inverter is evenly
distributed from 100% to 40% load and improved by up to 7%
compared with the conventional HB inverter under less than
40% load.

VI. CONCLUSION

In this paper, an MHB series-resonant inverter topology with
dc-link NCC has been proposed. The output voltage of the pro-
posed MHB inverter can have three levels (0, Vdc/2, and Vdc)
according to the switching combinations between the NCC and
the HB leg through the proposed pseudo AVC PWM control
method. This characteristic implies that the proposed topology
has outstanding control possibility with respect to the PF of
the inverter output and the switching frequency variation under
middle to light loads. The operating characteristics are analyzed
in detail, and the design procedure of the resonant parameters is
explained. On the basis of the deduced parameters, the perfor-
mance results between the conventional HB and the proposed
inverters are compared in terms of the inverter output PF and
overall efficiency. Moreover, the losses in the main components
in the inverter are analytically analyzed in detail. In summary,
the proposed MHB series-resonant inverter offers the following
advantages.

1) The positive and negative resonant currents are approxi-
mately balanced by the voltage-cancellation PWM control
method.

2) Soft-switching operation of all switches in the inverter is
possible.

3) Three switches are always clamped to half of the dc-link
voltage at turn off.

4) The variation in the switching frequency can be minimized
compared with that of the conventional HB resonant in-
verter with FM and ADC control methods.

Therefore, the efficiency is increased by more than 3% on
average compared with that of the conventional HB inverter
from the middle- to the low-load ranges and 7% at the lightest
load.
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