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Abstract—This paper presents steady-state analytical expres-
sions of the class-D zero-voltage switching inverter at any duty
ratio along with a design example. The obtained expressions
include stead-state voltage and current waveforms, output power
capability, peak switch voltage, peak switch current, output power,
and power conversion efficiency as functions of the duty ratio. Ad-
ditionally, switching-timing allowance due to antiparallel diodes
of switching devices can be predicted from the analytical results.
The analytical expressions are verified by showing quantitative
agreements with PSpice simulations and circuit experiments.

Index Terms—Class-D ZVS inverter, duty ratio, output power,
power conversion efficiency, steady-state analysis, voltage and cur-
rent waveforms.

I. INTRODUCTION

THE class-D zero-voltage switching (ZVS) inverter [1]–
[21] is an improved version of the class-D inverter [22]–

[24]. The class-D ZVS inverter not only maintains the inherent
strengths of the basic class-D inverter, such as simple circuit
architecture and low switch voltage stress, but also possesses its
own advantages, for instance, low switching loss, low switching
noise, and high power conversion efficiency by adopting the
ZVS technology. Therefore, the class-D ZVS inverter has been
a main choice in various applications. Typical applications for
the class-D ZVS inverter can be found in dc–dc converters [2],
ozone generators [3], induction heating [4]–[7], electrodeless
fluorescent lamps [8], [9], contactless battery chargers [10],
electronic discharge machining [11], etc. In the class-D ZVS
inverter, the duty ratio is one of major factors for determining
the circuit performance, which depends on the applications. In
past designs of the class-D ZVS inverter, there are cases that
the duty ratio is far from 50% [5]–[8], in particular, for high-
frequency applications. Most analysis and design approaches of
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the class-D ZVS inverter are, however, for approximately 50%
duty ratio [1]–[4], [10]–[13]. There are only a few analyses and
designs of the class-D ZVS inverter at any duty ratio [5]–[8].

Generally, two approaches can be considered for analyses
and designs of the switching inverter. One is transient analysis-
based designs [5]–[8], [10]–[16], and the other is steady-state
analysis-based ones [1]–[4], [9], [17]–[25]. In our knowledge,
all the analysis approaches of the class-D ZVS inverter at any
duty ratio presented till now are classified into the transient
analysis. The transient analysis gives accurate waveforms and
design values. If analytical waveform equations are necessary,
however, the inverter should be expressed by piece-wise lin-
ear differential equations. When the differential equations are
solved numerically [7], high calculation cost is necessary for
obtaining the steady state from the transient analysis. This is be-
cause the resonant inverter usually takes long transient time for
converging to the steady state. Additionally, the circuit parame-
ters are usually included in the waveform equations, which are
transcendental equations. Therefore, it is difficult for designers
to comprehend the relationships between the circuit parameters
and responses intuitively.

On the other hand, the steady-state analysis is based on the
assumption that the output voltage and current are expressed as
periodic functions. The fundamental-frequency-component ap-
proximation, which is one of the typical steady-state analysis
methods, limits the parameter ranges, where the analytical re-
sults can be applied. This is because there are cases that the
output current includes many harmonic components, e.g., when
the duty ratio of the upper switch is different from that of the bot-
tom one, and when the operating (switching) frequency is much
different from the resonant frequency of the output network.
The steady-state analysis, however, gives simple and easy-to-
use equations for understanding the relationships between the
circuit parameters and responses. In addition, it is possible to
obtain a simple step-by-step design from the steady-state analyt-
ical expressions. Therefore, it can be stated that it is useful and
valuable to carry out the steady-state analysis of the class-D ZVS
inverter at any duty ratio, even though the accuracy of the wave-
form expressions is low compared with the differential equation
approaches by applying the fundamental-frequency-component
approximation.

In the switching-mode circuits, it is difficult to realize ideal
turn on/off switching, especially for the upper switch at high
frequencies. Additionally, there is a possibility that the ZVS op-
eration cannot be achieved because of component tolerances in
the implemented circuits. Non-ZVS operation yields switching
losses and power conversion efficiency degradation. Generally,
two strategies are considered against this problem. One is that
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Fig. 1. Circuit topology of the class-D ZVS inverter.

the zero-derivative switching (ZDS) is applied to the class-D
ZVS inverter, which is known as the class-DE inverter [18]–[21].
The other strategy is that a switching-timing allowance for main-
taining the ZVS operation is included in the switching pattern
by using the antiparallel diode of the switching devices. When
the switch turns on during the time that the antiparallel diode is
in on-state, it is regarded that the class-D inverter achieves the
ZVS operation. Therefore, the switching time has an allowable
duration by considering the antiparallel diode. The antiparal-
lel diode, however, may generate more conduction losses than
the MOSFET. Namely, there is a tradeoff relationship between
the switching-timing allowance and the power conversion effi-
ciency. Therefore, it is also helpful and valuable to predict the
switching-timing allowance and power conversion efficiency of
the class-D ZVS inverter analytically.

This paper presents a steady-state analysis for the class-D
ZVS inverter at any duty ratio. By applying the fundamental-
frequency-component approximation of the output current, it is
possible to obtain simple design equations, which contribute to
the intuitive understanding of the relationships between the cir-
cuit parameters and responses. The obtained analytical expres-
sions include voltage and current waveforms, output power ca-
pability, peak switch voltage, peak switch current, output power,
and power conversion efficiency as functions of the duty ratio. In
addition, the switching-timing allowance can be predicted easily
from the analytical expressions. A simple step-by-step design
procedure by using the analytical expressions is also given.
The presented analytical expressions are verified by showing
quantitative agreements with PSpice simulations and circuit ex-
periments. The designed inverter achieved the specified output
power and the ZVS condition. In the laboratory measurements,
the designed inverter obtained 97.4% power conversion effi-
ciency at 100-kHz operating frequency and 10-W output power
with 40% duty ratio.

II. CLASS-D ZVS INVERTER

Fig. 1 shows a circuit topology of the class-D ZVS inverter.
This circuit is composed of input voltage source VI , two MOS-
FETs M1 and M2 with their antiparallel diodes D, and series
resonant filter L–C–R. CS1 and CS2 are shunt capacitances,
which include MOSFET parasitic capacitances. This paper fo-

Fig. 2. Nominal waveforms of the class-D ZVS inverter.

cuses on the class-D ZVS inverter with symmetric switching
operation. Namely, the duty ratio of the bottom MOSFET M1
is the same as that of the upper one M2 .

A. Class-D ZVS Inverter

Fig. 2 shows the nominal waveforms of the class-D ZVS in-
verter. In this figure, θ = ωt = 2πft represents the angular
time, where f is the operating frequency. The MOSFETs M1
and M2 turn ON and OFF alternatively. For achieving the ZVS
operation, the dead time, in which both the MOSFETs are in
off-state, is necessary. Namely, the duty ratio of the MOSFET
DM should be less than 0.5. There are two dead-time intervals
every period in the class-D inverter operation. In the dead-time
intervals, the output current discharges one of the shunt capac-
itance and charges the other one. Additionally, the MOSFETs
M1 and M2 are turned on when their shunt-capacitance volt-
ages reach zero, which is ZVS operation. Because of the ZVS
operation, high power conversion efficiency can be achieved in
the class-D ZVS inverter.

It is, however, difficult to realize ideal turn on/off switching,
especially for the upper MOSFET at high frequencies. Addi-
tionally, there is a possibility that the ZVS operation cannot be
achieved because of component tolerances in the implemented
circuits. When the switching point, at which the switch voltage
is zero, is shifted to the right side in Fig. 2, the ZVS operation
cannot be achieved and power conversion efficiency is degraded.
Generally, two strategies are considered against this problem.
One is that the ZDS is applied to the class-D ZVS inverter, which
is known as the class-DE inverter. The other strategy is to design
the class-D ZVS inverter with a switching-timing allowance for
maintaining the ZVS operation by using the antiparallel diodes
of the MOSFETs.

B. Class-DE Inverter

Fig. 3 shows the nominal waveforms of the class-DE inverter.
In the class-DE inverter, the switch voltage is zero and its deriva-
tive is also zero at the switch-turn-on instant, which is called
the class-E ZVS/ZDS conditions. The ZDS condition realizes
a zero-current switching at turn-on instant. Because there is no
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Fig. 3. Nominal waveforms of the class-DE ZVS inverter.

Fig. 4. Example waveforms of class-D inverter with antiparallel-diode con-
duction. (a) ZVS operation. (b) Non-ZVS operation.

discontinuous waveform jump of not only the switch voltage but
also the switch current at turn-on instant, the class-DE inverter
has strength against the switching delay and the component
tolerances.

C. Class-D ZVS Inverter With Antiparallel-Diode Conduction

Fig. 4(a) shows the example waveforms of the class-D ZVS
inverter with the antiparallel-diode conduction. In Fig. 4(a), the
switch voltage vS1 reduces to be zero at θ = 2π, namely prior
to the turn-on instant of the MOSFET M1 . In this case, the an-
tiparallel diode D1 turns on and a negative current iD1 flows
through the diode as shown in Fig. 4(a). Because the on-state

antiparallel diode keeps the switch voltage vS1 equal to a small
built-in potential, it is regarded that the switch voltage vS1 is
approximately zero. Namely, it is regarded that the ZVS con-
dition can be achieved when the MOSFET turns on during the
time interval in which the antiparallel diode is in the on-state. In
other words, the MOSFET M1 has switching-timing allowance
in the range of 0 ≤ θ ≤ π − ϕ as shown in Fig. 4(a), where ϕ is
an initial phase of the output current. Similar operation appears
at the MOSFET M2 . The switching-timing allowance also has
strength for the switching delay and component tolerances. In
this operation, the sum of the on-duty ratio of the antiparallel
diode and that of the MOSFET is expressed as the on-duty ratio
of the switching device, namely DS = DD + DM .

On the other hand, if the MOSFET M1 turns on after the
switch current changes from the negative to positive, namely at
the point of θ > π − ϕ, the switch voltage vS1 returns to pos-
itive, as shown in Fig. 4(b). In this operation mode, the ZVS
operation cannot be achieved. Namely, both the turn-on switch-
ing loss and the conduction loss in the antiparallel diode yield
in this non-ZVS operation mode. For avoiding this operation
mode, it is useful to predict the switching-timing allowance.

III. CIRCUIT ANALYSIS

A. Assumptions

In this paper, the analytical expressions of the class-D ZVS
inverter at any duty ratio are given. The purpose of the analysis
is to obtain the relationships between the circuit parameters and
circuit responses and the design equations for achieving the ZVS
in the class-D inverter with simple formulations. Therefore, the
analysis of the class-D inverter, which does not achieve the
ZVS condition, is outside scope of this paper. The analysis of
the class-D ZVS inverter presented in this paper is based on the
following assumptions:

1) All the passive components work as linear components.
2) All the components have no parasitic resistances.
3) The MOSFETs and antiparallel diodes work as ideal

switches. Therefore, zero-switching time, zero on-
resistances, and infinite off-resistances are assumed.

4) Only the fundamental-frequency component passes
through the resonant filter. It is well known that the reso-
nant filter should be inductive for achieving the ZVS con-
dition. Therefore, the resonant inductance L is divided
into Lr and Lx virtually. The resonant filter Lr − C is
an ideal filter at the operating frequency f , that is, f =
1/(2π

√
LrC). Additionally, Lx yields a phase shift of the

output current.
5) The loaded quality factor Q of the series resonant filter

L–C–R, which is defined as

Q =
ωL

R
(1)

is sufficiently high.
6) The duty ratio of the upper MOSFET is the same as that

of the bottom one.
7) The class-D inverter achieves the ZVS operation and the

waveforms as shown in Fig. 4(a). Namely, the switch
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TABLE I
SWITCHING PATTERNS IN CLASS-D ZVS INVERTER

S1 S2

D1 M 1 D2 M 2

0 < θ ≤ 2πDS 0 < θ ≤ 2πDD ON OFF OFF OFF
2πDD < θ ≤ 2π (DD + DM ) OFF ON OFF OFF

2πDS < θ ≤ π OFF OFF OFF OFF
π < θ ≤ π + 2πDS π < θ ≤ π + 2πDD OFF OFF ON OFF

π + 2πDD < θ ≤ π + 2π (DD + DM ) OFF OFF OFF ON
π + 2πDS < θ ≤ 2π OFF OFF OFF OFF

voltages satisfy

vS1(2π) = 0 and vS2(2π) = VI (2)

and

vS1(π) = VI and vS2(π) = 0. (3)

8) Because of the assumptions (5) and (6), the output current
is expressed by a pure sinusoidal waveform, namely

io(θ) = Im sin(θ + ϕ) (4)

where Im is the absolute value of the output current am-
plitude.

B. Waveform Equations

Because of the assumptions (6) and (7), the switching patterns
in this analysis are fixed as given in Table I. The MOSFET and
its antiparallel diode can be expressed as one switch S1 and S2
as shown in Fig. 1 because of the assumption (3).

By the KCL, the basic equation is given as

iS2 + iCS 2 − iS1 − iCS 1 = io = Im sin(θ + ϕ). (5)

For 0 < θ ≤ 2πDS , the switch S1 is in the on-state. Namely,
MOSFET M1 or antiparallel diode D1 is ON and the switch S2
is OFF. Therefore, the normalized switch voltages are given as

vS1

VI
= 0 and

vS2

VI
= 1. (6)

Additionally, the currents through the switch S2 and the shunt
capacitances for 0 < θ ≤ 2πDS are

iS2 = iCS 1 = iCS 2 = 0. (7)

From (5) and (7), the current through the switch S1 is

iS1 = −io = −Im sin(θ + ϕ). (8)

For 2πDS < θ ≤ π, both switches S1 and S2 are OFF. There-
fore, the switch currents are

iS1 = iS2 = 0. (9)

Additionally, by considering the relationship between the two
switch voltages

vS1

VI
= 1 − vS2

VI
(10)

and from (5) and (9), we have

iCS 2 − iCS 1 = ω(CS1 + CS2)
dvS1

dθ
= −Im sin(θ + ϕ). (11)

When we define

CS = CS1 + CS2 . (12)

Equation (11) can be rewritten as

ωCS R
dvS1/VI

dθ
= −RIm

VI
sin(θ + ϕ)

= −Vm

VI
sin(θ + ϕ) (13)

where Vm is the absolute value of the output voltage amplitude
and Vm /VI is normalized amplitude of the output voltage. By
integrating both sides of (13) with vS1(2πDS ) = 0, the normal-
ized switch voltage is obtained as

vS1

VI
=

1
ωCS R

Vm

VI
[cos(θ + ϕ) − cos(2πDS + ϕ)]. (14)

For π < θ ≤ π + 2πDS , the switch S1 is OFF and the switch
S2 is ON. Therefore, the normalized switch voltages are

vS2

VI
= 0 and

vS1

VI
= 1 − vS2

VI
= 1. (15)

From (15), we have

iS1 = iCS 1 = iCS 2 = 0. (16)

Therefore, the switch current iS2 is expressed as

iS2 = io = Im sin(θ + ϕ). (17)

For π + 2πDS < θ ≤ 2π, both switches S1 and S2 are OFF.
Therefore, the two switch currents iS1 and iS2 are

iS1 = iS2 = 0. (18)

Following a similar procedure in the interval 2πDS < θ ≤ π,
the normalized switch voltage is expressed as

vS1

VI
= 1 +

1
ωCS R

Vm

VI
[cos(θ + ϕ) + cos(2πDS + ϕ)]. (19)

C. ZVS Condition

From (2) and (19), we have

RIm

VI
=

Vm

VI
= − ωCS R

2cos(πDS + ϕ)cosπDS
. (20)
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Equation (20) is a relationship of the normalized amplitude of
the output voltage when the ZVS condition is achieved. In the
mathematical sense, however, two patterns of operations are
included in (20). One is that the voltage reaches zero from the
positive potential and the other is that it does from the negative
potential.

In this analysis, the derivative of the switching voltage is used
as a parameter. The derivative of the switching voltage reflects
on the current jump at turn-on instant. When the derivative is
zero, the class-E ZVS/ZDS conditions are satisfied. From (19),
the derivative of the normalized switch voltage vS1/VI at θ = 2π
can be expressed as

α =
dvS1(θ)/VI

dθ

∣
∣∣∣
θ=2π

= − 1
ωCS R

RIm

VI
sinϕ. (21)

Substituting (20) into (21), we obtain

α =
sinϕ

2cos(πDS + ϕ)cosπDS
. (22)

In the real circuit with the ZVS operation, the switch voltage
needs to fall naturally from a positive potential to zero. Namely,
one of the necessary conditions for the ZVS is

α ≤ 0. (23)

D. Fourier Analysis

The normalized voltages across the resistance R and the re-
actance Lx are expressed as

vo

VI
=

Rio
VI

=
RIm

VI
sin(θ + ϕ) =

Vm

VI
sin(θ + ϕ) (24)

and

vLx

VI
=

ωLx

R

dRio/VI

dθ
=

ωLx

R

RIm

VI
cos(θ + ϕ)

=
VLx

VI
cos(θ + ϕ) (25)

where VLx
= ωLxIm is the amplitude of the voltage across the

reactance Lx .
From the assumption (4), the output voltage of the resonant fil-

ter has only the fundamental-frequency component of the switch
voltage vS1 . Therefore, the normalized amplitudes Vm /VI and
VLx

/VI are obtained from Fourier series expansion for vS1

Vm

VI
=

RIm

VI
=

1
π

∫ 2π

0

vS1

VI
sin(θ + ϕ)dθ

= −2sin(πDS + ϕ)sinπDS

π
(26)

and

VLx

VI
=

1
π

∫ 2π

0

vS1

VI
cos(θ + ϕ)dθ

=
1
π
{2sinϕ + [sin2πDS cos2(πDS + ϕ) − π + 2πDS

− 4cos(2πDS + ϕ)sin(πDS + ϕ)cosπDS ]

× [2cos(πDS + ϕ)cosπDS ]−1} . (27)

Fig. 5. ϕ as a function of ωCS R and DS . (a) ϕ for fixed DS . (b) ϕ for fixed
ωCS R.

Fig. 6. α as a function of ωCS R and DS . (a) α for fixed DS . (b) α for fixed
ωCS R.

From (20) and (26), we obtain

ωCS R =
sin2(πDS + ϕ)sin2πDS

π
. (28)

It can be seen from (28) that ϕ is a function of ωCS R and DS .
Namely, ϕ is obtained when ωCS R and DS are fixed. It is also
seen from (22) that α can be obtained from DS and ϕ. In the
mathematical sense, however, there are multiple solutions for ϕ
because of the trigonometric functions. We have conditions of
Im in (20), α in (22), and ωCS R in (28) for achieving the ZVS,
namely Im ≥ 0, α ≤ 0, and ωCS R ≥0. From the above three
conditions, the range of ϕ can be limited to

π(1 − DS ) ≤ ϕ ≤ π. (29)

Figs. 5 and 6 show ϕ and α as functions of ωCS R for fixed
DS and as functions of DS for fixed ωCS R, respectively. It
is seen from Fig. 5 that the ωCS R increases as the duty ratio
decreases from DS = 0.5 to 0.25. This result means that it is
possible to design high-frequency class-D ZVS inverter by re-
ducing the load resistance R and/or shunt capacitance CS . There
is, however, the minimum shunt-capacitance value, which is the
same as the output capacitance of the MOSFET. When the shunt
capacitance is composed of only the MOSFET output capaci-
tance, the operating frequency can be increased by decreasing
the duty ratio. Additionally, it is seen that the highest frequency
can be obtained at DS = 0.25 and ϕ = π. It is also seen from
Fig. 5 that the ωCS R increases as the duty ratio decreases from
0.25.
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Fig. 7. ωLx /R as a function of ωCS R and DS . (a) ωLx /R for fixed DS .
(b) ωLx /R for fixed ωCS R.

In Fig. 6, α = 0 means that the class-D inverter achieves
not only the ZVS condition but also ZDS condition. Namely,
the class-D inverter for α = 0 is the class-DE inverter. It is
seen from (22) that ϕ of the class-DE inverter is always π
at any DS . We can confirm that all the equations for α = 0
and ϕ = π agree with those in [18]–[21], which is one of the
proofs for validating the analytical expressions presented in this
paper.

When the MOSFET M1 and M2 are in the off-state and the
switch current is negative, the antiparallel diode is in on-state and
keeps the switch voltage to be zero. Therefore, the MOSFETs
do not need to turn on at θ = 0 or θ = π strictly. Namely, the
necessary condition of the diode duty ratio for achieving the
ZVS is

0 ≤ 2πDD < π − ϕ (30)

as shown in Fig. 4(a). It can be stated from Fig. 5(a) that the per-
missible switching-timing allowance increases as ϕ decreases
at any DS and ωCS R.

From (20) and (27), we have

ωLx

R
= −[4sinϕcos(πDS + ϕ)cosπDS − π + 2πDS

− 4cos(2πDS + ϕ)sin(πDS + ϕ)cosπDS

+ sin2πDS cos2(πDS + ϕ)]/(πωCS R). (31)

Fig. 7 shows ωLx/R as a function of ωCS R for fixed DS and
as a function of DS for fixed ωCS R. It is seen from this figure
that there are maximum values of ωCS R and DS under the
ZVS condition. Additionally, it should be noted that the Lx is
used for yielding the phase shift of the output current. When
Lx is not sufficiently small compared with L, namely, when
ωLxR is not sufficiently small compared with Q, the output
filter characteristics does not satisfy the assumption (4).

E. Power Relations

By considering input power, output power, and their relation-
ships, it is possible to obtain the analytical relationships between
the circuit parameters and circuit responses.

Fig. 8. Normalized output power Po R/V 2
I as a function of ωCS R and DS .

(a) Po R/V 2
I for fixed DS . (b) Po R/V 2

I for fixed ωCS R.

The input current II is given by the average value of the
current from the input voltage source. Therefore, we have

II =
1
2π

∫ 2π

0
(iS2 + iCS 2 )dθ

=
1
2π

∫ π+2πDS

π

Im sin(θ + ϕ)dθ

= −Im sin(πDS + ϕ)sinπDS

π
. (32)

From (32), the normalized input resistance is

ωCS Ri = ωCS
VI

II
=

2π

tan(πDS + ϕ) tan πDS
. (33)

From (26) and (32), the normalized input power is

PI R

V 2
I

=
VI II R

V 2
I

=
2sin2(πDS + ϕ)sin2πDS

π2 . (34)

On the other hand, the normalized output power can be obtained
from (26) as

PoR

V 2
I

=
1
2

(
Vm

VI

)2

=
2sin2(πDS + ϕ)sin2πDS

π2 . (35)

It is seen from (35) that the maximum normalized output power
PomaxR/V 2

I can be obtained for ϕ = π, i.e., when the class-
D inverter achieves the ZVS/ZDS conditions. The normalized
maximum output power is

PomaxR

V 2
I

=
2sin4πDS

π2 . (36)

From (34) and (35), the power conversion efficiency of the ideal
class-D ZVS inverter is

η =
Po

PI
= 1. (37)

Fig. 8 shows the normalized output power PoR/V 2
I as a

function of ωCS R for fixed DS and as a function of DS for
fixed ωCS R, respectively. The validity of (36) is confirmed
from Fig. 8. The maximum output power increases as ωCS R
decreases and DS increases. It is also seen from Fig. 8(a) that
there is the peak value of ωCS R for PoR/V 2

I . It can be stated
from Fig. 8 that it is possible to realize various applications
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by changing ωCS R and DS of the class-D ZVS inverter. For
example, it is effective to use a high DS for high-power appli-
cations. It is, however, difficult to increase both the operating
frequency and the output power. There is a limitation for ob-
taining high output power at high frequencies from the single
class-D inverter. In this case, it is necessary to consider the other
topologies such as push-pull topology.

Additionally, it is seen from Figs. 5 and 8 that both the oper-
ating frequency and the output power decreases as the duty ratio
decreases from 0.25 to 0. There is no advantage of the class-D
ZVS inverter in the range of 0 < D ≤ 0.25 for operating fre-
quency and/or output power enhancements. As a result, it can
be stated that the ZVS class-D inverter should be designed for
0.25 ≤ D < 0.5.

F. Design Equations

From above analytical expressions, the design equations of
CS in (28) and Lx in (31) are obtained. Therefore, design equa-
tions for Lr and C are necessary for designs of a class-D ZVS
inverter.

From (1) and (31), we have

ωLr

R
=

ωL

R
− ωLx

R

= Q + [4sinϕcos(πDS + ϕ)cosπDS − π + 2πDS

− 4cos(2πDS + ϕ)sin(πDS + ϕ)cosπDS

+ sin2πDS cos2(πDS + ϕ)]/(πωCS R). (38)

From the assumption (4) and (38), the normalized resonant ca-
pacitance ωCR is

ωCR =
R

ωLr

= πωCS R/[sin2πDS cos2(πDS + ϕ) + πωCS RQ

+ 4sinϕcos(πDS + ϕ)cosπDS − π + 2πDS

− 4cos(2πDS + ϕ)sin(πDS + ϕ)cosπDS ]. (39)

IV. POWER OUTPUT CAPABILITY AND POWER

CONVERSION EFFICIENCY

In this section, analytical predictions of the power output
capability and power conversion efficiency of the class-D ZVS
inverter at any duty ratio are derived at any duty ratio.

A. Power Output Capability

The definition of the power output capability Cp is

Cp =
Po

|VS1maxIS1max | + |VS2maxIS2max |

=
PoR

V 2
I

(∣∣∣∣∣
VS 1 m a x

VI

RIS 1 m a x
VI

∣∣∣∣∣
+

∣∣∣∣∣
VS 2 m a x

VI

RIS 2 m a x
VI

∣∣∣∣∣

) , (40)

where VS1max , VS2max , IS1max , and IS2max are the peak values
of voltages and currents at the switches S1 and S2 . Because the

Fig. 9. Power output capability Cp as a function of ωCS R and DS . (a) Cp

for fixed DS . (b) Cp for fixed ωCS R.

maximum switch voltage is the same as the input voltage, we
have

VS1max

VI
=

VS2max

VI
= 1. (41)

In the range of π(1 − DS ) ≤ ϕ < 3π/2 − 2πDS , the switch
turns off prior to the peak current of the output current flows
through the switch. On the other hand, the peak point appears
during the switch-on state when 3π/2 − 2πDS ≤ ϕ ≤ π is sat-
isfied. Therefore, the normalized maximum current of the switch
is obtained by using (26) as

RIS1max

VI
=

RIS2max

VI

=

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∣∣∣∣∣
RIm

VI
sin 2πDS

∣∣∣∣∣

=

∣∣∣∣∣
− 2sin(πDS +ϕ)sin2πDS sinπDS

π ,

for π(1 − DS ) ≤ ϕ < 3π
2 − 2πDS

∣∣∣∣∣
RIm

VI

∣∣∣∣∣
=

∣∣∣∣∣
− 2sin(πDS +ϕ)sinπDS

π ,

∣∣∣∣∣

for 3π
2 − 2πDS ≤ ϕ ≤ π

(42)

Therefore, the power output capability can be rewritten as

Cp =
PoR

2V 2
I

∣
∣∣∣∣
RIS 1 m a x

VI

∣
∣∣∣∣

=

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∣∣∣
∣∣
sin(πDS +ϕ)sinπDS

2π sin2πDS
,

∣∣∣
∣∣

for π(1 − DS ) ≤ ϕ < 3π
2 − 2πDS

∣∣
∣∣∣
− sin(πDS +ϕ)sinπDS

2π ,

∣∣
∣∣∣

for 3π
2 − 2πDS ≤ ϕ ≤ π.

(43)
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Fig. 10. Equivalent circuit of class-D inverter including ESR.

It is seen from (43) that the maximum power output capability
Cpmax can be obtained for ϕ = π, namely

Cpmax =
sin2πDS

2π
. (44)

Fig. 9(a) and (b) shows the power output capability Cp and
Cpmax as a function of ωCS R for fixed DS and as a function of
DS for fixed ωCS R, respectively. It is seen from Fig. 9 that the
maximum output power capability increases as ωCS R decreases
and DS increases.

We would like to emphasize that all the graphs from Figs. 6–9
are drawn by using the normalized dimensionless parameters.
Namely, these are the general characteristics of the class-D ZVS
inverter, which are independent of power levels and operating
frequencies. It is too difficult to obtain these dimensionless-
parameter graphs from the transient analysis-based approach.
Much information about relationships between the circuit pa-
rameters and responses can be obtained from these figures,
which show the usefulness and effectiveness of the analysis
with the fundamental-frequency-component approximation.

B. Power Conversion Efficiency

In real circuits, the power losses occur in the parasitic resis-
tance of each component. In this paper, we consider the power
losses in MOSFET-on resistances rM 1 and rM 2 , on-state an-
tiparallel diodes, equivalent series resistances (ESRs) of the
loaded network rL and rC , and shunt capacitances rCS 1 and
rCS 2 as shown in Fig. 10. It is assumed that the parasitic resis-
tances are small enough not to affect the waveforms.

For 2πDS < θ ≤ 2π, the switch current iS1 is zero. From (8),
the power loss in the diode D1 of the switch S1 is

PrD 1 =
1
2π

∫ 2π

0
−VD1iS1dθ

=
1
2π

∫ 2πDD

0
−VD1 [−Im sin(θ + ϕ)]dθ

=
VD1Im

π
sinπDD sin(πDD + ϕ) (45)

where VD1 is the forward voltage drop of the antiparallel diode.
Because of symmetric operation, we have

PrD 2 = PrD 1 . (46)

The power losses in the MOSFET-on resistances are

PrM 1 = PrM 2 =
1
2π

∫ 2π

0
rM 1i

2
S1dθ

=
1
2π

∫ 2πDS

2πDD

rM 1 [−Im sin(θ + ϕ)]2dθ

=
rM 1I

2
m

4π
{2π(DS − DD ) − sin2π(DS − DD )

cos2[π(DS + DD ) + ϕ]}. (47)

The power loss in the ESRs of the resonant circuit is

PrL C
=

1
2π

∫ 2π

0
(rC + rL )i2odθ =

(rC + rL )I2
m

2
. (48)

Finally, the power losses in the ESRs of the shunt capacitances
are given by

PrC S 1
= PrC S 2

=
1
2π

∫ 2π

0
rCS 1 i

2
CS 1

dθ

=
1
2π

∫ π

2πD

rCS 1

(
ωCS1

dvS1

dθ

)2

dθ

=
rCS 1 I

2
m

8π

[ ∫ π

2πDS

sin2(θ + ϕ)

+
∫ 2π

π+2πDS

sin2(θ + ϕ)

]

=
rCS 1 I

2
m

8π
[π(1 − 2DS ) + sin2πDS cos2(πDS + ϕ)].

(49)

From (45) to (49), the power conversion efficiency is

η = Po × (Po + PrL C
+ PrD 1 + PrD 2 + PrM 1 + PrM 2

+PrC S 1
+ PrC S 2

)−1

= Po × (Po + PrL C
+ 2PrD 1 + 2PrM 1 + 2PrC S 1

)−1

=
〈

1 +
rC + rL

R
− 2VD1

R

sinπDD sin(πDD + ϕ)
sinπDS sin(πDS + ϕ)

+
rM 1

πR
{2π(DS − DD ) − sin2π(DS − DD )

× cos2[π(DS + DD ) + ϕ]} +
rCS 1

2πR
[π(1 − 2DS )

+ sin2πDS cos2(πDS + ϕ)]
〉−1

. (50)

V. DESIGN EXAMPLE

This section shows a step-by-step design example and con-
firms the validity of the analytical expressions by comparing
with PSpice-simulation and experimental results. The design
specifications of the class-D ZVS inverter are: input voltage VI

= 80 V, operating frequency f = 100 kHz, loaded quality factor
Q = 3, output power Po = 10 W, and load resistance R = 50 Ω.
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Fig. 11. Experimental setup. (a) Overview of implemented circuit. (b) Reso-
nant inductor.

The IRF510 MOSFETs were used as switching devices. In ad-
dition, DS = 0.4 is also given.

From (35), we have ϕ = 2.6 rad. Substituting ϕ into (28),
ωCS R is calculated as

ωCS R =
sin2(πDS + ϕ)sin2πDS

π
= 0.0925. (51)

Therefore, the shunt capacitance is

CS =
ωCS R

ωR
= 5.89 nF. (52)

From (1), the resonant inductance is obtained as

L =
QR

ω
= 239 μH. (53)

From (39), we have

C = πCS /[sin2πDS cos2(πDS + ϕ) + πωCS RQ

+ 4sinϕcos(πDS + ϕ)cosπDS − π + 2πDS

− 4cos(2πDS + ϕ)sin(πDS + ϕ)cosπDS ]

= 18 nF. (54)

From (20), the output current amplitude is given as

Im = − ωCS R

2cos(πDS + ϕ)cosπD

VI

R
= 0.632 A. (55)

Because the condition that 3π/2 − 2πDS = 2.20 < (ϕ =
2.6) < π is satisfied, the maximum switch current can be ob-
tained from (42) as

IS1max = Im = 0.632 A. (56)

It is confirmed that ISmax is much smaller that the permissible
drain current of the IRF510 MOSFET, which is 5.6 A. There-
fore, it is estimated that the MOSFETs of the designed class-D
inverter can work at the room-temperature. From (43) and (56),
the output power capability is

Cp =
PoR

2V 2
I

∣∣∣∣
∣
RIS1max

VI

∣∣∣∣
∣

= 0.0988. (57)

Fig. 11 shows the overview of the implemented circuit and
resonant inductor. The Micrometals iron-powder toroidal core
T-200-3 was used as a core of the resonant inductor. Addition-
ally, the polyurethane copper wire whose diameter is 0.65 mm
was used as the winding wire with 74 turns. After implementing

TABLE II
PARAMETER VALUES FOR POWER CONVERSION EFFICIENCY ESTIMATIONS

rL rM 1 VD 1

0.836 Ω 0.54 Ω 0.8 Ω

the resonant inductor, rL = 0.836 Ω was measured by HP4194A
impedence/gain-phase analyzer at 100 kHz. The HP4194A pro-
vides the ESR values from the total power loss of an inductor,
which consists of the winding loss and the core loss. Addition-
ally, rM 1 = rM 2 = 0.54 Ω were obtained from the datasheet of
IRF510 MOSFET. Because it can be estimated that the MOS-
FETs of the class-D inverter works at the room-temperature in
this experiment, the usage of the datasheet value is of relevance
for confirming the accuracy of the analytical predictions. Fur-
thermore, the ESRs of capacitances were ignored in this design
because they are much smaller than the other ESRs. Table II
gives the parameter values for power conversion efficiency es-
timations. From (50), the power conversion efficiency can be
predicted as

η =
〈

1 +
rL

R
− 2VD1

R

sinπDD sin(πDD + ϕ)
sinπDS sin(πDS + ϕ)

+
rM 1

πR
{2π(DS − DD ) − sin2π(DS − DD )

× cos2[π(DS + DD ) + ϕ]}
〉−1

≈ 97.5%. (58)

Table III gives parameters and characteristics from analyti-
cal expressions, PSpice simulations, and experimental measure-
ments for the designed inverter with DM = 0.4 and DD = 0.
This table also give the PSpice-simulation and experimental re-
sults for DM = 0.35 and DM = 0.2. In Table III, the power
conversion efficiency of the PSpice simulation and experimental
measurements were obtained from

η =
Po

PI
=

V 2
o

RVI II
(59)

where Vo is the root-mean-square value of the output voltage. In
the experimental measurements, Vo , VI , and II were measured
by LeCroy’s WavePro7000 1-GHz Oscilloscope and the current
probe of Hioki3272 power supply. In the PSpice simulations,
the input current and the output voltage could be calculated by

II =
1
2π

∫ 2π

0
(iS2 + iC S2)dθ (60)

and

Vo =

√
1
2π

∫ 2π

0
v2

o dθ (61)

respectively. In addition, the experimental power-added effi-
ciency ηPAE is obtained from

ηPAE =
Po − PDr1 − PDr2

PI
=

Po − PDr1 − PDr2

VI II
(62)
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TABLE III
DESIGN VALUES OF CLASS-D ZVS INVERTER

Analytical Simulated Measured Analytical Simulated Measured Analytical Simulated Measured

DM = 0.4 DM = 0.35 DM = 0.2

CS 5.89 nF 5.89 nF 5.93 nF 5.89 nF 5.89 nF 5.93 nF 5.89 nF 5.89 nF 5.93 nF
L 239 μH 239 μH 236 μH 239 μH 239 μH 236 μH 239 μH 239 μH 236 μH
C 18.0 nF 18.0 nF 18.0 nF 18.0 nF 18.0 nF 18.0 nF 18.0 nF 18.0 nF 18.0 nF
R 50.0 Ω 50.0 Ω 50.3 Ω 50.0 Ω 50.0 Ω 50.3 Ω 50.0 Ω 50.0 Ω 50.3 Ω
VI 80.0 V 80.0 V 80.3 V 80.0 V 80.0 V 80.4 V 80.0 V 80.0 V 80.6 V
II 0.125 A 0.125 A 0.126 A 0.125 A 0.127 A 0.126 A 0.091 A 0.110 A 0.111 A
VS 1 m a x 80.0 V 80.6 V 81.9 V 80.0 V 80.7 V 81.9 V 80.0 V 80.7 V 83.2 V
VS 2 m a x 80.0 V 80.6 V 83.0 V 80.0 V 80.7 V 83.2 V 80.0 V 80.7 V 83.2 V
IS 1 m a x 0.632 A 0.611 A 0.612 A 0.632 A 0.612 A 0.610 A 0.571 A 0.552 A 0.6 A
IS 2 m a x 0.632 A 0.611 A 0.611 A 0.632 A 0.612 A 0.608 A 0.571 A 0.551 A 0.6 A
ϕ 2.60 rad 2.63 rad 2.64 rad 2.60 rad 2.63 rad 2.64 rad 2.55 rad 2.64 rad 2.63 rad
Vo 22.4 V 22.1 V 22.3 V 22.4 V 22.2 V 22.3 V 20.2 V 19.7 V 19.8 V
Po 10.0 W 9.77 W 9.85 W 10.0 W 9.87 W 9.85 W 8.16 W 7.76 W 7.79 W
PD r1 – – 24.0 mW – – 23.4 mW – – 14.5 mW
PD r2 – – 27.8 mW – – 26.0 mW – – 17.3 mW
Cp 0.0988 0.0996 0.0976 0.0988 0.0999 0.0979 0.0892 0.0869 0.0713
η 97.5% 97.5% 97.4% 97.3% 97.1% 97.2% 90.7% 88.2% 87.1%
ηPA E – – 96.8% – – 96.7% – – 86.7%

Fig. 12. Driver circuit.

where PDrk is the driving power to the MOSFET Mk . Fig. 12
shows the driver circuit in the experiment. The driver circuit
was built by the dual-channel function generator Textronix
AFG3022B, which generates two kinds of arbitral signals with a
fixed phase shift, and the IR2011 high- and low-side driver. The
measured driving power given in Table III could be obtained
from

PDrk =
1
2π

∫ 2π

0
vDrk iDrkdθ (63)

where iDrk is the output current of the driver circuit, which was
measured by LeCroy’s WavePro7000 1-GHz Oscilloscope and
the current probe of Hioki3272 Power Supply. The passive ele-
ment values including the parasitic resistances in Table III were
measured by the HP4194A Impedence/Gain-Phase Analyzer.

Fig. 13 shows the waveforms from the analytical expressions,
PSpice simulations, and experimental measurements for DM =
0.4, 0.35, and 0.2. The results for DM = 0.35 and DM = 0.2
were obtained by changing the on-duty ratio of the driving volt-
age from DM = 0.4. The analytical waveforms for D = 0.2,
which is non-ZVS operation, is obtained from fundamental-

frequency-component approximation. Because of page limita-
tion, the waveform equations with non-ZVS operation are not
given in this paper. The LeCroy’s WavePro7000 1-GHz Oscil-
loscope with the current probe of Hioki3272 Power Supply was
used for the current-waveform measurements.

It is seen from Fig. 13 that the analytical waveforms agreed
with both the PSpice simulation and experimental waveforms
quantitatively. In Fig. 13(a), all the waveforms satisfy the ZVS
condition and specified output power. It is also confirmed from
Table III that the analytical predictions of the power conversion
efficiency and the output power capability showed the good
agreements with the PSpice-simulation and experimental re-
sults. These results verified the presented analytical expressions.
In the experimental measurements, 97.4% power conversion ef-
ficiency was achieved at the 10 W output power and 100-kHz
operating frequency. In addition, it is seen from Fig. 13(a) and
(b) that waveforms for DM = 0.35 are almost the same as
those for DM = 0.4 except driving voltages. Because of ϕ =
2.6 rad, the switching allowance π − ϕ = 0.54 rad is obtained.
Namely, the maximum DD and the minimum DM are 0.09 and
0.31, respectively, for achieving the ZVS operation. Therefore,
waveforms for DM = 0.35 showed the quantitative agreements
with those for DM = 0.4. It can be stated from these results
that the designed class-D ZVS inverter had a switching-timing
allowance for achieving the ZVS condition and high power con-
version efficiency could be kept due to the ZVS technology. The
power conversion efficiency for DM = 0.35, however, reduced
slightly compared with that for DM = 0.4 as given in Table III.
This is because the conduction loss causes in the antiparallel
diode. It is seen from Fig. 13(c) that the ZVS was not achieved
because the switch turns on after the switch current changes
sign. The output current was still a sinusoidal waveform and all
the waveforms from the analytical expressions, PSpice simu-
lation, and circuit experiment showed quantitative agreements.
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Fig. 13. Waveforms obtained from analytical expressions (solid line), PSpice simulations (dashed line), and circuit experiments (dotted line). (a) For DM =
0.4. (b) For DM = 0.35. (c) For DM = 0.2.

Therefore, it can be stated that the analytical expressions based
on the fundamental-frequency-component approximation are
valid for low duty ratio. The implemented inverter was de-
signed for Q = 3, which is not high Q value. The fundamental-
frequency-component approximation is usually invalid for low
Q, for example, in the class-E inverter [25]. However, the
fundamental-frequency-component approximation was valid in
this case because of the symmetric operation of the class-D
inverter.

VI. CONCLUSION

This paper has presented the steady-state analytical expres-
sions of the class-D ZVS inverter at any duty ratio. By ap-
plying the fundamental-frequency-component approximation of
the output current, the simple design equations and the relation-
ships between the circuit parameters and responses are derived.
From the obtained expressions, output power capability, peak
switch current and voltage, and power conversion efficiency
can be obtained analytically. The simple step-by-step design
procedure is also given along with PSpice-simulation and ex-
perimental results. The analytical expressions were verified by
the quantitative agreements with both the PSpice simulations
and the circuit experiments. In the laboratory measurements,
the designed inverter achieved 97.4% power conversion effi-
ciency at 100-kHz operating frequency and 10-W output power

with 40% duty ratio. The analytical predictions showed good
agreement with PSpice simulation and experimental results.
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