
7728 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 8, AUGUST 2019

Optimized Parameters Design and Adaptive
Duty-Cycle Adjustment for Class E DC–DC

Converter With ON-OFF Control
Ying Li , Student Member, IEEE, Xinbo Ruan , Fellow, IEEE, Li Zhang , Member, IEEE, Jiandong Dai,

and Qian Jin , Student Member, IEEE

Abstract—The Class E dc–dc converter, with a simple topology
and zero-voltage-switching (ZVS) for the power switch, can op-
erate at a switching frequency of up to megahertz. In this paper,
an optimized ZVS operation condition for minimizing the switch
voltage stress, switch rms current, and switch voltage harmonic
components is derived for the ON-OFF controlled Class E dc–dc
converter by optimizing the time instant at which the switch volt-
age resonates back to zero. Based on this result, a step-by-step
parameter design approach is proposed for a Class E dc–dc con-
verter with a large input inductor, which avoids time-consuming
simulations or complex numerical calculations. Then, a capaci-
tance compensation approach is further proposed to extend the
design results to a Class E dc–dc converter with a resonant input
inductor. Furthermore, an adaptive duty-cycle adjustment scheme
is proposed for reducing the reverse conduction loss of the power
switch, thereby improving the conversion efficiency over the en-
tire input voltage range. Finally, a prototype of a 20-MHz 10-W
Class E dc–dc converter is built and tested in the laboratory, and
experimental results are presented to verify the effectiveness of the
proposed optimized parameter design approach and the adaptive
duty-cycle adjustment scheme.

Index Terms—Class E dc–dc converter, duty-cycle adjustment,
ON-OFF control, parameter design, zero-voltage-switching (ZVS).

I. INTRODUCTION

THE pursuit of high power density and fast dynamic
response for power converters has been continuously

motivating the efforts to increase the switching frequency [1]. In
recent years, the newly emerging gallium nitride (GaN) devices
have provided promising prospects for pushing the switching
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TABLE I
COMPARISON OF DIFFERENT CONTROL SCHEMES

frequency up to multi-megahertz (MHz) [2], [3]. In such high
switching frequency applications, the Class E dc–dc converter
is a preferable topology, thanks to the advantages of a simple
topology and easy realization of zero-voltage-switching (ZVS)
for the power switch [4]–[6]. For the Class E dc–dc converter,
pulse frequency modulation (PFM) is often adopted. However,
the switching frequency has a wide variation range, making
it difficult to optimize the inductors and capacitors. Alterna-
tively, pulsewidth modulation (PWM) could be employed, but
soft-switching cannot be realized over the full load range. The
ON-OFF control, which has two operation modes, namely, the ON

mode and the OFF mode, is an effective method that permits the
multi-MHz power converters to operate at a constant switching
frequency and to realize ZVS over the full load range [7]–[11].
Two output voltage thresholds, which are determined by the al-
lowed output voltage ripple, are set in the ON-OFF control. When
the output voltage falls below the lower voltage threshold, the
converter is operated in the ON mode and delivers power to
the load at a fixed switching frequency. When the output volt-
age goes beyond the upper voltage threshold, the gate signal
is disabled and the converter is operated in the OFF mode. Ap-
parently, the converter is intermittently operated between ON

and OFF modes. This is attained due to the rapid startup and
shutdown of the multi-MHz power converters with small in-
ductance and capacitance. Table I presents the comparison of
the above-mentioned control schemes. Having the advantages
of constant frequency operation and ZVS realization over the
entire load range, the ON-OFF control has been widely adopted
for multi-MHz applications.

The Class E dc–dc converter can be regarded as a Class E
inverter cascaded with a downstream rectifier. As is commonly
known, it is challenging to optimize the resonant components
in the Class E inverter. The design of a Class E inverter with a
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resistive load is investigated in [12]–[15], and the selection of
the duty cycle is analyzed in [14]–[17]. For the Class E dc–dc
converter with PFM or PWM schemes, the downstream rectifier
is equivalent to a passive load, and then, the parameter design is
discussed [18]–[20]. However, for the Class E dc–dc converter
with ON-OFF control, the rectifier resembles a pulsed voltage
source rather than a passive load. Thus, the design approach is
quite different from that with PFM or PWM control. Basically,
the design approaches for the Class E dc–dc converter with
ON-OFF control can be classified into two categories, namely,
time-domain simulation and numerical calculation. With the
time-domain simulation approach, a series of circuit parameters
are first swept in the simulation software, and then, the desirable
parameters for achieving ZVS and satisfying the rated output
power capacity are selected from the simulation results [21]–
[23]. This approach cannot provide physical insights, and it is
difficult to obtain the optimal parameters. With the numerical
calculation, the state equations of every switching mode in one
switching-cycle are first written and, then, solved for obtain-
ing the parameters of the passive components [24]. However,
these state equations are too complicated and very difficult to
solve, and time-consuming iterations are required. In [25], the
downstream rectifier is replaced by a current source, and the
state equations could be simplified to some extent. However,
it is still a tough task to solve these equations. Therefore, it is
necessary to develop a step-by-step parameter design approach
for the Class E dc–dc converter with ON-OFF control to avoid
repetitive time-consuming simulations or complicated numeri-
cal calculations.

When designing the parameters for the multi-MHz ON-OFF

controlled Class E dc–dc converter, a prior consideration is to
achieve ZVS for the power switch so as to greatly reduce the
switching loss. In order to achieve ZVS, the voltage across the
power switch should resonate back to zero. In this paper, the
impact of the time instant at which the power switch voltage
resonates to zero will be investigated. Then, an optimized ZVS
operation condition for minimizing the switch voltage stress,
the switch root-mean-square (rms) current, and switch voltage
harmonic components will be derived for the ON-OFF controlled
Class E dc–dc converter by optimizing this time instant. For
achieving ZVS, the power switch should be turned-ON when
its voltage falls to zero. However, for a given duty-cycle, the
time instant at which the power switch voltage resonates to
zero changes with the variation in input voltage, and the power
switch may be turned-ON after the power switch voltage res-
onates to zero. This way, the switch current becomes negative,
and it reversely flows through the power switch, resulting in a
larger reverse conduction loss. This fact is particularly valid for
enhanced mode GaN (eGaN) devices as the reverse voltage drop
could be up to 2 V [26], [27]. Therefore, the impact of the input
voltage variation on the time instant at which the power switch
voltage resonates to zero is quantitatively analyzed, and then,
a duty-cycle adjustment scheme is proposed for reducing the
reverse conduction loss resulting from the reverse conduction
of eGaN.

The rest of this paper is organized as follows. Section II in-
troduces the operation principle of the Class E dc–dc converter

Fig. 1. Main circuit of the Class E dc–dc converter.

with ON-OFF control and analyzes the performance during the
transition between ON mode and OFF mode. In Section III, the
condition for achieving ZVS for the power switch is derived,
and the optimized ZVS operation is further discussed in terms
of achieving minimum switch voltage stress, lowest switch rms
current, and lowest harmonic components in switch voltage. Af-
ter that, in Section IV, a step-by-step parameter design approach
is proposed for a Class E dc–dc converter with a large input in-
ductor and a resonant input inductor, respectively. Section V
quantitatively analyzes the effect of the input voltage variation
on the time instant at which the power switch voltage resonates
to zero, and an adaptive duty-cycle adjustment scheme is pro-
posed for reducing the reverse conduction loss of eGaN devices.
In Section VI, a 20-MHz 10-W prototype of the Class E dc–dc
converter is fabricated and tested, and the experimental results
are presented to verify the effectiveness of the proposed param-
eter design approach and the duty-cycle adjustment scheme.
Finally, Section VII concludes this paper.

II. OPERATING PRINCIPLE OF THE CLASS E DC–DC
CONVERTER WITH ON–OFF CONTROL

Fig. 1 shows the Class E dc–dc converter, which consists of a
Class E inverter and a Class D half-wave current-driven rectifier
[28]. The Class E inverter is composed of a power switch S (using
an eGaN device), an input inductor Lin , a parallel capacitor Cp
(including the output capacitor of S), a resonant inductor Lr , and
a resonant capacitor Cr . The Class D half-wave rectifier consists
of diodes D1 and D2 and an output filter capacitor Co . RLd is
the load resistor. The ON–OFF control is adopted to regulate the
output voltage. Before analyzing the operating principle of the
Class E dc–dc converter, the following assumptions are made.

1) S, D1 , and D2 are all ideal devices.
2) All the inductors and capacitors are ideal components.
3) The output voltage ripple is very small, and it can be

neglected.

A. ON–OFF Control

Fig. 2 shows the control diagram and key waveforms of the
ON–OFF control scheme. The output voltage vo is sensed and
compared with the voltage reference Voref by a hysteresis com-
parator, generating the enable signal EN for the gate driver. GD
is the original gate drive signal. When the converter works, vo
increases. As soon as vo reaches the high threshold VH , EN
becomes low level, i.e., EN = L. Thus, the gate drive signal is
disabled, and the converter is shutoff. Then, the load is powered
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Fig. 2. Control diagram and key waveforms of the ON-OFF control. (a) Control
diagram. (b) Key waveforms.

by Co , and vo decays. When vo decays to the low threshold
VL , EN becomes high level, i.e., EN = H, forcing the converter
to work. Here, we define that the converter operates in the ON

mode when EN = H and in the OFF mode when EN = L.
In the ON mode, the gate driver signal is enabled. The con-

verter operates at a constant switching frequency and supplies
the load with a fixed input power Pin , which is higher than
the required load power Po . Thus, the output capacitor Co is
charged, and the charging current can be expressed as

ICo on = (Pin − Po) /Vo . (1)

According to (1), the time interval of the ON mode ton can be
derived as

ton =
Co (VH − VL)

ICo on
=

Co (VH − VL) Vo

Pin − Po
. (2)

In the OFF mode, the driver signal is disabled, and the load
is supplied by Co . Thus, Co is discharged, and the discharging
current is given by

ICo off = Io = Po/Vo . (3)

According to (3), the time interval of the OFF mode toff can
be derived as

toff =
Co (VH − VL)

ICo off
=

Co (VH − VL) Vo

Po
. (4)

According to (2) and (4), the ON–OFF modulation frequency
fon-off can be derived as

fon-off =
1

Ton-off
=

1
ton + toff

=
Po (Pin − Po)

Co (VH − VL) VoPin
. (5)

As seen from (5), when Pin and Po are fixed, fon-off is deter-
mined by (VH − VL) and Co . (VH − VL) is the allowed output
voltage ripple, which is determined by the specifications. It will

Fig. 3. Key waveforms of the rectifier in the Class E dc–dc converter.

be explained in Section II-C that the conversion efficiency de-
creases with the increase of fon-off . As a result, a larger Co is
preferred for reducing fon-off and improving the efficiency, but
it will reduce the power density. Thus, there is a tradeoff when
designing the capacitance of Co .

With the ON-OFF control, the output power of the converter is
regulated by the duty-cycle of the ON–OFF modulation, denoted
as Don-off , as shown in Fig. 2(b). Hence, we have

Po = Don-offPin = Don-offVinIin (6)

where Pin is the input power of the converter when it is enabled,
and Vin and Iin are the input voltage and the input average
current, respectively. According to (6), Don-off increases with
the increase of Po .

B. Operating Principle of the Class E DC–DC Converter
During ON Mode

With the ON-OFF control, the Class E dc–dc converter only
delivers power to the load during the ON mode, and the operating
principle is presented as follows.

Recalling Fig. 1, the Lr–Cr branch is intentionally designed
to have very good frequency-selection characteristics. Thus, the
resonant current ir can be regarded as a pure sinusoidal wave-
form [2], expressed as

ir (ωst) = Irmsin (ωst − α) (7)

where Irm and α are the amplitude and the initial phase of ir ,
respectively, ωs = 2πfs is the angular switching frequency, and
fs is the switching frequency.

Fig. 3 depicts the key waveforms of the downstream rectifier,
where ir and vrect are the port current and voltage of the rectifier,
respectively, and iD1 and iD2 are the currents flowing through
D1 and D2 , respectively. When ir is positive, D1 turns ON and
D2 is OFF, and vrect is equal to Vo ; when ir is negative, D2 turns
ON and D1 is OFF, and vrect is equal to 0. As a result, vrect is a
square voltage with the amplitude of Vo . Obviously, vrect1 , the
fundamental component of vrect , is in phase with ir , and can be
expressed as

vrect1 (ωst) = Vrect1msin (ωst − α) (8)
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Fig. 4. Equivalent circuit of the Class E dc–dc converter.

Fig. 5. Key waveforms of the Class E dc–dc converter.

Fig. 6. Equivalent circuits of the Class E dc–dc converter. (a) [0, θ1 ].
(b) [θ1 , 2π].

where Vrect1m is the amplitude of vrect1 , given by

Vrect1m =
1
π

∫ 2π+α

α

vrect (ωst) sin (ωst − α) d (ωst) =
2Vo

π
.

(9)
If the forward conduction voltage VF of the rectifier diodes

D1 and D2 is considered, then the Vo in (9) should be replaced
by Vo + 2VF .

According to the above-mentioned analysis, the rectifier in
the Class E dc–dc converter is equivalent to a square voltage
source vrect . Thus, the Class E dc–dc converter is equivalent to
the circuit shown in Fig. 4, and the key waveforms are depicted in
Fig. 5, where iin is the input current, ir is the resonant current, icp
is the current of Cp , is is the current flowing through the power
switch, and vcp is the voltage across Cp . In one switching-
cycle, the Class E converter has two operating modes, and the
corresponding equivalent circuits are shown in Fig. 6.

Mode 1 [0, θ1]: At ωst = 0, the power switch S is turned-OFF,
and Cp is charged by the current difference between iin and ir ,

as shown in Fig. 6(a). Thus, we have

ωsCp
dvcp (ωst)

dωst
= iin (ωst) − ir (ωst) (10)

ωsLin
diin (ωst)

dωst
= Vin − vcp (ωst) . (11)

According to (10) and (11) and combining (7) and
Vcp (0) = 0, the expression for vcp(ωst) is derived as

vcp (ωst) =
ωsω

2
r Lin

ω2
s − ω2

r
Irmcos (ωst − α) + Vin

−
(

Vin +
ωsω

2
r Lin

ω2
s − ω2

r
Irmcos α

)
cos ωrt

+
(

Iin (0) − ω2
r Irm

ω2
s − ω2

r
sin α

)√
Lin

Cp
sin ωrt

(12)

where Iin (0) is the initial value of iin at the time instant ωst = 0,
and ωr = 1/

√
LinCp is the resonant frequency of Lin and Cp .

At ωst = θ1 , vcp resonates back to zero.

Mode 2 [θ1 , 2π]: At ωst = θ1 , the current difference between iin
and ir , i.e., iin − ir , is negative, and it flows through S due to
the reverse conduction mechanism of the eGaN device. Thus,
S can be turned-ON with zero-voltage. During this mode, the
input voltage is applied on Lin , forcing iin to increase linearly.
When ir resonates to be lower than iin , iin − ir becomes
positive and flows forward through S.

When ωst = 2π, S is turned-OFF, starting the next switching
period.

C. ON–OFF Transient Performance

With the ON-OFF control, the Class E dc–dc converter works
in the ON mode and the OFF mode alternately. The transient
performance between the ON and OFF modes is analyzed as
follows.

Fig. 7(a) shows the waveforms when the converter transits
from the ON mode to the OFF mode. At toff0 , the output voltage
reaches VH , and the enable signal EN turns to low level. Due
to the propagation delay of the gate driver, vgs is disabled at
toff1 . As a result, the actual peak value of the output voltage is
a little higher than the preset value VH . After toff1 , S is fully
turned-OFF, and the input inductor is not charged any longer by
the input voltage. Thus, iin decays. Meanwhile, the magnitude
of the resonant current starts decreasing. Because the average
value of the current difference iin − ir is positive, vcp will not
resonate back to zero, and a voltage spike is produced, as shown
in Fig. 7(a). When iin turns to negative, vcp starts to decay. The
smaller the input inductor, the lower the peak value of vcp . When
the resonant current decays to zero, there is no power transfer
to the load. After that, Lin and Cp are in free oscillation. In a
practical circuit, the oscillation would be damped gradually due
to the parasitic resistance.

Fig. 7(b) shows the waveforms when the converter transits
from the OFF mode to the ON mode. As can be seen, when
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Fig. 7. Simulated transient waveforms of the Class E dc–dc converter. (a) ON-to-OFF mode transition. (b) OFF-to-ON mode transition.

the output voltage decreases to VL at ton0 , the enable signal
EN turns to high level. The drive signal vgs is enabled at ton1
due to the propagation delay of the gate driver. After ton1 , both
the input current and the resonant current gradually increase.
However, the provided power is insufficient to power the load
at the beginning. Thus, the output capacitor is continuously
discharged, and the output voltage keeps decaying. When the
provided power increases to be higher than the load power, the
output capacitor will be charged and the output voltage starts
to increase. It should be noted that at the beginning of the OFF-
to-ON mode transition, the average value of the iin − ir during
the switch-OFF period is positive; thus, the switch voltage vcp
cannot resonate back to zero, leading to hard turn-ON loss of
the power switch. The smaller the input inductor, the shorter the
hard-switching period.

As discussed earlier, during the transition from ON mode to
OFF mode, the energy stored in the resonant components will be
dissipated in the parasitic resistance; and during the transition
from OFF mode to ON mode, unexpected hard-switching loss
occurs. As a result, the conversion efficiency would be degraded
if the ON-OFF modulation frequency increases.

As seen from Fig. 7, the propagation delay in the hysteresis
comparator and gate driver should be reduced for avoiding extra
output voltage ripples. Meanwhile, a smaller input inductor,
always called the resonant input inductor [29], is preferred for
improving the transient performance and reducing the output
voltage ripple. However, a too small input inductor will result
in a large current ripple, leading to increased copper loss in
the input inductor and conduction loss in the power switch.
Consequently, there is a tradeoff in the selection of the value of
Lin .

III. REALIZATION OF ZVS FOR THE POWER SWITCH

IN THE CLASS E DC–DC CONVERTER

The power switch is turned-OFF with zero-voltage because
Cp limits the rising rate of the voltage across it. To achieve

zero-voltage turn-ON, the voltage across Cp , i.e., vcp , should
be able to resonate back to zero. In this section, the optimized
ZVS condition is derived with the consideration of reducing the
voltage stress, switch rms current, and harmonic components in
switch voltage. For simplifying the analysis, the input inductor
Lin is first assumed to be large enough, and then, the design
results are extended to that with a resonant input inductor.

When the input inductor is quite large, the input current ripple
is very small and can be neglected. Thus, we have

iin (ωst) ≈ Iin (13)

where Iin is the dc component of the input current iin . Mean-
while, when Lin is relatively large, ωr is far lower than ωs , i.e.,
ωr << ωs . Thus, we have sin ωrt ≈ ωrt and cos ωrt ≈ 1. With
these considerations and ωr = 1/

√
LinCp , (12) can be approx-

imated as

vcp (ωst) ≈ ωsω
2
r Lin

ω2
s

Irmcos (ωst − α) + Vin

−
(

Vin +
ωsω

2
r Lin

ω2
s

Irmcos α

)

+
(

Iin − ω2
r Irm

ω2
s

sin α

)√
Lin

Cp
ωrt

=
Irm

ωsCp

[
cos (ωst − α) − cos α +

Iin

Irm
ωst

]
. (14)

According to (7)–(9), the input power of the rectifier network
can be derived as

Prect = Vrect1mIrm/2 = VoIrm/π. (15)

Assuming that the conversion efficiency is 100%, the input
power of the rectifier network is equal to the converter’s input
power, i.e., Prect = Pin = Vin Iin . Thus, according to (15), we
have

VinIin = VoIrm/π. (16)
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The voltage transfer ratio is defined as

Mv = Vo/Vin . (17)

Then, according to (16) and (17), we have

Iin

Irm
=

Mv

π
. (18)

As seen from Fig. 5, the amplitude of ir , i.e., Irm , should be
larger than Iin ; therefore, we have 0 < Mv < π.

Substituting (18) into (14) yields

vcp (ωst) =
Irm

ωsCp

[
cos (ωst − α) − cos α +

Mv

π
ωst

]
. (19)

A. Condition for Achieving ZVS

As shown in Figs. 5 and 6(a), after the power switch S is
turned-OFF, Cp , Lr , and Cr are in resonance together. Supposing
the resonance would not be interrupted by the turn-ON of S, vcp
would reach its minimum value at the second time when ir
is equal to Iin , as shown with the dashed line in Fig. 5. The
corresponding time instant is defined as θ2 ; this means that
Ir(θ2) = Iin. According to (7), we have

Irmsin (θ2 − α) = Iin . (20)

Solving (20) and combining the result with (18), θ2 is derived
as

θ2 = π − sin−1 (Mv/π) + α. (21)

Substituting (21) into (19), the minimum value of vcp is de-
rived as

Vcp min = Vcp (θ2) =
Irm

ωsCp

⎡
⎣−
√

1 −
(

Mv

π

)2

− cos α +
Mv

π

(
π − sin−1 Mv

π
+ α

)⎤
⎦. (22)

In order to achieve zero-voltage turn-ON for the power switch,
Vcp min should be lower than zero. Thus, the ZVS condition for
the power switch can be derived from (22) as

f(α) = −
√

1 −
(

Mv

π

)2

− cos α

+
Mv

π

(
π − sin−1 Mv

π
+ α

)
≤ 0. (23)

As shown in Fig. 5, at the turn-OFF instant of the power switch,
i.e., ωst = 0, ir is lower than Iin . Thus, according to (7), we have

Irmsin (0 − α) < Iin . (24)

With (18), (24) can be rewritten as

sinα > −Mv/π. (25)

Solving (25) leads to

αmin < α < αmax (26)

Fig. 8. Values of αZVSm for achieving ZVS.

Fig. 9. Range of θ1 for realizing ZVS.

where

αmin = −sin−1 (Mv/π) (27)

αmax = π + sin−1 (Mv/π) . (28)

According to (23), f(α) is depicted within the range of α
given in (26), as shown in Fig. 8. Obviously, when f(α) = 0, the
corresponding α, denoted as αZVSm , is the maximum value that
could achieve ZVS. As a result, for realizing ZVS for the power
switch, the satisfactory range of α is (αmin , αZVSm ].

As discussed earlier, at ωst = θ1 , vcp resonates back to zero.
Substituting Vcp (θ1) = 0 into (19) yields

cos (θ1 − α) − cos α +
Mv

π
θ1 = 0. (29)

From (29), it can be proved that θ1 increases with the increase
of α (the proof is given in the Appendix). Then, substituting (27)
and αZVSm obtained from Fig. 8 into (29), the minimum and
maximum values of θ1 for realizing ZVS can be obtained with
the help of MATLAB, as shown in Fig. 9, where the dashed line
represents the minimum value of θ1 , and the solid line represents
the maximum value, which is denoted as θ1ZVSm . As can be
seen, the minimum θ1 is around zero, and θ1ZVSm decreases
with the increase of Mv . As a result, for achieving ZVS over
the entire input voltage range, it is required to design θ1 at the
minimum input voltage (corresponding to the maximum value
of Mv ). The input voltage of the prototype designed in this paper
is 9–18 V, and the output voltage is 5 V. Thus, the maximum
value of Mv in this case is 5/9 � 0.56.
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B. Optimized Selection of θ1

As shown in Fig. 9, the satisfactory range of θ1 to achieve ZVS
is (0, θ1ZVSm ]. For optimizing the design of the converter, the
voltage stress of the power switch, the switch rms current, and
the voltage harmonic components of vcp with different values
of θ1 (θ1 � (0, θ1ZVSm ]) are analyzed in the following.

1) Voltage Stress of the Power Switch: As seen from Fig. 5,
after the power switch is turned-OFF, vcp reaches its maximum
value, i.e., Vcp max at the first time when ir is equal to Iin . The
corresponding time instant is denoted as θm , and Ir(θm) = Iin.
According to (7), we have

Irm sin (θm − α) = Iin . (30)

By solving (30), the expression for θm is given by

θm = α + sin−1 (Mv/π) . (31)

Substituting (31) into (19) yields

Vcp max =
Irm

ωsCp

⎡
⎣
√

1 −
(

Mv

π

)2

− cos α

+
Mv

π

(
α + sin−1 Mv

π

)⎤
⎦. (32)

Considering the voltage–second balance of Lin , we have

v̄cp =
1
2π

∫ θ1

0
vcp (ωst) = Vin . (33)

Substitution of (19) into (33) leads to

Irm

ωsCp
=

πVin

Mvθ2
1/2π − θ1cos α + sin (θ1 − α) + sin α

. (34)

Meanwhile, α can be solved from (29) as

α =
θ1

2
− sin−1 Mvθ1

2πsin (0.5θ1)
. (35)

Substituting (34) and (35) into (32) and taking Vin as the
base, the normalized Vcp max can be obtained as (36) given at
the bottom in this page.

According to (36), the plot of V ∗
cp max versus θ1 at Mv = 0.56

is depicted, as shown in Fig. 10 with the solid line. As can be
seen, when θ1 � (0, θ1ZVSm ], the V ∗

cp max decreases with the
increase of θ1 .

2) Switch RMS Current: In light of (7), after the power
switch is turned-ON, the switch current is can be expressed
as

is (ωst) = Iin − Irmsin (ωst − α) . (37)

Fig. 10. Plots of V ∗
cpm , I∗srm s , and THD of vcp vs. θ1 .

Substitution of (18) and (35) into (37) leads to

is (ωst) = Irm

[
Mv

π
−sin

(
ωst− θ1

2
+sin−1 Mvθ1

2πsin (0.5θ1)

)]
.

(38)
As discussed in Section II, the ON-OFF duty-cycle Don-off

increases with the load power. Defining the maximum ON-OFF

duty-cycle corresponding to Po (nom) as Don-offm , we have

Po(nom) = VoIo(nom) = Don-offmPrect (39)

where Io(nom) is the rated output current.
Substituting (15) into (39) leads to

Irm = πIo(nom)/Don-offm . (40)

The rms value of the switch current is given by

Isrms =

√
1
Ts

∫ 2π

θ1

i2s (ωst) dωst. (41)

Substituting (40) into (38) first and, then, substituting the
result into (41), the expression for the normalized Isrms can be
obtained with Io(nom) as the base as

I∗srms = Isrms/Io(nom) =
1

Don-offm√√√√π

2

[
π −

(
0.5 (θ1 − sin θ1)

+ θ1 M 2
v

2π 2

(
θ1cot θ1

2 − 2
)
)]

+ M 2
v .

(42)

It can be seen from (42) that a larger Don-offm results in a
lower Isrms . Here, Don-offm = 0.85 is selected. Then, according
to (42), the plot of I∗srms against θ1 at Mv = 0.56 is depicted, as
shown in Fig. 10 with the dashed line. As can be seen, when θ1
� (0, θ1ZVSm ], I∗srms decreases with the increase of θ1 .

3) Harmonic Components in vcp : As mentioned previously,
the Lr–Cr branch serves as a frequency selection network.

V ∗
cp max =

Vcp max

Vin
=

π

[√
1 − (Mv

π

)2 − cos θ1
2

√
1 −

(
Mv θ1

2π sin (0.5θ1 )

)2
+ Mv

π

(
sin−1 Mv

π − sin−1 Mv θ1
2π sin (0.5θ1 )

)]

(
sin θ1

2 − θ1
2 cos θ1

2

)√
1 −

(
Mv θ1

2π sin 0.5θ1

)2
(36)
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Hence, lower harmonic components in vcp will benefit from
the design of Lr and Cr .

With cos (kωst − α) and sin (kωst − α) as the orthogonal
basis, according to the Fourier deposition, we have

vcp(ωst) = Vin +
∞∑

k=1

[akcos (kωst − α) + bk sin (kωst − α)]

(43)
where

ak =
1
π

∫ θ1

0
vcp (ωst)cos (kωst − α) dωst (44)

bk =
1
π

∫ θ1

0
vcp (ωst)sin (kωst − α) dωst. (45)

Then, the kth harmonic component in vcp is given by

Vcpkm =
√

a2
k + b2

k (46)

and the total harmonic distortion (THD) of vcp is given by

THD =
√∑∞

k=2
Vcpkm/Vcp1m . (47)

According to (19) and (44)–(47), the plot of the THD of vcp
versus θ1 at Mv = 0.56 is depicted, as shown in Fig. 10 with
the dot-dashed line. It can be found that when θ1 � (0, θ1ZVSm ],
the THD of vcp decreases with the increase of θ1 .

As seen from Fig. 10, when θ1 is equal to θ1ZVSm , all the
voltage stress, the switch rms current, and the THD of vcp will
be minimized.

IV. PARAMETER DESIGN FOR CLASS E DC–DC CONVERTER

As analyzed in Section III, for achieving ZVS and reducing
the voltage stress, the switch rms current, and the THD of vcp ,
θ1ZVSm is selected as the time instant at which vcp resonates
to zero. Based on this, the parameter design of the Class E
dc–dc converter is presented in this section. For simplicity, the
design approach for the converter with a large input inductor is
first proposed and, then, extended to that with a resonant input
inductor.

A. Parameter Design for the Class E DC–DC Converter With
Large Input Inductor

1) Design of the Input Inductor Lin : According to (6), the
average input current Iin at the rated output power and the min-
imum input voltage is given by

Iin =
Pin

Vinmin
=

Po(nom)

Don-offmVinmin
(48)

where Don-offm is the ON-OFF modulation duty-cycle at the rated
output power.

Within [θ1ZVSm , 2π], the current of Lin increases linearly,
and the ripple current can be approximately expressed as

Δiin = Vinmin (2π − θ1ZVSm) / (ωsLin) . (49)

In the case of a large input inductor, we have Δiin << Iin ;
then, according to (48) and (49), the large choke inductance can

be derived as

Lin >> V 2
inminDon-offm (2π − θ1ZVSm) /ωsPo(nom) . (50)

2) Design of the Parallel Capacitor Cp : Substituting
θ1 = θ1ZVSm into (35) leads to

αZVSm =
θ1ZVSm

2
− sin−1 Mvθ1ZVSm

2πsin (0.5θ1ZVSm)
. (51)

Substitution of (51) into (19) yields

vcp (ωst) =
Irm

ωsCp⎡
⎢⎣

cos
(
ωst − θ1 Z V S m

2 + sin−1 Mv θ1 Z V S m
2π sin (0.5θ1 Z V S m )

)

−cos
(

θ1 Z V S m
2 − sin−1 Mv θ1 Z V S m

2π sin (0.5θ1 Z V S m )

)
+ Mv

π ωst

⎤
⎥⎦ .

(52)

Furthermore, substituting (52) and θ1 = θ1ZVSm into (33) and
combining with (40), the expression for Cp can be derived as

Cp =
MvPo(nom)

ωsDon-offmV 2
o

⎡
⎣
√

1−
(

Mv θ1 Z V S m
2π sin (0.5θ1 Z V S m )

)2

(
sin θ1 Z V S m

2 − θ1 Z V S m
2 cos θ1 Z V S m

2

)
⎤
⎦.
(53)

3) Design of the Lr–Cr Resonant Branch: Basically, the
Lr–Cr resonant branch performs as a frequency selection net-
work. The required fundamental current is supplied for the
downstream rectifier, and meanwhile, good frequency-selection
ability is provided to ensure that ir is approximated to be a pure
sinusoidal wave.

In order to realize ZVS for the power switch, the Lr–Cr
branch should be inductive at fs [4]. Thus, the fundamental
voltage across Lr–Cr leads ir by about 90°. Hence, according
to (7), the voltage across Lr–Cr vLC can be expressed as

vLC (ωst) = VLCmcos (ωst − α) (54)

where VLCm is the fundamental voltage amplitude.
According to Fig. 4, and combining (8) with (54), the funda-

mental component of vcp can be expressed as

vcp1 (ωst) = VLCmcos (ωst − α) + Vrect1msin (ωst − α) .
(55)

On the other hand, the fundamental component of vcp can
also be derived from (44)–(46) as

vcp1 (ωst) =[
1
π

∫ θ1

0
vcp (ωst) cos (ωst − α) dωst

]
cos (ωst − α)

+
[

1
π

∫ θ1

0
vcp (ωst) sin (ωst − α) dωst

]
sin (ωst − α) . (56)

According to (55) and (56), we have

VLCm =
1
π

∫ θ1

0
vcp (ωst) cos (ωst − α) dωst. (57)
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Fig. 11. Harmonic components in vcp with θ1 = θ1ZVSm .

Substituting (52) and θ1 = θ1ZVSm into (57) yields

VLCm =
Irm

πωsCp

⎡
⎣

1
2 (θ1ZVSm − sin θ1ZVSm)

− θ1 Z V S m M 2
v

2π 2

(
2 − θ1 Z V S m

tan0.5θ1 Z V S m

)
⎤
⎦ . (58)

Furthermore, substituting (40) and (53) into (58), VLCm can
be expressed as

VLCm =

Vo

[
1
2 (θ1ZVSm−sinθ1ZVSm) − θ1 Z V S m M 2

v

2π 2

(
2− θ1 Z V S m

tan0.5θ1 Z V S m

)]

Mv

√
1−
(

Mv θ1 Z V S m
2π sin(0.5θ1 Z V S m )

)2(
sin θ1 Z V S m

2 − θ1 Z V S m
2 cos θ1 Z V S m

2

).

(59)

Defining Xfs as the fundamental equivalent reactance of the
Lr–Cr branch, we have

VLCm = IrmXfs . (60)

Substituting (40) into (60) leads to

Xfs =
Don-offmVLCm

πIo(nom)
(61)

where the expression for VLCm is given in (59).
According to (52) and (44)−(46), Fig. 11 shows the harmonic

voltage analysis when θ1 = θ1ZVSm . As can be seen, the har-
monic components in vcp decrease with the increase of harmonic
order. Meanwhile, the harmonic suppression capability of the
Lr–Cr resonant branch becomes stronger with the increase of
harmonic order. As a result, the second harmonic current Ir2m is
the highest harmonic component in the resonant current. Thus,
when Ir2m << Irm , ir can be regarded as a sinusoidal wave-
form.

Defining λ as the ratio of Ir2m to Irm , we have

Ir2m = λIrm = Vcp2m/X2fs (62)

where X2fs is the second harmonic equivalent reactance of the
Lr–Cr branch, and Vcp2m is the second harmonic voltage am-
plitude, which can be obtained from (44)–(46). Since vrect is a
square voltage and Vrect2m = 0, Vcp2m is the second harmonic
voltage component across the Lr–Cr branch.

Substituting (40) into (62) yields

X2fs =
Don-offmVcp2m

λπIo(nom)
. (63)

Fig. 12. Equivalent ac impedance across the power switch (ZDS ).

Xfs and X2fs can also be, respectively, expressed as

Xfs = ωsLr − 1
ωsCr

(64)

X2fs = 2ωsLr − 1
2ωsCr

. (65)

According to (61) and (63)–(65), the expressions for Lr and
Cr are given by

Lr =
VoDon-offm (2Vcp2m/λ − VLCm)

3ωsπPo(nom)
(66)

Cr =
3πPo(nom)

2ωsVoDon-offm (Vcp2m/λ − 2VLCm)
. (67)

The voltage amplitude of the resonant capacitor Cr is VCrm =
Irm/(ωsCr). According to (40) and (67), we have

VCrm =
Irm

ωsCr
=

2
3

(
Vcp2m

λ
− 2VLCm

)
. (68)

Obviously, VCrm increases when λ reduces. Therefore, the
selection of λ is a tradeoff between the sinusoidal requirement
of ir and the voltage stress of Cr .

B. Parameter Design for the Class E DC–DC Converter With
Resonant Input Inductor

For achieving better transient performance and higher power
density, the input inductor in the Class E dc–dc converter is pre-
ferred to be smaller. This will make the parameter design more
complex since the small input inductor will be involved in the
resonance. Actually, for the Class E dc–dc converter, the oper-
ation performance is mainly determined by the ac impedance
across the power switch, defined as ZDS , as shown in Fig. 12.
Specifically, the impedance at the switching frequency and its
harmonic components determines the time-domain waveform of
the converter, and the impedance at the switching frequency is
the most crucial [30]. Based on this consideration, a capacitance
compensation approach is proposed to extend the design results
of the Class E dc–dc converter with a large input inductor to that
with a resonant input inductor.

As shown in Fig. 12, if the input inductor is quite large, it can
be regarded as an open circuit at the switching frequency. For a
smaller input inductor, in order to make the converter maintain
the optimized performance as designed in the case of a large
inductor, an extra capacitor Cp r is introduced, to be connected in
parallel with Lin . When the resonant frequency 1/(2π

√
L in Cp r )

is equal to the switching frequency, the impedance of ZDS at
the switching frequency would be the same as that with a large
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input inductor. Thus, Cp r is given by

Cp r =
1

ω2
s Lin r

. (69)

Cp r can be combined with the parallel capacitance Cp , which
implies that, based on the designed parameters for a large input
inductor, when the input inductance is reduced, we only need
to increase Cp to keep the fundamental frequency impedance
unchanged. In fact, according to (69), Cp r is inversely propor-
tional to the input inductance. When Lin is large enough, the
value of Cp r is quite small and can be neglected.

In summary, a step-by-step parameter design approach for the
Class E dc–dc converter, which is applicable to both the large
input inductor and resonant input inductor, is proposed. With
this parameter design approach, the optimized circuit parameters
can be obtained without repetitive time-domain simulations or
complicated numerical calculations.

V. DESIGN OF THE DUTY-CYCLE FOR THE POWER SWITCH

Referring to Fig. 5, for achieving ZVS, the power switch
should be turned-ON after the time instant at which vcp resonates
to zero and before the time instant at which Iin − ir becomes
positive. In short, the turn-ON instant θon should satisfy

θ1 ≤ θon ≤ θ2 . (70)

With θ1 = θ1ZVSm and by substituting (51) into (21), the
expression of θ2 can be obtained as

θ2 = π +
θ1ZVSm

2
− sin−1 Mvθ1ZVSm

2πsin (0.5θ1ZVSm)
− sin−1 Mv

π
.

(71)
According to (70), (71), θ1 = θ1ZVSm , and θon = 2π(1 −

Dy), the satisfactory range of Dy can be derived as

1
2
− 1

2π

[
0.5θ1ZVSm − sin−1 Mv/π

−sin−1 Mv θ1 Z V S m
2π sin(θ1 Z V S m /2)

]
≤ Dy ≤ 1 − θ1ZVSm

2π
.

(72)
Referring to Fig. 5, within (θ1ZVSm , θon), the power switch

is reverse conducted. For an eGaN device, the reverse conduc-
tion voltage is quite higher than the forward conduction voltage.
Thus, it is better to set θon = θ1ZVSm to save the reverse con-
duction loss. Thus, we have

DyZVSm = 1 − θ1ZVSm

2π
. (73)

In fact, it should be noted that when the circuit parameters
are fixed, the values of θ1 will change with the variation of the
input voltage. For achieving the ZVS and avoiding the reverse
conduction loss, it is necessary to adjust the duty-cycle of the
power switch according to the variation of θ1 . The relationship
between θ1 and Vin is analyzed as follows.

In light of (57) and (60), we have

IrmXfs =
1
π

∫ θ1

0
vcp (ωst) cos (ωst − α) dωst. (74)

TABLE II
SPECIFICATIONS OF THE PROTOTYPE

TABLE III
COMPONENTS ADOPTED IN CLASS E DC–DC CONVERTER

WITH θ1 = θ1ZVSm

Substituting (19) and (35) into (74) leads to

πωsCpXfs =
1
2

(θ1 − sin θ1) − θ1M
2
v

2π2

(
2 − θ1

tan0.5θ1

)
.

(75)
Then, by substituting (17) and (64) into (75), the relationship

between θ1 and Vin can be expressed as

πCp

(
ω2

s Lr − 1
Cr

)
=

1
2

(θ1 − sin θ1)

− θ1V
2
o

2π2V 2
in

(
2 − θ1

tan0.5θ1

)
. (76)

Substituting the converter parameters listed in Tables II
and III given in Section VI into (76), the plot of θ1 against
Vin can be depicted, as shown in Fig. 13 with the solid line. As
can be seen, θ1 reduces with the increase of Vin . To avoid the
reverse conduction of the eGaN device, the duty-cycle should
be adjusted as Dy = 1 − θ1 /2π, and the plot of Dy against Vin
is depicted, which is also shown in Fig. 13 with the dashed line.

Fig. 14 shows the control diagram of the duty-cycle adaptive
control. The relationship between Dy and Vin is pre-computed
and stored in the lookup table. By sampling the input voltage, the
corresponding Dy is adjusted to avoid the reverse conduction,
thereby improving the efficiency.
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Fig. 13. Plots of θ1 and Dy against Vin .

Fig. 14. Control diagram of the adaptive duty-cycle adjustment scheme.

VI. EXPERIMENTAL RESULTS

A. Design Example

To verify the effectiveness of the proposed parameter de-
sign approach and the adaptive duty-cycle adjustment scheme,
a prototype of the Class E dc–dc converter is fabricated with the
specifications given in Table II.

According to Sections IV and V, the parameters of the Class E
dc–dc converter, including Lin , Cp , Lr , Cr , and Dy , can be
designed with the following steps.

Step 1: Substituting Vinmin = 9 V and Vo = 5 V into (17), the
maximum Mv is about 0.56. According to (23), the initial
phase of the resonant current can be obtained as αZVSm =
1.72. Then, θ1ZVSm = 4.65 can be obtained from (29).

Step 2: Calculate the parallel capacitor Cp . Substituting
Mv = 0.56, Vo = 5 V, θ1ZVSm = 4.65, Don-offm = 0.85, and
Po(nom) = 10 W into (53), we have Cp = 3.98 nF. Note
that the parasitic capacitance of the power switch is included
in Cp .

Step 3: Calculate the resonant inductor Lr and resonant capacitor
Cr . From (59), VLCm = 11.09 V can be obtained. According
to (52) and (44)–(46), the second harmonic voltage Vcp2m
can be calculated as 1.94 V. Considering that the maximum
voltage across Cr is limited to 40 V, λ = 0.027 is finally
selected. According to (66) and (67), we have Lr = 47.58 nH
and Cr = 1.78 nF.

Step 4: Calculate the input inductor Lin . Here, the following two
different cases are designed to verify the effectiveness of the
proposed design approaches.

TABLE IV
PARAMETERS OF THE PROTOTYPES WITH DIFFERENT θ1

1) Large Input Inductor: Substituting Don-offm = 0.85 and
Po(nom) = 10 W into (54), we have Lin c >> 90 nH. Here,
Lin c = 2.2 μH is chosen.

2) Resonant Input Inductor: Two resonant inductors are se-
lected as Lin r1 = 180 nH and Lin r2 = 90 nH, which are
lower than one-tenth and one-twentieth of the selected
large inductor Lin c.

Step 5: Calculate the extra capacitance Cp r . According to (69),
Cp r for Lin r1 and Lin r2 can be calculated as 351.8 and
703.6 pF, respectively. Thus, the total parallel capacitance
is 4.33 and 4.68 nF, respectively, for the two resonant input
inductors.

Step 6: Determine the duty-cycle for the power switch. Substi-
tuting θ1ZVSm = 4.65 into (73), the duty-cycle corresponding
to the minimum input voltage is DyZVSm = 0.26. When the
input voltage experiences certain variations, the duty-cycle of
the power switch will adjust according to (76), as shown in
Fig. 13.

Step 7: Determine the output voltage ripple and the output ca-
pacitor. Setting the output voltage ripple to 2% of the output
voltage, i.e., about 100 mV, we have Pin = Po(nom)/Don-offm
= 11.76 W. The modulation frequency at the full load is se-
lected to be around 30 kHz, and the corresponding output
capacitor is derived as 100 μF from (5).

The final designed parameters are listed in Table III. Lr , Lin r1 ,
and Lin r2 adopt the air-core inductors from coilcraft, Cp , and Cr
use the low-equivalent series resistor (ESR) multilayer ceramic
capacitors from AVX, and the eGaN device EPC2016 is adopted
for the power switch to achieve high switching speed and low
loss. The nonlinear output capacitance of the eGaN is equivalent
to a linear one and is absorbed in the parallel capacitance [31],
[32]. The equivalent linear capacitance of EPC2016 is about 400
pF, which is about one-tenth of the total parallel capacitance.
As the performance of the converter is quite sensitive to the
variation of the resonant components, the passive components
with a tolerance of ±2% to ±5% are adopted in our prototype.

B. Experimental Verification

As discussed in Section III, when θ1 is optimally designed
at 4.65, the ZVS can be realized, while the voltage stress, the
switch rms current, and the THD of vcp can be minimized. Here,
three other groups of parameters with different values of θ1 are
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Fig. 15. Experimental waveforms with different θ1 at Vin = 9 V. (a) θ1a = 1.88, Dya = 0.7. (b) θ1b = 3.14, Dyb = 0.50. (c) θ1ZVSm = 4.65, DyZVSm = 0.26.
(d) θ1c = 5.34, Dyc = 0.15.

selected, as listed in Table IV, to make a comparison, where
θ1a < θ1b < θ1ZVSm < θ1c .

1) Verification of the Optimized θ1: The experimental wave-
forms of the converter at Vin = 9 V with different θ1 are shown
in Fig. 15, where vgs is the drive signal of the power switch, Iin
is the input current of the converter, ir is the resonant current
in the Lr–Cr branch, and vcp is the voltage across Cp . As can
be seen, when θ1 � θ1ZVSm , the power switch always realizes
ZVS. On the contrary, when θ1 = 5.34 > θ1ZVSm , vcp cannot
resonate back to zero, and ZVS is lost. From Fig. 15(a)–(c), it
is obvious that the voltage stress of the power switch decreases
with the increase of θ1 . When θ1 = θ1ZVSm , the voltage stress
achieves its minimum value.

When the power switch conducts, the current difference
of Iin and ir flows through the power switch, as shown
in the shaded area in Fig. 15(a)–(c). Obviously, the switch
rms current becomes smaller with the increase of θ1 , and
the power switch conduction loss will also decrease. Fig. 16
shows the corresponding conversion efficiency. As can be
seen, the conversion efficiency improves with the increase
of θ1 , and when θ1 = θ1ZVSm , the highest efficiency is
achieved.

Fig. 17 shows the voltage harmonic component analysis of
vcp with different θ1 , where vgs is the gate drive signal and vcp
is the voltage across Cp . As can be seen, with the increase of

Fig. 16. Plots of measured conversion efficiency at Vin = 9 V.

θ1 , the harmonic components are reduced, which is helpful for
the design of the Lr–Cr resonant branch.

Table V presents the performance comparison of these four
design cases in terms of the ZVS realization ability, the switch
voltage stress, the switch current rms, and the THD of vcp . It
is obvious that θ1 = θ1ZVSm is the optimized design result to
help achieve ZVS operation, minimum switch voltage stress,
smallest switch rms current, and lowest harmonic component of
the switch voltage.
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Fig. 17. Harmonic component analysis in vcp with different θ1 .
(a) θ1a = 1.88. (b) θ1b = 3.14. (c) θ1ZVSm = 4.65.

TABLE V
PERFORMANCE COMPARISON

2) Verification for the Case With Resonant Input Inductor:
Fig. 18 shows the steady-state waveforms of the Class E dc–
dc converter with a resonant input inductor. As can be seen,
thanks to the compensation capacitance Cp r , the waveforms of

Fig. 18. Experimental waveforms with resonant input inductor.
(a) Lin r = 180 nH. (b) Lin r = 90 nH.

Fig. 19. Efficiency comparison of the converter with different input inductors.

vcp , and ir in Fig. 18 are almost the same as that in Fig. 15(c),
indicating that the capacitance compensation approach for the
resonant input inductor is effective.

Fig. 19 shows the efficiency comparison of the converter with
different input inductors. As can be seen, the conversion effi-
ciency decreases with the reduction of the input inductance. This
is because the input current ripple grows when the input induc-
tance reduces, resulting in higher copper loss in the inductor and
increased conduction loss in the power switch.

3) Verification for the on–off Transient Performance:
Figs. 20 and 21 show the detailed experimental waveforms of
the ON/OFF mode transient performance of the Class E dc–dc



LI et al.: OPTIMIZED PARAMETERS DESIGN AND ADAPTIVE DUTY-CYCLE ADJUSTMENT 7741

Fig. 20. Experimental waveforms with large input inductor Lin c = 2.2 μH
during (a) ON-to-OFF mode transition and (b) OFF-to-ON mode transition.

Fig. 21. Experimental waveforms with resonant input inductor
Lin r = 90 nH during (a) ON-to-OFF mode transition and (b) OFF-to-ON

mode transition.

Fig. 22. Dynamic response waveforms. (a) Load is step changed between
10% and 100% load. (b) Input voltage changes from 9 to 18 V.

converter with different values of input inductor. As can be seen,
the propagation delay of the driver signal is less than 50 ns and
can be neglected. It can be found from Figs. 20(a) and 21(a) that
an obvious voltage spike occurs across the power switch during
the ON-to-OFF mode transition. Compared with the case with a
large input inductor, the voltage spike is reduced by 32% when
the small resonant inductor is adopted. According to Figs. 20(b)
and 21(b), it can also be found that the ZVS of the power switch
is lost at the beginning of the OFF-to-ON mode transition. The
hard switching loss can be reduced by 50% if a small resonant
inductor is used, thanks to the improved dynamic response of
the converter.

In conclusion, although the reduction of the input inductance
would increase the input current ripple, it is beneficial for im-
proving the converter transient performance and increasing the
power density. Moreover, the reduced voltage spike gives the po-
tential for adopting the power switch with a lower rated voltage,
paving the way for further efficiency improvement.

Fig. 22(a) shows the dynamic response waveforms when the
load is step changed between 10% and 100% full load, where
Io is the load current, Δvo is the output voltage ripple, and vcp
is the voltage across the power switch. As can be seen, when
the output voltage increases to the upper voltage threshold, the
converter is disabled and the output voltage decreases; and when
the output voltage decreases to the lower voltage threshold, the
converter is enabled and the output voltage gradually increases.
The voltage ripple Δvo is about 100 mV, and the modulation



7742 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 8, AUGUST 2019

Fig. 23. Experimental waveforms of the power switch without the adaptive
duty-cycle adjustment scheme. (a) Vin = 12 V. (b) Vin = 18 V.

frequency at full load is around 30 kHz, which agrees with the
designed value. Thanks to the ON–OFF control, the settling time
is nearly zero, and no voltage undershoot/overshoot occurs.

Fig. 22(b) depicts the dynamic response waveforms when
the input voltage is changed. Due to the output characteristic
of the dc source (62012P-80-60, Chroma), the input voltage
transient from 9 to 18 V requires about 1 ms. With ON-OFF

control, there is also no voltage undershoot/overshoot during
this transient. It can also be observed that with the increase
of input voltage, the modulation frequency becomes higher.
This is because the converter’s input power increases with the
rise of input voltage, and the ON mode period is shortened
accordingly.

4) Verification for the Adaptive Duty-Cycle Adjustment:
Figs. 23 and 24 depict the experimental waveforms of the gate
drive signal vgs and the switch voltage vcp at different input
voltages with and without adoption of the adaptive duty-cycle
adjustment scheme, respectively. It can be found that the power
switch can realize ZVS. However, without the adaptive duty-
cycle adjustment scheme, when the input voltage increases, the
reverse conduction of the eGaN device is triggered due to the
decrease of the time instant θ1 , as shown in Fig. 23. When the
adaptive duty-cycle adjustment scheme is adopted, the reverse

Fig. 24. Experimental waveforms of the power switch with the adaptive duty-
cycle adjustment scheme. (a) Vin = 12 V. (b) Vin = 18 V.

conduction time is reduced, as shown in Fig. 24. Thus, the re-
verse conduction loss can be significantly reduced.

VII. CONCLUSION

This paper analyzes the operation principle of the Class E
dc–dc converter operating at multi-MHz with ON-OFF control.
According to the ZVS condition, the satisfactory region of the
time instant at which the switch voltage resonates to zero is
first presented. Then, an optimized time instant is further de-
rived for minimizing the switch voltage stress, switch rms cur-
rent, and switch voltage harmonic components. Based on this
result, a step-by-step parameter design approach is proposed,
with which the optimized main circuit parameters can be ob-
tained for a Class E dc–dc converter with a large input inductor
without time-consuming simulations or complex numerical cal-
culations. Furthermore, a capacitance compensation approach
is proposed for a Class E dc–dc converter with a resonant input
inductor. Moreover, the effect of the input voltage variation on
the ZVS performance is also quantitatively discussed, and an
adaptive duty-cycle adjustment scheme is proposed for signifi-
cantly reducing the reverse conduction loss and, thus, improv-
ing the efficiency over the entire input voltage range. Finally, a
prototype of 20-MHz 10-W Class E dc–dc converter is fabri-
cated, and the experimental results are presented to verify the
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effectiveness of the proposed optimized parameter design ap-
proach and the adaptive duty-cycle adjustment scheme.

APPENDIX

This appendix is provided to prove that θ1 increases with the
increase of α.

According to (29), the derivative of θ1 with respect to α is
given by

dθ1

dα
=

sin (θ1 − α) + sinα

sin (θ1 − α) − Mv

π

. (A1)

In light of Fig. 5, Cp is discharged at the time instant θ1 ,
which means Ir(θ1) ≥ Iin. Then, according to (7), we have

Irmsin (θ1 − α) ≥ Iin . (A2)

According to (18), (A2) can be rewritten as

sin (θ1 − α) − Mv

π
≥ 0. (A3)

Substituting (25) into (A3), we have

sin (θ1 − α) + sinα > 0. (A4)

As a result, according to (A3) and (A4), it is obvious that
the right-hand side of (A1) is positive, i.e., dθ1/dα > 0, which
means θ1 increases with the increase of α.
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