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Analysis of Class DE Current Driven
Low di/dt Rectifier
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Abstract—Class DE current driven low di/dt rectifier satisfies
Class E switching condition and low diode current stress, which is
no more than the output current. Thus, the switching loss is de-
creased extremely. In this paper, the Class DE current driven low
di/dt rectifier is analyzed for any diode-on-duty-ratio. The initial
phase angle of the input current, the current and voltage transfer
functions, the normalized input resistance and inductance, the nor-
malized diode voltage stress, and the power-output capability are
obtained, and clarified as the functions of the diode-on-duty ratio
and those of R/wL. Moreover, the power conversion efficiency
and the circuit design method are shown. The circuit performance
has been confirmed by the simulation results and the experimental
results. In the simulation and the experiment, the characteristics of
the output voltage and the power conversion efficiency against the
amplitude of the input current, the load resistance, and the oper-
ation frequency have been obtained. In addition, the relationship
between the equations, simulation results, and experimental results
have been obtained. Theoretical, simulation, and experimental re-
sults were in good agreement with each other.

Index Terms—Class DE current driven low di/dt rectifier, zero
current derivative switching (ZCDS), zero current switching
(ZCS).

I. INTRODUCTION

SWITCHED-MODE power supply is required downsizing,
low cost, high efficiency, and low noise. To satisfy down-

sizing and low cost, the power converters are required to be
operated in high frequency. However, the high-frequency oper-
ation increases the switching losses at switching devices, such
as diodes or MOSFETs, which decrease the power conversion
efficiency. In addition, the high-frequency operation causes the
noise. To solve the efficiency and the noise problems in the
diodes, Class D rectifiers [1]–[6], Class E rectifiers [5]–[33],
and Class DE rectifiers [34]–[41] have been proposed. The fea-
tures of Class D rectifiers, Class E rectifiers, and Class DE
rectifiers are summarized in Table I.

Class D voltage driven half-wave rectifier [4]–[6], which is
one of the Class D rectifiers, has the following features: the
diodes turning on and off at zero-voltage switching (ZVS) and
low dv/dt, and the low diode current stress, which is no more
than the output current. However, the diodes turn on and off
at high di/dt, which causes more switching losses in high fre-
quency range.
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Class E current driven low di/dt rectifier [26]–[29], which
is one of the Class E rectifiers, has the following features: the
diodes turning on at zero-current switching (ZCS ), zero-current
derivative switching (ZCDS), ZVS, and low dv/dt, and turning
off at ZCS and low di/dt. However, the diode current stress of
the rectifier is high, which is several times higher than the output
current.

Combining the properties of the Class D voltage driven half-
wave rectifier and the Class E current driven low di/dt rectifier,
Class DE current driven low di/dt rectifier [40] was proposed.
The Class DE current driven low di/dt rectifier, which is one
of the Class DE rectifiers, has the following features: the diodes
turning on at ZCS, ZCDS, ZVS, and low dv/dt, and turning
off at ZCS and low di/dt. Moreover, the diode current stress of
the rectifier is low, which is no more than the output current. In
[40], the equations of the voltage and current waveforms for the
diodes and the inductor are derived.

In this paper, the Class DE current driven low di/dt rectifier
is analyzed for any diode-on-duty-ratio. The initial phase angle
of the input current, the current and voltage transfer functions,
the normalized input resistance and inductance, the normalized
diode voltage stress, and the power-output capability are ob-
tained, and clarified as functions of the diode-on-duty ratio and
those of R/wL. Moreover, the power conversion efficiency and
the circuit design method are shown. The performance has been
confirmed with the simulations and the circuit experiments. In
the simulation and the experiment, the characteristics of the
output voltage and power conversion efficiency against the am-
plitude of the input current, the load resistance, and the opera-
tion frequency have been obtained. In addition, the relationship
between the derivations, simulation results, and experimental
results have been obtained.

II. CIRCUIT DESCRIPTION

Fig. 1(a) shows a circuit topology of the Class DE current
driven low di/dt rectifier, which consists of two diodes D1 and
D2 , an inductor L, a filter inductor LF , a filter capacitor CF , and
a load resister R. The filter inductor LF and the filter capacitor
CF form a second-order low-pass output filter. The input current
of the Class DE current driven low di/dt rectifier is an ac current
source iIN , which supplies a sinusoidal current with an operating
frequency f . Assuming that the filter inductance LF is large
enough to feed a constant current, the LF –CF output filter and
the load resister R can be replaced by a dc current sink IO .
Fig. 1(b) shows an equivalent circuit of the Class DE current
driven low di/dt rectifier.

Fig. 2 shows the idealized current and voltage waveforms in
the Class DE current driven low di/dt rectifier, where iIN is
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TABLE I
CONVENTIONAL OF SOFT-SWITCHING RECTIFIER

Fig. 1. Class DE current driven low di/dt rectifier. (a) Circuit diagram.
(b) Equivalent circuit.

Fig. 2. Idealized current and voltage waveforms in the rectifier of Fig. 1.
(a) D < 0.75. (b) D = 0.75. (c) D > 0.75.

the input current, IM is the amplitude of the input current iIN ,
IO is the output current, iL is the current through the inductor
L, vL is the voltage across the inductor L, iD1 and iD2 are the
currents through the diodes D1 and D2 , vD1 and vD2 are the
reverse voltages of the diodes D1 and D2 , φ is the initial phase
angle of the input current iIN , and D is the diode-on-duty ratio
of the diodes D1 and D2 .

From Fig. 2, the diodes D1 and D2 turn on at ZCS, ZCDS,
ZVS, and low dv/dt, and turn off at ZCS and low di/dt; thus,
resulting in low switching losses. Moreover, the diode current
stress of the rectifier is no more than the output current IO .

III. PRINCIPLE OF OPERATION

The principle of operation of the proposed circuit is explained
under the following assumptions:

1) the rectifier is driven by an ideal sine-wave current
source iIN ;

2) the diodes D1 and D2 are the ideal devices, i.e., the diodes
have zero threshold voltage, zero on-resistance, infinite
off-resistance, and zero junction capacitance;

3) the filter inductance LF is large enough to feed a constant
current IO ;

4) all the circuit elements are ideal.
The operation of the rectifier is discussed in four states by the

state of the diodes D1 and D2 .
State1 [0 ≤ ωt ≤ 2π(1 − D)]
The diode D1 is OFF and the diode D2 is ON. Therefore, the

current through the inductor L is

iL = iIN − IO . (1)

Thus, the voltage across the inductor L is in sinusoidal shape.
The reverse voltage of the diode D1 is

vD1 = −vL . (2)

The current through the diode D2 is

iD2 = IO . (3)

At ωt = 2π(1 − D), the reverse voltage of the diode D1 reaches
zero and the diode D1 turns on.

State2 [2π(1 − D) ≤ ωt ≤ π]
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The diodes D1 and D2 are ON. Total of the currents through
the diode D1 and D2 is the output current IO

iD1 + iD2 = IO (4)

At ωt = π, the current through the diode D2 reaches zero and
the diode D2 turns off.

State3 [π ≤ ωt ≤ π(3 − 2D)]
The diode D1 is ON and the diode D2 is OFF. Therefore, the

current through the inductor L is

iL = iIN . (5)

Thus, the voltage across the inductor L is in sinusoidal shape.
The reverse voltage of the diode D2 is

vD2 = vL . (6)

The current through the diode D1 is

iD1 = IO . (7)

At ωt = π(3 − 2D), the reverse voltage of the diode D2 reaches
zero and the diode D2 turns on.

State4 [π(3 − 2D) ≤ ωt ≤ 2π]
The diodes D1 and D2 are ON. Total of the currents through

the diode D1 and D2 is the output current IO

iD1 + iD2 = IO . (8)

At time ωt = 2π, the current through the diode D1 reaches zero
and the diode D1 turns off.

IV. EQUATION OF DIODES AND INDUCTOR WAVEFORMS

In [40], the equations of the diodes and the inductor wave-
forms have been derived for any diode-on-duty ratio. Here, we
show the obtained waveform equations in [40]

iD 1 =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

0, [0≤ωt≤2π (1−D )]

− I O
1 + c o s 2 π D {sin[ωt+π(2D− 3

2 )]−1}, [2π (1−D )≤ωt≤π ]

IO , [π≤ωt≤π (3−2D )]

IO − I O
1 + c o s 2 π D {sin[ωt+π(2D− 3

2 )]+1}, [π (3−2D )≤ωt≤2π ]

(9)

iD 2 =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

IO , [0≤ωt≤2π (1−D )]

IO + I O
1 + c o s 2 π D {sin[ωt+π(2D− 3

2 )]−1}, [2π (1−D )≤ωt≤π ]

0, [π≤ωt≤π (3−2D )]

I O
1 + c o s 2 π D {sin[ωt+π(2D− 3

2 )]+1}, [π (3−2D )≤ωt≤2π ]

(10)

iL =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

I O
1 + c o s 2 π D sin[ωt+π(2D− 2

3 )]−IO , [0≤ωt≤2π (1−D )]

I O
1 + c o s 2 π D −IO , [2π (1−D )≤ωt≤π ]

I O
1 + c o s 2 π D sin[ωt+π(2D− 2

3 )], [π≤ωt≤π (3−2D )]

− I O
1 + c o s 2 π D , [π (3−2D )≤ωt≤2π ]

(11)

Fig. 3. R/ωL as a function of the diode-on-duty ratio D.

vD 1 =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

− ω L I O
1 + c o s 2 π D cos[ωt+π(2D− 3

2 )], [0≤ωt≤2π (1−D )]

0, [2π (1−D )≤ωt≤π ]

0, [π≤ωt≤π (3−2D )]

0, [π (3−2D )≤ωt≤2π ]

(12)

vD 2 =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

0, [0≤ωt≤2π (1−D )]

0, [2π (1−D )≤ωt≤π ]

ω L I O
1 + c o s 2 π D cos[ωt+π(2D− 3

2 )], [π≤ωt≤π (3−2D )]

0, [π (3−2D )≤ωt≤2π ]

(13)

vL =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

ω L I O
1 + c o s 2 π D cos[ωt+π(2D− 3

2 )], [0≤ωt≤2π (1−D )]

0, [2π (1−D )≤ωt≤π ]

ω L I O
1 + c o s 2 π D cos[ωt+π(2D− 3

2 )], [π≤ωt≤π (3−2D )]

0, [π (3−2D )≤ωt≤2π ]

.

(14)

V. ANALYSIS FOR ANY DIODE-ON-DUTY-RATIO

A. Component Value

The output voltage VO is equal to the average of the diode
voltage −vD1

VO = RIO =
1
2π

∫ 2π

0
−vD1(ωt)d(ωt)

=
ωLIO (1 − cos 2πD)

2π(1 + cos 2πD)
. (15)

From (15)

R

ωL
=

1 − cos 2πD

2π(1 + cos 2πD)
. (16)

Fig. 3 shows R/ωL as a function of the diode-on-duty ratio D.
As seen in Fig. 3, R/ωL increases from 0 to ∞ as D decreases
from 1 to 0.5.
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Fig. 4. Initial phase angle φ of the input current iIN as a function of the
diode-on-duty ratio D and that of R/ωL. (a) φ – D. (b) φ – R/ωL.

Fig. 5. Current transfer function MI R as a function of the diode-on-duty ratio
D and that of R/ωL. (a) MI R – D. (b) MI R – R/ωL.

B. Initial Phase Angle of the Input Current

In [40], the equation of the initial phase angle φ of the input
current iIN has been obtained

φ = π

(

2D − 2
3

)

. (17)

Fig. 4 shows the initial phase angle φ of the input current iIN
as a function of the diode-on-duty ratio D and that of R/ωL.
As seen in Fig. 4, φ decreases from 90◦ to −90◦ as D decreases
from 1 to 0.5, or R/ωL increases from 0 to ∞.

C. Current Transfer Function

In [40], the equation of the output current IO is given as

IO = IM (1 + cos 2πD) (18)

where IM is the amplitude of the input current iIN .
From (18), the current transfer function MIR is

MIR =
IO

IRMS
=

IO

IM /
√

2
=

√
2(1 + cos 2πD) (19)

where IRMS is the RMS value of the input current iIN .
Fig. 5 shows the current transfer function MIR as a function

of the diode-on-duty ratio D and that of R/ωL. As seen in
Fig. 5, MIR decreases from 2

√
2 to 0 as D decreases from 1

to 0.5, or R/ωL increases from 0 to ∞. Moreover, the output
current IO is larger than the amplitude IM of the input current
iIN at D ≥ 0.75. In addition, the Class DE current driven low
di/dt rectifier has low diode current stress. Thus, the Class DE

Fig. 6. Model of the input impedance ZIN of the Class DE current driven low
di/dt rectifier.

current driven low di/dt rectifier is suitable for low voltage and
large current power sources, such as the communication power
supply, aircraft power supply, and electroplating power supply
and so on [42].

D. Normalized Input Impedance

The input power of the rectifier contains only the fundamental
component because the input current iIN is sinusoidal. More-
over, when the Class DE current driven low di/dt rectifier is
implemented to a resonant dc/dc converter, the rectifier can be
regarded as an input impedance ZIN . For this reason, it is suf-
ficient to determine the input impedance ZIN of the rectifier at
the fundamental frequency f . Fig. 6 shows a model of the input
impedance ZIN of the Class DE current driven low di/dt recti-
fier. Because the rectifier is driven by the ac current source iIN ,
the input impedance ZIN can be expressed as a series connection
of the input resistor RIN and the input inductor LIN .

From Fig. 1, the input voltage vIN of the Class DE current
driven low di/dt rectifier is equal to the inductor voltage vL .
The fundamental component vIN1 of the input voltage vIN at the
operating frequency f can be expressed as

vIN1 = vR IN + vL IN

= VR IN sin(ωt + φ) + VL IN cos(ωt + φ) (20)

where vRIN and vLIN are the voltages across the input resister
RIN and the input inductor LIN , and VRIN and VLIN are the
amplitudes of the voltages vRIN and vLIN , respectively.

The amplitudes VRIN and VLIN are calculated by the Fourier
analysis as

VRIN =
1
π

∫ 2π

0
vIN sin(ωt + φ)d(ωt)

=
ωLIO

π
(1 − cos 2πD) (21)

VLIN =
1
π

∫ 2π

0
vIN cos(ωt + φ)d(ωt)

=
ωLIO

π(1 + cos 2πD)

[

2π(1 − D) +
1
2

sin 4πD

]

.(22)

The input resistance RIN can be obtained by dividing the
amplitude VRIN of the voltage vRIN by the amplitude IM of
the input current iIN . From (18) and (21), the input resistance
RIN is

RIN =
VRIN

IM
=

ωL

π
(1 − cos 2πD)(1 + cos 2πD). (23)
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Fig. 7. Normalized input resistance RIN /R as a function of the diode-on-duty
ratio D and that of R/ωL. (a) RIN /R – D. (b) RIN /R – R/ωL.

Fig. 8. Normalized input inductance LIN /L as a function of the diode-on-
duty ratio D and that of R/ωL. (a) LIN /L – D. (b) LIN /L – R/ωL.

Therefore, from (16) and (23), the normalized input resistance
RIN/R is

RIN

R
= 2(1 + cos 2πD)2 . (24)

Similarly, the input reactance ωLIN can be obtained by dividing
the amplitude VLIN of the voltage vLIN by the amplitude IM of
the input current iIN . From (18) and (22), the input reactance
ωLIN is

ωLIN =
VLIN

IM
=

ωL

π

[

2π(1 − D) +
1
2

sin 4πD

]

. (25)

Thus, the normalized input inductance LIN/L is

LIN

L
=

1
π

[

2π(1 − D) +
1
2

sin 4πD

]

. (26)

Fig. 7 shows the normalized input resistance RIN/R as a
function of the diode-on-duty ratio D and that of R/ωL. As
seen in Fig. 7, RIN/R decreases from 8 to 0 as D decreases
from 1 to 0.5, or R/ωL increases from 0 to ∞.

Fig. 8 shows the normalized input inductance LIN/L as a
function of the diode-on-duty ratio D and that of R/ωL. As
seen in Fig. 8, LIN/L increases from 0 to 1 as D decreases from
1 to 0.5, or R/ωL increases from 0 to ∞.

The normalized input resistance RIN/ωL is obtained
from (23)

RIN

ωL
=

(
RIN

R

)(
R

ωL

)

=
1
π

(1 − cos 2πD)(1 + cos 2πD). (27)

Fig. 9. Normalized input resistance RIN /ωL as a function of the diode-on-
duty ratio D and that of R/ωL. (a) RIN /ωL – D. (b) RIN /ωL – R/ωL.

Fig. 10. Voltage transfer function MV R as a function of the diode-on-duty
ratio D and that of R/ωL. (a) MV R – D. (b) MV R – R/ωL.

Fig. 9 shows the normalized input resistance RIN/ωL as
a function of the diode-on-duty ratio D and that of R/ωL.
The maximum value of RIN/ωL is 0.3183 and occurs at D =
0.75 or R/ωL = 0.1592. For D > 0.75 or R/ωL > 0.1592,
RIN/ωL decreases as R/ωL increases. Thus, the rectifier acts
as an impedance inverter. Therefore, it is compatible with a
Class E inverter [43], in which the switch turns on at ZVS only
for load resistance ranging from 0 to a maximum value [27],
[44]–[47].

E. Voltage Transfer Function

The input power PIN of the rectifier is

PIN =
V 2

IN1RMS

RIN
(28)

where VIN1RMS is the RMS value of the fundamental component
vIN1 of the input voltage vIN . Assuming that the efficiency of
the rectifier is 100%, the input power PIN is equal to the output
power POUT

PIN = POUT ⇐⇒ V 2
IN1RMS

RIN
=

VO
2

R
. (29)

Thus, from (24) and (29), the voltage transfer function MV R is

MV R =
VO

VIN1RMS
=

√
R

RIN
=

1√
2(1 + cos 2πD)

. (30)

Fig. 10 shows the voltage transfer function MV R as a function
of the diode-on-duty ratio D and that of R/ωL. As seen in
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Fig. 10, MV R increases from 1/
√

2 to ∞ as D decreases from
1 to 0.5, or R/ωL increases from 0 to ∞.

F. Diode Voltage Stress

To determine the peak value VDM of the diode reverse volt-
ages vD1 and vD2 , two cases must be considered.

In the case of D < 0.75, differentiating (12)

dvD1

d(ωt)
= − ωLIO

1 + cos 2πD
sin

[

ωt + π

(

2D − 3
2

)]

. (31)

Setting dvD1/d(ωt) to 0, the phase which the peak value VDM 1
of the diode reverse voltage vD1 occurs can be obtained

ωt = −φ. (32)

Similarly, differentiating (13)

dvD2

d(ωt)
= − ωLIO

1 + cos 2πD
sin

[

ωt + π

(

2D − 3
2

)]

. (33)

Setting dvD2/d(ωt) to 0, the phase which the peak value VDM 2
of the diode reverse voltage vD2 occurs can be obtained

ωt = π − φ. (34)

Hence, from (12) and (13), the peak value VDM of the diode
reverse voltages vD1 and vD2 is

VDM = VDM 1 = VDM 2

= vD1(−φ) = vD2(π − φ)

=
ωLIO

1 + cos 2πD
, [0.5 < D < 0.75]. (35)

On the other hand, in the case of D ≥ 0.75, the peak value
VDM 1 of the diode reverse voltage vD1 occurs when the diode
D1 turns off

ωt = 0. (36)

Similarly, the peak value VDM 2 of the diode reverse voltage
vD2 occurs when the diode D2 turns off

ωt = π. (37)

Hence, from (12) and (13), the peak value VDM of the diode
reverse voltages vD1 and vD2 is

VDM = VDM 1 = VDM 2

= vD1(0) = vD2(π)

= − ωLIO

1 + cos 2πD
sin 2πD, [D ≥ 0.75]. (38)

Therefore, from (15), (16), (35), and (38), the normalized
diode voltage stress VDM /VO is

VDM

VO
=

⎧
⎪⎨

⎪⎩

2π

1 − cos 2πD
, [0.5 < D < 0.75]

− 2π

1 − cos 2πD
sin 2πD, [D ≥ 0.75].

(39)

Fig. 11 shows the normalized diode voltage stress VDM /VO

as a function of the diode-on-duty ratio D and that of R/ωL. As
seen in Fig. 11, VDM /VO increases from π to ∞ as D increases
from 0.5 to 1, or R/ωL decreases from ∞ to 0.

Fig. 11. Normalized diode voltage stress VD M /VO as a function of the
diode-on-duty ratio D and that of R/ωL. (a) VD M /VO –D. (b) VD M /VO –
R/ωL.

Fig. 12. Power-output capability CP as a function of the diode-on-duty ratio
D and that of R/ωL. (a) CP –D. (b) CP – R/ωL.

G. Power-Output Capability

The power-output capability can be used to compare the cir-
cuits in the aspect of the effective usage of the semiconductor
switches. From (9) and (10), the peak value IDM of the diode
currents iD1 and iD2 is

IDM = IO . (40)

Thus, from (39) and (40), the power-output capability CP is

CP =
PO

IDM VDM
=

⎧
⎪⎨

⎪⎩

1 − cos 2πD

2π
, [0.5 < D < 0.75]

−1 − cos 2πD

2π sin 2πD
, [D ≥ 0.75].

(41)

Fig. 12 shows the power-output capability CP as a function of
the diode-on-duty ratio D and that of R/ωL. As seen in Fig. 12,
CP decreases from 1/π to 0 as D increases from 0.5 to 1, or
R/ωL decreases from ∞ to 0.

VI. POWER CONVERSION EFFICIENCY

The power conversion efficiency of the Class DE current
driven low di/dt rectifier can be defined as

η =
PO

PO + PD + PL + PLF
(42)

where PD is the power loss at the diodes D1 and D2 , PL is the
power loss at the inductor L, and PLF is the power loss at the
filter inductor LF .
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The power loss at the diodes D1 and D2 is

PD = PD1 + PD2 (43)

where PD1 and PD2 are the power loss at the diodes D1 and
D2 , respectively.

The power loss at the each diode can be expressed as

PD1 = ID1AV E · VF 1 + RON1 · I2
D1RMS (44)

PD2 = ID2AV E · VF 2 + RON2 · I2
D2RMS (45)

where ID1AV E and ID2AV E are the averaged values of the diode
currents iD1 and iD2 , VF 1 and VF 2 are the forward voltage
drops of the diodes D1 and D2 , RON1 and RON2 are the ON
resistances of the diodes D1 and D2 , and ID1RMS and ID2RMS are
the RMS values of the diode currents iD1 and iD2 , respectively.

From (9) and (10), the averaged values ID1AV E and ID2AV E

of the diode currents iD1 and iD2 are expressed as

ID1AV E =
1
2π

∫ 2π

0
iD1d(ωt) =

IO

2
(46)

ID2AV E =
1
2π

∫ 2π

0
iD2d(ωt) =

IO

2
. (47)

The RMS values ID1RMS and ID2RMS of the diode currents iD1
and iD2 are also from (9) and (10)

ID1RMS =
[

1
2π

∫ 2π

0
i2D1d(ωt)

] 1
2

=
IO√
2π

[ (
1

1 + cos 2πD

)2

×
(

1
2

sin 4πD + 4 sin 2πD + 6πD − 3π

)

− 2
1 + cos 2πD

(sin 2πD + 2πD − π) + π
] 1

2
(48)

ID2RMS =
[

1
2π

∫ 2π

0
i2D2d(ωt)

] 1
2

=
IO√
2π

[ (
1

1 + cos 2πD

)2

×
(

1
2

sin 4πD + 4 sin 2πD + 6πD − 3π

)

− 2
1 + cos 2πD

(sin 2πD + 2πD − π) + π
] 1

2
. (49)

From (43)–(49), the power loss at the diodes D1 and D2 can be
obtained

PD =
IO

2
· (VF 1 + VF 2) + (RON1 + RON2) ·

I2
O

2π

[ (
1

1 + cos 2πD

)2(1
2

sin 4πD + 4 sin 2πD + 6πD − 3π

)

− 2
1 + cos 2πD

(sin 2πD + 2πD − π) + π
]
. (50)

The power loss at the inductor L can be expressed as

PL = RL · I2
LRMS (51)

where RL is the ESR of the inductor L, ILRMS is the RMS value
of the inductor current iL .

From (11), the RMS value of the inductor current iL is ex-
pressed as

ILRMS =
[

1
2π

∫ 2π

0
i2Ld(ωt)

] 1
2

=
IO√
2π

[
1
2

(
1

1 + cos 2πD

)2

(4πD − sin 4πD)

+
2

1+cos 2πD
(sin 2πD − 2πD+π)+π

] 1
2

. (52)

Thus, from (51) and (52), the power loss at the inductor L can
be obtained

PL = RL · I2
O

2π

[1
2

(
1

1 + cos 2πD

)2

(4πD − sin 4πD)

+
2

1 + cos 2πD
(sin 2πD − 2πD + π) + π

]
. (53)

Assuming that the filter inductance LF is large enough to
feed a constant current IO , the power loss at the filter inductor
LF can be expressed as

PLF = RLF · I2
O (54)

where RLF is the ESR of the filter inductor LF .
Substituting (50), (53), and (54) into (42), the power conver-

sion efficiency of the Class DE current driven low di/dt rectifier
is obtained.

VII. CIRCUIT DESIGN METHOD

A Class DE current driven low di/dt rectifier is designed on
the following specifications:

1) the operating frequency f = 200 kHz, where f = ω/2π;
2) the output voltage VO = 5.00 V;
3) the output power PO = 1.25 W;
4) the diode-on-duty-ratio D = 0.75.
From specifications, the load resistance R is

R =
V 2

O

PO
=

5.002

1.25
= 20.0 Ω. (55)

The output current IO is

IO =
PO

VO
=

5.00
1.25

= 0.250 A. (56)

Thus, from (18) and (56), the amplitude IM of the input current
iIN is

IM =
IO

1 + cos 2πD
=

0.250
1 + cos(2π · 0.750)

= 0.25 A. (57)

From (16) and (55), the inductance L is

L =
2πR(1 + cos 2πD)
ω(1 − cos 2πD)

=
2π · 20.0[1 + cos(2π · 0.750)]

2π · 200 · 103[1 − cos(2π · 0.750)]
= 100μH. (58)

The cutoff frequency fC in the second-order low-pass filter is
designed at 700 Hz. Giving the filter inductor LF = 1.00 mH,
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TABLE II
DESIGNED AND MEASURED VALUE OF THE CIRCUIT COMPONENTS

Components Designed Measured (ESR[Ω])

Inductance L [μH] 100 100 (0.052)
Filter inductance LF [mH] 1.00 1.06 (0.076)
Filter capacitance CF [μF] 51.7 51.7 (2.44)
Load resistance R [Ω] 20.0 20.0 –
Diode junction capacitance CJ [pF] 0 5∗ –
Diode forward voltage drop VF [V] 0 0.7∗ –
Diode-on resistance VF [Ω] 0 0.31∗ –

∗Obtained from the datasheet of the diode ERA91-021 [48].

Fig. 13. Simulation waveforms in the rectifier of Fig. 1 in the case of designed
values in Table II.

the filter capacitance CF is

CF =
1

4·π2 ·f 2
C ·LF

=
1

4·π2 ·7002 ·1.00
= 51.7 μF. (59)

Table II shows the designed values and the measured values
of the circuit components.

VIII. SIMULATION RESULTS

To verify the accuracy of the circuit design method and wave-
forms of Fig. 2, the Class DE current driven low di/dt rectifier
was simulated with PSIM version 9.1. In the simulation, the
ideal ac current source model, in which the amplitude and the
operating frequency can be set to required values, was used as
the input current source for the rectifier. The component values
of the rectifier were the designed values in Table II. Fig. 13
shows the simulation waveforms. As seen in Fig. 13, the diode
D1 turns on at ZCS, ZCDS, ZVS, and low dv/dt, and turns off
at ZCS and low di/dt. Moreover, the diode current stress of the
rectifier is no more than the output current IO . The measured
values of the output voltage VO was 4.92 V. The diode-on-duty
ratio was 0.739, which was measured in Fig. 13. The output
voltage and the diode-on-duty ratio had differences between
the designed values and the simulation results. These differ-
ences could be caused by the component value of the filter
inductor LF .

Fig. 14 shows the simulation waveforms in the case of large
filter inductance (LF = 10 mH) and small filter inductance

Fig. 14. Simulation waveforms in the rectifier of Fig. 1 in the case of large
filter inductance (LF = 10 mH) and small filter inductance (LF = 0.1 mH).
(a) In the case of large filter inductance (LF = 10 mH). (b) In the case of small
filter inductance (LF = 0.1 mH).

Fig. 15. Experimental circuit of the Class DE current driven low di/dt
rectifier.

(LF = 0.1 mH). As seen in Figs. 13 and 14, the filter induc-
tance is larger, the output voltage and the diode-on-duty ratio is
getting closer 5.00 and 0.750 V, respectively. Moreover, when
the inductance value of the filter inductor LF is small, a current
ripple is large for the current iLF through the filter inductor LF .
The current iLF through the filter inductor LF is the sum of the
diodefs current iD1 and iD2 . Thus, in the case of large filter in-
ductance (LF = 10 mH), the maximum value of the current iD1
through the diode D1 is flat due to small current ripple. On the
other hand, in the case of small filter inductance (LF = 0.1mH),
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Fig. 16. Observed waveforms in the Class DE current driven low di/dt rec-
tifier against fundamental component. iIN : 0.20 A/div; VO : 5.0 V/div; vD 1 :
50.0 V/div; iD 1 : 0.20 A/div, horizontal: 1 μs.

Fig. 17. Observed waveforms in the Class DE current driven low di/dt rec-
tifier against input current variation. (a) IM = 0.1 A. iIN : 0.10 A/div; VO :
2.0 V/div; vD 1 : 20 V/div; iD 1 : 0.05 A/div, horizontal: 1 μs. (b) IM = 0.5 A.
iIN : 0.50 A/div; VO : 10 V/div; vD 1 : 50 V/div; iD 1 : 0.50 A/div, horizontal:
1 μs.

the maximum value of the current iD1 through the diode D1 is
not flat due to large current ripple.

IX. EXPERIMENTAL RESULTS

A. Fundamental Operation

The Class DE current driven low di/dt rectifier shown in
Fig. 1 was built and experimented at the fundamental operation.
Fig. 15 shows the experimental circuit of the Class DE current
driven low di/dt rectifier, where the ESR RL of the inductor

Fig. 18. Characteristic of the power conversion efficiency η and the output
voltage VO against input current variation.

Fig. 19. Observed waveforms in the Class DE current driven low di/dt rec-
tifier against load resistance variation. (a) R = 10 Ω. iIN : 0.20 A/div; VO :
5.0 V/div; vD 1 : 50 V/div; iD 1 : 0.20 A/div, horizontal: 1 μs. (b) R = 100 Ω.
iIN : 0.20 A/div; VO : 10 V/div; vD 1 :50 V/div; iD 1 : 0.10 A/div, horizontal: 1
μs.

L, the diode-on resistances RON1 and RON2 , the diode forward
voltage drops VF 1 and VF 2 , the ESR RLF of the filter induc-
tor, and the ESR RC F of the filter capacitor were considered.
The measured values of the circuit components are shown in
Table II. The experimental method in [15]–[18], [39] was
adopted to compose an approximate ideal ac current source. The
approximate ideal ac current source was composed of a func-
tion generator (Tektronix AFG3011), a bipolar power source
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Fig. 20. Characteristic of the power conversion efficiency η and the output
voltage VO against load resistance variation.

Fig. 21. Observed waveforms in the Class DE current driven low di/dt rec-
tifier against operating frequency variation. (a) f = 100 kHz. iIN : 0.20 A/div;
VO : 5.0 V/div; vD 1 : 20 V/div; iD 1 : 0.10 A/div, horizontal: 2.5 μs. (b) f =
400 kHz. iIN : 0.20 A/div; VO :5.0 V/div; vD 1 : 50 V/div; iD 1 : 0.20 A/div,
horizontal: 1 μs.

(NF HSA4011), and a series resonant circuit LS and CS , which
was designed at high Q value. The input current iIN and the
diode current iD1 were observed by means of the current probes
(Tektronix TCPA300). Fig. 16 shows the observed waveforms
of the input current iIN , the output voltage VO , the diode reverse
voltage vD1 , and the diode current iD1 . The measured values
of the output voltage VO was 4.55 V. The output voltage was
lower than the simulation results due to the ESRs of the com-

Fig. 22. Characteristic of the power conversion efficiency η and the output
voltage VO against operating frequency variation.

ponents, and the diode forward voltage drops VF 1 and VF 2 and
the diode-on resistances RON1 and RON2 . The measured power
conversion efficiency was 85.9%.

As seen in Fig. 16, the diodes D1 turned on at ZCS, ZCDS,
ZVS, and low dv/dt, and turned off at ZCS and low di/dt. The
obtained diode current waveform iD1 was corresponded with the
idealized diode current waveform. However, the diode voltage
waveform vD1 had ringing. The resonance was caused by the
junction capacitance CJ of the diode D1 and the inductor L.
The measured resonant frequency of the diode voltage waveform
vD1 was 2.38 MHz. On the other hand, the calculated resonant
frequency of the diode voltage waveform vD1 was 7.12 MHz.
The difference between the measured resonant frequency and
the calculated resonant frequency could be caused by: 1) the
nonlinearity of the junction capacitance CJ , 2) Equivalent series
inductance of the circuit, and 3) the earth capacity of the probe
and the input capacity of the oscilloscope, because the probe
connects the diode D1 in order to obtain the diode voltage
waveform vD1 .

B. Characteristic Against Input Current Variation

The characteristic of the output voltage VO and the power
conversion efficiency η were obtained when the amplitude IM

of the input current iIN varied from 0.1 to 0.5 A. The other
experimental conditions were fixed at the measured values
in Table II. Fig. 17 shows the experimental results at IM =
0.1 A and IM = 0.5 A. As seen in Fig. 17, even if the ampli-
tude IM of the input current iIN varied, the diodes D1 turned
on at ZCS, ZCDS, ZVS, and low dv/dt, and turned off at ZCS
and low di/dt. Fig. 18 shows the characteristic of the output
voltage VO and the power conversion efficiency η as functions
of the amplitude IM of the input current iIN . The theoretical
output voltage VO and the calculation of the power conversion
efficiency η were obtained by (15) and (42), respectively. As
seen in Fig. 18, the output voltage VO seems to be proportional
to the amplitude IM of the input current iIN . The higher output
voltage VO offers the higher power conversion efficiency η.
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Fig. 23. Relationship between the derivations, simulation results, and experimental results. (a) D – R/ωL. (b) φ – R/ωL. (c) MI R – R/ωL. (d) MV R –
R/ωL.

C. Characteristic Against Load Resistance Variation

The characteristic of the output voltage VO and the power
conversion efficiency η were obtained when the load resistance
R varied from 10 to 100 Ω. The other experimental conditions
were fixed at the measured values in Table II. Fig. 19 shows
the experimental results at R = 10 Ω and R = 100 Ω. As seen
in Fig. 19, even if the load resistance R varied, the diodes D1
turned on at ZCS, ZCDS, ZVS, and low dv/dt, and turned off at
ZCS and low di/dt. Fig. 20 shows the characteristic of the output
voltage VO and the power conversion efficiency η as functions of
the load resistance R. The theoretical output voltage VO and the
calculation of the power conversion efficiency η were obtained
by (15) and (42), respectively. As seen in Fig. 20, the output
voltage VO and the power conversion efficiency η were getting
higher when the load resistance R increased.

D. Characteristic Against Operating Frequency Variation

The characteristic of the output voltage VO and the power con-
version efficiency η were obtained when the operating frequency
f varied from 100 to 400 kHz. The other experimental conditions
were fixed at the measured valued in Table II. Fig. 21 shows the
experimental results at f = 100 kHz and f = 400 kHz. As seen
in Fig. 21, even if the operating frequency f varied, the diodes
D1 turned on at ZCS, ZCDS, ZVS, and low dv/dt, and turned
off at ZCS and low di/dt. Fig. 22 shows the characteristic of
the output voltage VO and the power conversion efficiency η as
functions of the operating frequency f . The theoretical output
voltage VO and the calculation of the power conversion effi-
ciency η were obtained by (15) and (42), respectively. As seen
in Fig. 22, the output voltage VO and the power conversion ef-
ficiency η increased when the operating frequency f increased.
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X. RELATIONSHIP BETWEEN THE EQUATIONS, SIMULATION

RESULTS, AND EXPERIMENTAL RESULTS

Fig. 23 shows the relationship between the equations, simu-
lation results, and experimental results, where “Theory” shows
the same curves to those shown in Figs. 3, 4(b), 5(b), and 10(b),
“Ideal simulation (R)” is the simulation results in an ideal condi-
tion, “Actual simulation (R)” is the simulation results in the case
of using the measured values in Table II, “Experiment (R)” is
the experimental results when the load resistance R varied from
10 to 100 Ω, “Ideal simulation (f )” is the simulation results
in an ideal condition, “Actual simulation (f )” is the simulation
results in the case of using the measured values in Table II, “Ex-
periment (f )” is the experimental results when the operating
frequency f varied from 100 to 400 kHz. As seen in Fig. 23,
“Theory,” “Ideal simulation (R),” and “Ideal simulation (f )” are
in good agreement. Moreover, “Actual simulation (R),” “Exper-
iment (R),” “Actual simulation (f ),” and “Experiment (f )” are
lower than “Theory” due to the ESRs of the components, the
diode forward voltage drops VF 1 and VF 2 , and the diode-on
resistances RON1 and RON2 .

XI. CONCLUSION

The analysis of the Class DE current driven low di/dt recti-
fier for any diode-on-duty ratio has been carried out. The initial
phase angle of the input current, the current and voltage trans-
fer function, the normalized input resistance and inductance,
the normalized diode voltage stress, and the power-output ca-
pability have been obtained and clarified as functions of the
diode-on-duty ratio and those of R/wL. Moreover. the power
conversion efficiency and the circuit design have been shown.
The performance of the Class DE current driven low di/dt rec-
tifier has been confirmed with the circuit simulations and the
experiments. In the experiment and the simulation, the charac-
teristics of the output voltage and the power conversion effi-
ciency against the amplitude of the input current, the operating
frequency, and the load resistance have been obtained. In addi-
tion, the relationship between the equations, simulation results,
and experimental results have been obtained. Theoretical, sim-
ulation, and experimental results were in good agreement.
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[8] M. K. Kazimierczuk and J. Jóźwik, “Resonant dc/dc converter with class-
E inverter and class-E rectifier,” IEEE Trans. Ind. Electron., vol. 36,
no. 4, pp. 568–578, Nov. 1989.

[9] M. K. Kazimierczuk, “Analysis of class E zero-voltage-switching recti-
fier,” IEEE Trans. Circuits Syst., vol. 37, no. 6, pp. 747–755, Jun. 1990.

[10] A. Reatti, M. K. Kazimierczuk, and R. Redl, “Class E full-wave low dv/dt
rectifier,” IEEE Trans. Circuits Syst., vol. 40, no. 2, pp. 73–84, Feb. 1993.

[11] A. Reatti and M. K. Kazimierczuk, “Efficiency of the transformer version
of class E half-wave low dvD /dt rectifier,” in Proc. 36th Midwest Symp.
Circuits Syst., Aug. 1993, pp. 2331–2334.

[12] M. Fujii, T. Suetsugu, K. Shinoda, and S. Mori, “Class E rectifier us-
ing thinned-out method,” IEEE Trans. Power Electron., vol. 12, no. 5,
pp. 832–836, Sep. 1997.

[13] H. Koizumi, H. Sekiya, M. Matsuo, S. Mori, and I. Sasae, “Resonant dc/dc
converter with class DE inverter and Class E rectifier using thinned-out
method (deleting some of the pulses to the rectifier),” IEEE Trans. Circuits
Syst., vol. 48, no. 1, pp. 123–126, Jan. 2001.

[14] K. Sakuma and H. Koizumi, “Influence of junction capacitance of switch-
ing devices on class E rectifier,” in Proc. IEEE Int. Symp. Circuits Syst.,
May 2009, pp. 1965–1968.

[15] K. Fukui and H. Koizumi, “Class E rectifier using switch-controlled
capacitor,” in Proc. IEEE Energy Convers. Congr. Expo., Sep. 2011,
pp. 2332–2337.

[16] K. Fukui and H. Koizumi, “Class E rectifier with controlled shunt ca-
pacitor,” IEEE Trans. Power Electron., vol. 27, no. 8, pp. 3704–3713,
Aug. 2012.

[17] Y. Kamito, K. Fukui, and H. Koizumi, “Class-E zero-voltage-switching
rectifier using common-grounded multi-step controlled-shunt capac-
itor,” in Proc. IEEE Energy Convers. Congr. Expo., Sep. 2012,
pp. 4203–4208.

[18] Y. Kamito, K. Fukui, and H. Koizumi, “An analysis of the class-E
zero-voltage-switching rectifier using the common-grounded multistep-
controlled shunt capacitor,” IEEE Trans. Power Electron., vol. 29, no. 9,
pp. 4807–4819, Sep. 2014.
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[30] M. K. Kazimierczuk and J. Jóźwik, “Class E zero-current-switching rec-
tifier with a series inductor,” in Proc. 32nd Midwest Symp. Circuits Syst.,
Urbana, IL, USA, Aug. 1989, pp. 788–791.

[31] M. K. Kazimierczuk and W. Szaraniec, “Analysis of class E low di/dt
rectifier with a series inductor,” IEEE Trans. Aerosp. Electron. Syst.,
vol. 29, no. 1, pp. 278–287, Jan. 1993.



6816 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 30, NO. 12, DECEMBER 2015
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