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Class E Full-Wave Low dv/dt Rectifier

Alberto Reatti, Member, IEEE, Marian K. Kazimierczuk, Senior Member, IEEE, and Richard Redl, Senior Member, IEEE

Abstract— An analysis and experimental verification for a
Class E full-wave current-driven low dv/dt rectifier are given.
Basic parameters of the circuit are derived using the time-
domain analysis and Fourier series techniques. The rectifier
diodes turn on and off at low dv/dt, yielding low switching
noise and low switching losses. Diode parasitic capacitances do
not adversely affect the circuit operation. The absolute value
of di/dt is limited at diode turn-off, significantly reducing the
reverse recovery current. The rectifier input voltage waveform
differs only slightly from an ideal sinusoid, resulting in a low
total harmonic distortion. The circuit has theoretically zero-ripple
voltage and, therefore, zero loss in the equivalent series resistance
(ESR) of the filter capacitor. The Class E full-wave topology has
lower diode conduction loss than the Class E half-wave rectifier.
The efficiency is almost constant over the load range from 10%
to 100% of the full load. The rectifier offers high-power density,
high-frequency rectification and is suitable for low-voltage and
high-current applications, as shown by experimental results given
for a 75 W rectifier which was operated at 1 MHz with an output
of 5V and 15 A. The theoretical and the experimental results
were in good agreement.

I. INTRODUCTION

LASS E rectifiers are suitable for high-frequency, high-
Cefﬁciency, and low-noise rectification [1]-[8]. In Class
E current-driven half-wave rectifiers, the diode turns on at
low dv/dt and turns off at low dv/dt and limited di/dt
[3], resulting in low noise and switching losses. Moreover,
the diode parasitic capacitances do not adversely affect the
circuit operation because they are absorbed into capacitors
connected in parallel with the diodes. The combination of
a Class E rectifier with a Class E inverter yields de—dc
converters operating with narrow-band frequency regulation
over the entire load range [9]-{22]. Unfortunately, conduction
losses are the main limitation for Class E half-wave rectifier
applications in converters with high-current and low-voltage
outputs.

The purpose of this paper is to present an analysis and the
experimental results of a Class E full-wave current-driven low
dv/dt rectifier. This circuit has lower conduction loss in the
diodes and in the parallel capacitors than the Class E half-wave
topology. The ac component of the output current is theoreti-
cally zero, resulting in zero losses in the filter capacitor ESR.
Actually, the filter capacitor loss is about 40 times less than in
conventional peak rectifiers and 100 times lower than in Class
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E half-wave rectifiers. The efficiency is almost constant over
90% of the entire load range. Another important advantage
of the Class E full-wave rectifier is that the input voltage
waveform only slightly differs from a sinusoid, resulting in
a low THD circuit. Finally, the rectifier acts as an impedance
inverter and, therefore, it is fully compatible with Class E
inverters [9]-[19]. Because of these features, the Class E
full-wave rectifier is suitable for high-frequency, high power-
density applications, particularly, when a low output voltage
and a high load current are required, e.g., 5 V or 12 V with
the output power above 50 W [17]-[22].

The rectifier description and the principle of circuit oper-
ation are given in Section II. Section III contains the time-
domain analysis and design equations for steady-state oper-
ation. Section IV presents a design example. Experimental
results are given in Section V. Section VI contains the fi-
nal conclusions. Derivations of the circuit characteristics are
included in the Appendix.

II. OPERATION OF THE RECTIFIER

A. Circuit Description

A circuit of a Class E full-wave current-driven low dv/dt
rectifier [3], [22] is shown in Fig. 1(a). It consists of two
diodes D; and D5, two capacitors C; and Cy with the same
capacitance C, a single-pole low-pass output filter Cy—Ry,
and two transformers with a turns ratio n. Resistor Ry, is a
dc load. An equivalent circuit of the rectifier is shown in Fig.
1(b). L,, represents magnetizing inductances of the secondary
windings of the transformers. It is assumed that they are equal
and large enough to carry only a dc current and, therefore,
can be considered as an open circuit for the ac component
of the current. The leakage inductances, the core and the
windings resistances, and the transformer stray capacitances
are neglected. The diode parasitic capacitances are absorbed
into capacitances C; and Cy connected in parallel with the
diodes. The ac component of the current flowing into the
Cy—Ry, circuit is ideally zero, resulting in a constant zero-
ripple output voltage V». Actually, this is obtained with a
small capacitor Cj.

B. Principle of Operation

Fig. 2 shows four topological modes that the rectifier goes
through during one switching period, when the maximum on-
duty cycle is lower than 0.5. Idealized current and voltage
waveforms of the rectifier are depicted in Fig. 3. The input
current ¢ is sinusoidal with frequency f = w/2xr and amplitude
I,. Consequently, currents i, = n¢ and ¢ = —ni are
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Class E, full-wave current-driven, low dv/dt rectifier. (a) Circuit.
(b) Model of the rectifier.

Fig. 1.

also sinusoidal. Since inductances L,, are equal, the current
through each of them is Ip/2. As a result, the waveforms of
the current through the parallel combinations of C,~D; and
Ca—-D; are two sine waves that are 180° out of phase and both
are shifted upward by dc component /2. These waveforms
are ic1 + ip1 = Io/? + ni and igg + tps = Io/2 - na,
respectively. Since the current through the circuit Cy—Ry is
given by ic1 + ip1 + tco + ipe, the resulting ac component
of the current is zero. Therefore, the output has ideally zero-
voltage ripple, even without the filter capacitor C¢. Actually,
the capacitor Cy is much smaller than in conventional rectifiers
circuit and its ESR produces low losses because the current
through it has a low rms value.

The first topological mode of Fig. 2(a) begins at wt = ¢,
when diode voltage vp; reaches the diode threshold voltage,
turning on diode D;. During this phase, the current I /2 +
nlpsinwt flows through D;. Diode D is off and its voltage
waveform is shaped by the shunt capacitor C», according to
ic2 = Cadvce/dt. The first mode ends at wt = ¢ + 27D,
when current ip; reaches zero, turning diode D; off.

The second topological mode of Fig. 2(b) begins at wt
= ¢ + 2xD. During this time interval, the current /2
+ nly,sinwt flows through C; which shapes the waveform
of the voltage across Dy, according to ic; = Ciduey/dt.
Since the capacitor current is zero when diode D; turns off,
the derivative of the voltage waveform vp; is also zero at
wt = ¢ + 2nD. After diode D; turns-off, its voltage slowly
decreases because ic; is negative. Since i¢ is positive, the
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Fig. 2. Models of Class E, full-wave current-driven, low dv/dt rectifier for
various time intervals. (a) Model with D7 ON and D, OFF (b) Model with
D; OFF and D; OFF. (c) Model with Dy OFF and D, ON. (d) Model with
D, OFF and D,OFF.

voltage vps increases and reaches the diode threshold voltage
at wt = ¢ + x, turning on diode D,.

The third topological mode of Fig. 2(c) begins at wt = ¢+,
when diode D, turns on and ends at wt = ¢ + 7 + 27D,
when it turns off. During this time interval, the current
Io/2 — nly, sinwt flows through diode D. The waveform of
the voltage across diode D is still shaped by C;. Therefore,
it first decreases, reaches its minimum value Vpgas when icy
is zero, and then increases when ¢ is positive.

The fourth mode of Fig. 2(d) begins, when the current ips
reaches zero. As in the first topological mode, C> shapes the
voltage waveform of Ds. Hence, vps slowly decreases from
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Fig. 3. Current and voltage waveforms in the Class E full-wave rectifier.

zero because ico is zero at wt = ¢ + 7w + 2wD. The current
through capacitor C, is positive and, therefore, voltage vp;
increases. Diode Dy tums on at wt = ¢ + 27, when vpy
reaches the threshold voltage. This ends the fourth topological
mode and the entire switching cycle.

The symmetrical behavior of the rectifier is demonstrated
by the current and voltage waveforms of Fig. 3 because the
waveforms of ip, and vp; and those of ips and vpo are
equal and 180° out of phase.

The rectifier circuit takes advantage of the externally con-
nected capacitances C; and C5 because they shape the voltage
across the diodes when the diodes are off. They also absorb the
diode parasitic capacitances and, therefore, these capacitances
do not adversely affect the circuit operation. The diodes turn
off at zero dv/dt = 0 and turn on at a limited dv/dt. As a result,
the current through the parasitic capacitances of the diodes is
reduced at both transitions. The current source limits the value
of di/dt when the diodes turn off. Therefore, the detrimental
effect of the reverse-recovery charge is significantly reduced, if

75

pn junction diodes are used. The limited value of dv/dt at both
transitions and the limited value of di/dt at the turn—off reduce
the level of noise produced by the rectifier and switching losses
in the diodes. Current and voltage waveforms of each diode
do not overlap during either transition and thus yield low
switching losses. Another important advantage of the rectifier
is that it has theoretically zero-ripple output-voltage. This is
because the ac components of the diode and capacitor currents
flowing into the Cy—Ry, circuit are equal in magnitude and
shifted in phase by 180°. The circuit is called a Class E rectifier
because current and voltage waveforms in each side of the
rectifier are mirror images of the corresponding waveforms in
the Class E zero-voltage switching amplifiers [9].

TII. ANALYSIS

The analysis of the Class E rectifier of Fig. 1(a) begins with

the following assumptions:

1) The diodes are ideal, i.e., they have zero threshold
voltage, zero on-resistance, infinite off-resistance, and
zero minority carrier charge lifetime in the case of the
pn junction diode.

2) The on-duty cycle D,,,, of each diode is equal to or
less than 50%.

3) The Cy—Ry circuit can be replaced by a dc voltage
source.

4) The rectifier is driven by an ideal sinusoidal current
source, described by

1= I, sinwt €Y}

where I, is the amplitude and w = 27 f is the angular
frequency.

5) The transformers are ideal and have a turns ratio of n
and secondary magnetizing inductances L,,. The leakage
inductances, the winding and core resistances, and the
stray capacitances of the transformers are ignored. The
magnetizing inductances are assumed to be identical and
large enough so that they represent an open circuit for the
ac component of the current flowing through the parallel
combination of the diode and capacitor.

All derivations are included in the Appendix and only final
results are given subsequently. Diode D; turn-on delay angle
is given by

m(1 — D)sin(2n D) + sin*(7D)
7(1 — D)cos(2r D) + sin(wD)cos(n D)’

tang = — )

Fig. 4 shows a plot of ¢ as a function of D. The phase ¢
decreases from 180° to 30° while D decreases from 0.5 to 0.
This means that the shorter the duty cycle, the higher the delay
angle corresponding to the diode turn-on. Also, the current
through the diodes becomes more and more impulsive with a
decreasing on-duty cycle. Because of the symmetrical behavior
of the circuit, the diode Ds turn-on delay angle is ¢ + 7 and
its on-duty cycle is D.

Fig. 5 shows the diode on-duty cycle D as a function of the
load resistance Ry normalized with respect to the reactance
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Fig. 4. Initial phase of the inputvoltage ¢ as a function of the diode ON

duty cycle D.

of each parallel capacitor 1/wC

sin(¢p + 2aD) — sing + 27(1 — D)cos(¢ + 2n D)
drsin{¢ + 2x D)

(1- D)% 3

UJCRL =

s

2

The duty cycle decreases from 0.5 to 0 when wCRj is
increased from (WCRL)min = 0.1756 to oo. With a constant
value of Vo and an increasing R, the output current [p
decreases and so does the current through the parallel com-
bination of the diode and capacitor, causing the on—duty cycle
D to decrease. The amplitude of the sinusoidal input current is

-Io

m= 2nsin(¢ + 27 D)’ @

Hence, the waveforms of the currents through diodes Dy and
D,, normalized with respect to the dc output current I, are
given by

sinwt

Io 0, for ¢+27D < wit < Pp+27
Q)]
and
0, for ¢+21D —-a<wt<dp+w
i.if %[1+m%%]’ ©)
Io for ¢+ <wt<p+n+21D
0, for ¢+2rD+ 7 <wt< ¢+ 2m.

The maximum value of ip; occurs at wt = /2, if ¢ < 7/2.
However, ¢ = 7/2 represents a boundary condition. When
¢ is greater than 7 /2, the maximum of ip; is not given by
dip1/dt =0, but occurs at wt = ¢. Since the rectifier behavior
is symmetrical, the peak currents are the same for Dy and D,
and are

Ipm _ {%[1 - ey for ¢ <w/2 (D >0.28)
Io 3l — ey for ¢>w/2 (D <0.28).
0!

The peak value of the current normalized with respect to the
output current Ippr/Io is shown in Fig. 6(a) as a function of
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Fig. 5. Diode ON duty ratio D as a function of normalizedload resistance
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Fig. 6. Normalized peak values of diode current I'ps/Io as functions of

D and wCRy. () Ipnr /1o versus D. (b)Ipag /1o versus wCRy,.

D. Tts value increases when D decreases. Using (3), the ratio
Ipn/lIo is plotted versus wC Ry in Fig. 6 (b).

The voltages across diodes Dy and D, normalized with
respect to the output voltage Vo, are given by

0, for ¢ <wt<¢+2nD
VD1 swt—cos(¢p+2nD)
Vo zacr; (@t — ¢ = 27D) + ==arioy ),
for ¢+2rD <wt<p+2n

(8)
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Fig. 7. Normalized peak values of diode reverse voltage Vppas/Vo as
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and
1 t+cos(¢+2xD)
oo 73 [(wt—¢—27D +7) — ws:in(cgihl);— 1,
v for ¢o+27D—-nm<wt< P+
%: 0, for ¢g+m<wt<¢p+2rD+7
O coswt+tcos(p+2nD
"_’wCIQRL [(Wt - (Z) —2rD - 7I') - s::{;j-(?wzf )]’
for ¢+2rD+7m <wt< ¢+ 27
9

The reverse voltage across diode D; reaches the peak value
when the current through C is zero, i.e., at wt = 3m— p—27 D.
Substituting this value of wt into (8), the normalized peak
voltage across diode can be determined
VbR 1 [3x
= — -2 — cot 2nD)|. (10
v, oCRy |2 ¢ 7D — cot(¢p + 2xD)|. (10)
Using (2), (3), and (10), the normalized peak reverse voltage
of the diodes can be plotted as functions of D and wCRy, as
shown in Fig. 7(a) and (b), respectively.
The normalized power-output capability is
IV,
cp = _ 0’0o (11

IpmVbru

Using (2) and (3), the factor ¢, was computed and plotted
versus D) and wC Ry, in Fig. 8(a) and (b), respectively. The
maximum value of ¢, occurs at D = 0.5.
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Fig. 8. Power-output power capability c, as functions of > and wWCR[.

(a) ¢p versusD. (b) ¢, versus WCRy,.

The sinusoidal current source driving the rectifier can ac-
tually be obtained using any power inverter with a series-
resonant circuit. Hence, the equivalent input impedance of the
rectifier at the fundamental frequency must be determined. It
can be represented by a series connection of a resistance R;
and a capacitance C;. The component of the input voltage v; in
phase with the input current ¢ has the amplitude expressed by

VRim = —nV—O—[sindJ — sin(¢ + 2n D) + ncos(¢ + 2aD)

TwCR
cosd — cos(¢ + 2w D)
tan(¢ + 2w D)
cos2(¢p + 2xD) — cosZgb] (12)
4sin(¢p + 2x D) '
Substitution of (4) and (12) into R; = Vgim/Im gives the
rectifier input resistance

5 .
2n’sin(¢ + 21 D) [sin(¢ + 2nD) — sing
mwC

—wcos(¢p + 2x D) — (21D — 7w)cosep

— (cos¢ — cos(¢ + 2w D))cot(¢ + 2n D)
c082(¢ + 21 D) — cos2¢

- 4sin(¢ + 21D) J

Using (2) and (3), both R;/n?Ry and wCR;/m? are plotted as
functions of D and wC Ry, in Fig. 9 and 10, respectively.

+ (27D — m)cosd +

R; =

(13)
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The component of the input voltage which is 90° out of
phase with respect to the input current 7 has the amplitude

[cosp + (7 — 2 D)sing

nVo
Voim = —
¢ TwCRy,

— cot(¢ + 2w D)sing — wsin($ + 2w D)
2(xD — ) cos(¢ + 2nD)
sin(¢ + 2xD) 2
stndcose
2sin(¢ + 27rD)]' 14

Since wC; = IL,/Veoim, (4) and (14) give the rectifier in-
put capacitance C; normalized with respect to the parallel
capacitance C
CZ' ™ .
6 = W[COS(b + (7T - 27TD)SZ'I'L¢
— cot(¢ + 2w D)sing — wsin(¢ + 27 D)

2(r — D) cos(¢ + 2w D)
sin(¢ + 2rD) 2
stngcosp

1
—_— |7 15
2sin(¢ + 27rD)] (13)
Substituting (2) and (3) into (15), C;/C is expressed as
functions of D and wCR. Fig. 11(a) and (b) show the plots
of the normalized input capacitance n?C;/C versus D and
wCRy, respectively.
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Fig. 10. Normalized input resistancew, CR,/n? as functions of D and
wCRL. (a) w-CR;/n?versus D. (b) wCR;/n? versuswCR[,

The ac-to-dc current transfer function is given by

K, = o = —2nV2sin(¢ + 27 D)

Irms

(16)

where Ipms = I/ V2. The current transfer function K;/n is
plotted as functions of D and wCRy in Fig. 12(a) and (b),
respectively.

The ac-to-dc voltage transfer function is

Vo

Iflrms

VO 2n2
= /= 17

where Vipms = (V3 + Vgim)/2 is the rms value of the

fundamental of the rectifier input voltage. Using (2) and (3),
the ac-to-dc voltage transfer function nMp is plotted in Fig.
13 (a) and (b) as functions of D and wCRy, respectively.
The rectifier transconductance is
Gr = Lims -1
R= Vo RLZ\/Ensz'n(qS + 27 D) ’

Substituting (2) and (3) into (18), the transconductance nG g
is plotted in Fig.14(a) and (b) as functions of D and wCRp,
respectively.

The conduction loss in each diode is

PD=%{E+ TR [D 27 D + singcosd

Mg

(18)

Vo 2RL drsin?(p + 27 D)
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Fig. 11. Normalized input capacitance n2C;/C as functions of D and
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3 cos¢p

+ axtan(¢ + 27D)  wsin(¢ + 2w D) } 19
where Vi is the diode threshold voltage and 7 is the diode
forward resistance. The loss in each parallel capacitor is
27(1 — D) — singcose

4rnsin?(¢ + 2w D)

3 cosd } 20)

TESR
Pe =P,
(o} O4RL

1-D+

 drtan(p+2xD) | wsin(p + 2nD)

where rpsg is the ERS of the parallel capacitor. The power
loss in the ESR of the filter capacitor is ideally zero. The
rectifier efficiency is

T Po+2Pp +2Pc’
The rectifier efficiency ng is plotted in Fig. 15 as a function
of the normalized load conductance 1/wCRy, for Vp = 0.3
V, rp = 0.033 Q, and rggr = 0.04 Q. With this choice of
the horizontal axis, the efficiency was easily plotted over the
entire load range, that is, from no-load to full load. Note that
the rectifier efficiency is almost constant for the load ranging
from 10% to 100% of the full load.

The losses in the transformer windings are expressed by
3

8n2sin2(¢ + 2w D)

R @h

Poou = (11 + n2ry2) 22)
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Fig. 12. Current transfer function X, /n as functions of D and wCR.. (a)

K;/n versusD. (b) K;/n versus wCRy.

where r,,; and r,2 are the resistances of the primary and
secondary windings, respectively. The efficiency of the trans-
formers is
1
nr = P,

= —a (23)
L+ porero72ms

The efficiency of the transformers 7 is plotted in Fig. 15 as a
function of the rectifier normalized load conductance 1/wCRy,
for 741 + n2rwe = 0.4 ©Q and n = 6. The overall efficiency
of the rectifier is

Po
Po +2Pc +2Pp + Pcy’

A plot of the rectifier efficiency 7 is depicted in Fig. 15.

Fig. 16(a) and (b) show the waveforms of the voltage v;
across the primary winding of the transformers for D = 0.5
and D = 0.3, respectively. The waveform of the input voltage
v; has low harmonic content and is almost sinusoidal for
D < 03.

The values of the rectifier parameters are summed up for
design purposes in Table I.

n=nRNT = (24)

IV. DESIGN EXAMPLE

Design a Class E full-wave rectifier with the following
specifications: Vo =5 V and Ip(maz) = 15 A. The minimum
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Fig. 13. Voltage transfer function nMp as functions of D and wC'Ry,. (a)

nMpg versusD. (b) nMp versus wC Ry .

load resistance is Rpmin = Vo/Io(maz) = 0.33 2 and the
maximum load resistance is infinity. The maximum output
power is Po(maz) = Volo(maz) = 75W. The on-duty cycle
of the diodes is assumed to be D,,q, = 0.45 at Rpmin to get
a high power-output capability and to avoid overlapping of
the diode conduction. Using (7), the maximum value of the
diode peak current is Ipys = 1.65415 = 24.81 A. From (10),
the maximum value of the diode reverse voltage is Vpry =
3.345Vp = 16.725 V. Substitution of D = 0.45 into (3) yields
wCRy = 0241. Assuming f = 1 MHz, we have C; = Cs
= 0.241/wR;, = 114 nF. The filter capacitor C is chosen to
be 1 nF.

V. EXPERIMENTAL VERIFICATION

To verify the results obtained from the theoretical analysis,
a rectifier with the ratings given in Section IV was con-
structed and tested. The input current source was obtained
by employing a Class E inverter coupled to the rectifier
with two transformers built on EFD30 Siemens N49 ferrite
cores. The primary winding of each transformer was obtained
using 12 turns of litz wire with a total cross-sectional area
of 0.47 mm?. The secondary winding of each device was
built using 2 turns of a copper strip 15 mm wide and 0.12
mm high. Two Motorola Schottky MBR4035 diodes were
used. The mean value of the diode current was overrated
to reduce the diode forward voltage drop. The Schottky
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Fig. 14. Normalized rectifier transconductance nG g as functions of [ and
«wCRy. (a) nGg versusD. (b) nGg versus wCR.
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Fig. 15. Transformer efficiency 5y, rectifier efficiency ng, and overall

efficiency » as a function of 1/wCRy..

diode parasitic capacitances were included in the externally
connected capacitors, each obtained by paralleling four 22 nF
and two 10 nF Murata NPO capacitors. The NPO devices were
used because their operating temperature is up to 95°C.

Fig. 17 displays an experimental waveform of the input
voltage v; at Vo =5V, Ip =8 A, and f = 0.922 MHz.
Fig. 18 shows an experimental waveform of the diode voltage
atVp =5V, Ip =15 A, and D = 0.45. The peak diode voltage
was Vpar = 18 V, while the predicted one was Vpar = 16.7

Authorized licensed use limited to: Universita degli Studi di Firenze. Downloaded on April 26,2020 at 13:02:57 UTC from IEEE Xplore. Restrictions apply.



REATTI et al: CLASS E FULL-WAVE

20
~—~ [
0 100 200 300 400
wt(?)
(a)
10
—_ |
2 0
-10
0 100 200 300 400
wt(®)
(b)
Fig. 16.  Waveform of the rectifier input voltage »;. (a) At D = 0.5. (b) At
D =0.3.
TABLE 1
PARAMETERS OF CLASS E FULL-WAVE Low dv/dt RECTIFIER
D 3(°) wCR. Ipm/lo Vorm/Vo Bi/nRy w,CRifn® nCyC Kifn Es
0 180.00 ) 00 2 0 0 0251 0 0
005 160.32 62669 1984 2022 201x1077 13 x10~ 0.25  0.022 0.025
01 14385 14982 9702 2079 2.5x10°° 0.0004 0.264 0086 0.049
015 12814 6.199 6241 2164 0.001 0.003 0273 0.189 0074
02 11310 3.165 4459 2273 0.003 0.001 0286 0324 0.09
025 98.63 1793  3.35%  2.406 0.015 0.027 0.303 0488 012
03 8463 1247 2731 2.566 0.058 0.059 0327 0672 0144
035 7L.04 0.729 2.201 2.754 0.163 0.109 0.364 0.873 0.167
0.4 5778 0546  1.857 2976 0.431 0.178 0420 1084 0.183
045 4480 0241 1654 3241 1.032 0.266 0516  1.301 0.193
0.5 3206 0176 1458 3562 2.307 0.362 0703 1519 0.196

V, resulting in an error of 7%. Note that there were no
oscillations because the parasitic capacitances of the diodes
do not adversely affect the rectifier operation. A comparison
of theoretical and experimental plots of the diode peak voltage
is displayed in Fig. 19. Fig. 20 depicts plots of the calculated
and measured rms input current.

VI. CONCLUSIONS

A detailed analysis and experimental tests of a Class E
full-wave rectifier have been presented. The results predicted
theoretically are in good agreement with the experimental tests.

81

/

Fig. 17. Experimental waveform of the rectifier input voltage v; at Vp =5
V,Io =8 A, and f = 0.922 MHz. Vertical: 10 V/div.; horizontal: 250 ns/div.

10 V/div.  § |

200 ns/div.

o

Fig. 18. Experimental waveform of the voltage across diode D, at at Vg =
5V,Io=15A, f =102MHz, and D = 0.45.

The full-wave rectifier offers several advantages over the Class
E half-wave rectifier. It has lower losses, lower THD, and
theoretically zero-ripple output voltage. Common features of
the Class E rectifiers are as follows. First, the diodes turn on
with low dv/dt and turn off at zero current with low dv/dt
and low d:i/dt. Second, current or voltage waveforms do not
overlap at the diode transitions, thus significantly reducing the
switching losses. Switching losses are also reduced because the
reverse-recovery charge effect in pn junction diodes is reduced
by the limited value of di/dt at the diode turn-off. Third,
the noise level produced by the circuit is drastically reduced
by the limited values of the derivatives of the diode current
and voltage waveforms at the switching times. Finally, the
detrimental effects of the Schottky diode parasitic capacitances
are completely overcome by the parallel connection of external
capacitors. Consequently, the Class E rectifiers are neither
affected by the parasitic oscillations nor by switching losses
which take place in a traditional rectifier.

Since the average current in each diode of the Class E full-
wave circuit is one-half of that through the diode of the Class
E half-wave rectifier, conduction losses in the former circuit
are about one-half of those in the latter. Moreover, the Class
E full-wave circuit has theoretically zero ac component of
the output current. Actually, the ac component of the output
current is about 10 times lower than in the half-wave circuit,
and hence, losses in the filter capacitor are reduced 100 times
lower. Also, diode conduction losses are lower than in the
Class E half-wave rectifier. The efficiency is relatively high
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Fig. 19. Measured and calculated maximum voltage across the diodes

Vpra as a function of the load current Io.
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Fig. 20. Measured and calculated rectifier input rms current as a function

of the load current I.

and almost constant for an output current ranging from 10%
to 100% of the full load. Also, the Class E full-wave circuit
has a low THD. Because of these features, the rectifier is
particularly suitable for high-frequency, high-power density
applications requiring a low-output voltage and high-output
current. To achieve the proper operation of the rectifier, the
circuit must be symmetrical. Hence, the leakage inductances
of the transformers must be controlled. This could represent
a drawback in the practical realization of the rectifier circuit.
Analysis and characterization of dc-dc converters including
the Class E full-wave rectifier topologies are recommended
for future research.

APPENDIX: DERIVATION OF DESIGN EQUATIONS

Referring to Fig. 1, the primary winding of the transformers
is driven by a sinusoidal current source given by (1). This
current is reflected to the secondary winding of the full-wave
transformers, which can be represented by two secondary
magnetizing inductances and two current sources given by

11 = ni = nl,, stnwt (25)
and

19 = —nt = —nl, sinwt. (26)

The currents through the secondary magnetizing inductances
are equal and expressed by

. Io
1, = —.
L="9

Using (25), (26), and (27), one obtains the current flowing
through the parallel combination D;—C4

¢2))

I
ic1+1ip1 = ?0 + nl,, sinwt (28)

and the current through the parallel combination Dy—C,

1
ic2 +ipy = 70 — nl, sinwt. 29)

A Mode I: ¢ < wt < ¢+ 2rxD

During this time interval, diode D is on and, therefore, the
capacitor current ¢¢; is zero. Hence, the diode current is given
by (28). Diode D; turns off at the end of the first topological
mode, when its current reaches zero, i.e., ip1(¢ + 2aD) = 0.
Thus, from (28) one arrives at (4). Substitution of (4) into (28)
yields the diode current ip; given by (5). During this phase,
D; is off and the current through capacitor C» is given by

. Io . Io sinwt
ic2 = 5 — nlysinwt = —

2 't sin(¢ + 2xD) |’ 30

Though the first topological mode begins at wt = ¢, the voltage
across the parallel combination Dy—Cs is zero when wt =
¢+ 2nD — 7, ie., voe(¢ + 2D — 7) = 0. Thus, the voltage
waveform across the combination Cy—Dy is

Vc2

1 /“ .
=Vp2 = —— Zcz(wt)d(wt)
wCs Jyi27D—n

1 wt sinwt

{1 * sin(d + 27rD)] dwt)
coswt + cos(¢ + 2n D)
sin(¢ + 27 D) ]

B wCs ¢+2nD—7 2
Ip
2wC2

[(wt—¢—27rD+7r)—
(31
Substitution of Ip = Vp /Ry into (31) yields (9).

B. Mode ll: ¢ + 27D < wt < ¢p+7

This topological mode begins with the turn-off of D;. The
current flows through C; and, according to (28) and (4), is
given by

Io sinwt

ic1= — |1 — ——mm—— . 32

er= g { sin(¢+27rD)} ©2)

Since vei(¢ + 27 D) = 0, as shown in Fig. 3, the voltage
across the parallel combination D;-C is expressed by

wt
vVCc1 = Vp1 = —1 i01 (wt)d(wt)
wC1 Joy2xD

1 “t Jo sinwt

= — — 1 - ——————|d(wt
wC /¢+2,,D 2 [ 3in(¢>—|—27rD)] (wt)

Io coswt — cos(¢ + 2w D)

T 2wCs [(Wt —¢—2rD) sin(¢ + 2w D)

(33)
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which gives (8). In the lower section of the rectifier, diode D,
is still off and the current through C is given by (30).

C.Mode II: p + 7 < wt K p+ 7+ 27D

At the beginning of mode III, diode D> is turned on. Hence,
(30) represents the current :p2, yielding (6). The current and
voltage of C; are still expressed by (32) and (33), respectively.

D. Mode IV: ¢ + 1+ 21D < wt < ¢+ 27w

During this time interval D5 is off and, therefore, the current
through C, is given by (30). Since vpe(¢ + 27D + ) =
0, the equation of the voltage waveform across the parallel
combination Do—-Cj is

1 wt

= — ioo(wt)d(wt
wCo ¢+27 D4 CQ( )( )

L
wCs Joy2nDtn 2

Io
2&16’2

sinwt
sin(¢ + 27rD)] dlwt)
coswt + cos(¢ + 2w D)
sin(¢ + 27 D)

Il

[(wt—q&—?wD—ﬂ)—
(34)

which gives (9). The current and the voltage of D; and C)
are still given by (33) and (32). Diode D; turns on at zero
voltage at the end of this time. Using (8) and the fact that
vp1(¢ + 2m) = 0, one arrives at (2).

The average reverse voltage across D; is expressed by

1 ¢+27
_%:%Wzﬂﬁwﬁmwmm

_ Vo 201 _ M2
= ImoCiR, [27r (1-D)* -1
sing
—2n(1-D 2 —_ .
( Jeot(2nD + ¢) + sin(2rD + ¢)

(35)

Simplifying (35) gives (3).

As stated before, the rectifier input impedance is given
by a series connection of a resistance R; and a capacitance
C;. Their values can be evaluated at the operating frequency
considering the input voltage of the rectifier given by different
expressions, according to the topological configurations the
circuit goes through during one switching period. Thus,

Uy
= —NUp2

_ —nV()
- QWCRL

wt—¢—~27D+ 7 —

coswt + cos(¢ + 2nD)
sin(¢ + 2w D) ’

for p¢<wt<p+27D (36)

nVo 2coswt
v = n(le —vpg) = )

2wCRz | + sin(¢ + 2w D)

for ¢g+2rD<wt<p+m 37D

83

Vi = NUp1
nVo coswt — cos(¢ + 2w D)
- — ¢ 27D ,
2wCRy, wt—¢—2mD+ sin(¢ + 2w D)

for ¢g+m<wt<¢+7+2nD (38)
o _ nVo . 2coswt
vi =n(vp1 = vp2) = 50Ep 2sin(¢ + 27D) |’
for ¢+ 7+27D <wt <P+ 2m. (39)

Using (36)—~(39) and Fourier expansion, the fundamental com-
ponent of the input voltage becomes

T
;1 = VRimstnwt + Vo sin (wt + -2—>

= Vrimstnwt — Voimcoswt (40)

and the amplitude Vg;,, is expressed by

1 [etem
VRim = ——/ visinwtd(wt).
TJe

41
Substitution of (36)—(38) into (41) gives (12).
The amplitude V¢, is given by

1

o+27
Veim = —/ vicoswtd(wt). 42)
TJe

Using (36)—(38), one arrives at (14).
The conduction loss of each diode is given by

Vel
Py = rlo

+ 75 Drms (43)

where Ip,ms is the rms value of the diode current. From (5),
the rms value of diode current is found as
sinwt 2
0|

1 ¢+2nD I_O(l B
27 Sy 2 sin(¢ + 27D
_Io D4+ 27D + singcosg 3
T2 4msin?(¢p + 2xD)  4mtan(¢p + 2w D)
cos¢ 1/2
nsin(¢ + 2w D)

IDrms =

(44)

Substitution of this into (43) gives

_Velo | rrld
Po=="+74 2sin?(¢ + 27 D)
n 3 cos¢p
drtan(p +2xD)  wsin(¢+ 2xD)
§m¢cos¢ ' @5)
dnsin?(¢ + 2w D)

Using Pp = Volp = RLI?), one obtains (19). The loss in each
parallel capacitor is expressed by

Pc = IrEsRIé’r‘mg' (46)
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Using (5), the rms value of the current through the parallel
capacitance C; is given by

1 et ooy si
ICrms = \/_/ {_O(l - i )
27 Jyyonp | 2 sin(¢ + 2w D)
Ip

_Iof,_ 1-D
) 25in2(p + 2w D)
 dwtan(¢ + 27D)

3 cos¢
wsin(p + 2w D)
. 1/2
_ singcosd
dmsin?(¢p + 27TD):|

d(wt)

(47)

Using (46) and substituting Pp = RLI?), one can find (20).
The losses in the transformer windings are

12
Poy = (w1 + n2rw2)7m. (48)

Substitution of (4) into this equation gives (22).
The efficiency of the transformers is expressed by

=g (49)

T

where Pr, is the transformer output power and Pr; is the
transformer input power. Neglecting the core losses, we have

Pri = Pro+ Pcy = Po +2Pp + 2Pc + Pc.  (50)

Substitution of this into (49) yields (23).

REFERENCES

[11 M. K. Kazimierczuk and J. J6Zzwik, “Class E resonant rectifiers,” in
Proc. 31st Midwest Symp. Circuits and Systems, St. Louis, MO, Aug.
10-12, 1988, pp. 138-141.

, “Class E zero-voltage-switching rectifier with a series capaci-

tor,” IEEE Trans. Circuits Syst., vol. CAS-36, pp. 926-928, June 1989.

[3]1 M. K. Kazimierczuk, “Class E low dvy/dt rectifier,” Proc. Inst. Elec.
Eng., Pt. B, Electric Power Appl., vol. 136, pp. 257-262, Nov. 1989.

[4] M. K. Kazimierczuk and J. J6iwik, “Class E zero-voltage-switching
and zero—current-switching rectifiers,” IEEE Trans. Circuits Syst., vol.
CAS-37, pp. 436444, Mar. 1990.

[5] M. K. Kazimierczuk, “Analysis of Class E zero-voltage-switching
rectifier,” IEEE Trans. Circuits Syst., vol. CAS-37, pp. 747-755, June
1990.

[6] M. K. Kazimierczuk and J. J6zwik, “Analysis and design of Class
E zero—current switching rectifier,” IEEE Trans. Circuits Syst., vol.
CAS-37, pp. 1000-1009, Aug. 1990.

[7] M. K. Kazimierczuk and K. Puczko, “Class E low dv/dt synchronous
rectifier with controlled duty ratio and output voltage,” /EEE Trans.
Circuits Syst., vol. CAS-38, pp. 1165-1172, Oct. 1991.

[8] M. K. Kazimierczuk and J. Jéiwik, “Resonant dc/dc converter with
Class-E inverter and Class—E rectifier,” IEEE Trans. Ind. Electron., vol.
IE-36, pp. 568-576, Nov. 1989.

9] N.O. Sokal and A. D. Sokal, “Class E — A new Class of high—efficiency
tuned single-ended switching power amplifiers,” [EEE J. Solid-State
Circuits, vol. SC-10, pp. 168-176, June 1975.

[10} F. H. Raab, “Idealized operation of the Class E tuned power amplifier,”

IEEE Trans. Circuits Syst., vol. CAS-24, pp. 725-735, Dec. 1977.
[11] F. H. Raab, “Effects of circuit variations on the Class E tuned power
amplifier,” IEEE J. Solid—State Circuits, vol. SC-13, pp. 239-247, Apr.
1978.
[12] M. K. Kazimierczuk, “Class E tuned power amplifier with shunt
inductor,” IEEE J. Solid-State Circuits, vol. SC-16, pp. 2-7, Feb. 1981.

e

[13] R. E. Zulinski, “A high—efficiency self-regulated Class E power in-
verter/converter,” [EEE Trans. Ind. Electron., vol. IE-33, pp. 340-342,
Aug. 1986.

[14] R. E. Zulinski and J. W. Steadman, “Class E power amplifiers and
frequency multipliers with finite dc—feed inductance,” [EEE Trans.
Circuits Syst., vol. CAS-34, pp. 1074-1087, Sept. 1987.

[15] M. K. Kazimierczuk, “Exact analysis of Class E tuned power amplifier
with only one inductor and one capacitor in load circuit,” IEEE J.
Solid—State Circuits, vol. SC-18, pp. 214-221, Apr. 1983.

[16] M. K. Kazimierczuk and K. Puczko, “Exact analysis of Class E tuned
amplifier at any switch duty cycle,” IEEE Trans. Circuits Syst., vol.
CAS-34, pp. 149159, Feb. 1987.

[17} C. P. Avratoglou and N. C. Voulgaris, “A Class E tuned amplifier
configuration with finite dc—feed inductance and no capacitance in
parallel,” IEEE Trans. Circuits Syst., vol. CAS-35, pp. 416422, Apr.
1988.

[18] M. K. Kazimierczuk and K. Puczko, “Class E tuned amplifier with an
antiparallel or series diode at switch, with any loaded (2 and switch
duty cycle,” IEEE Trans. Circuits Syst., vol. CAS-36, pp. 1201-1209,
Aug. 1989.

[19] R. E. Zulinski and K. J. Grady, “Load—independent Class E power
inverters — Part I: Theoretical development,” JEEE Trans. Circuits Syst.,
vol. CAS-37, pp. 1010-1018, Aug. 1990.

[20] M. K. Kazimierczuk and J. J6zwik, “Class E? narrow—band reso-
nant dc/dc converters,” IEEE Trans. Instrum. Meas., vol. IM-38, pp.
1064-1068, Dec. 1989.

[21] — ., “De/dc converter with Class E zero—voltage—switching inverter
and zero—current—switching rectifier,” JEEE Trans. Circuits Syst., vol.
CAS-36, pp. 1485-1488, Nov. 1989.

[22] J. J6zwik and M. K. Kazimierczuk, “Analysis and design of Class E?
dc/de converter,” IEEE Trans. Ind. Electron., vol. 1E-37, pp. 173-183,
Apr. 1990.

Alberto Reatti received the M.S. degree in electron-
ics engineering from the Department of Electronics
Engineering, University of Florence, Italy, in 1986.
In the summer of 1992, he was a research asso-
ciate with the Department of Electrical Engineering,
Wright State University, Dayton, OH. He is cur-
rently working towards the Ph.D. degree at the
Department of Electronics Engineering, University
of Florence. His research interests are in high-
frequency high-efficiency dc/dc power converters.

Marian K. Kazimierczuk received the M.S., Ph.D.,
and D. Sci. degrees in electronics engineering from
the Department of Electronics, Technical Univer-
sity of Warsaw, Poland, in 1971, 1978, and 1984,
respectively.

He was a teaching and research assistant from
1972 to 1978 and assistant professor from 1978 to
1984 with the Department of Electronics, Institute of
Radio Electronics, Technical University of Warsaw.
In 1984, he was a Project Engineer for Design
Automation, Lexington, MA. In 1984-85 he was
a visiting professor with the Department of Electrical Engineering, Virginia
Polytechnic Institute and State University, VA. Since 1985, he has been with
the Department of Electrical Engineering, Wright State University, Dayton,
OH, where he is currently an Associate Professor. His research interests are in
high-frequency high-efficiency power tuned amplifiers, resonant dc/dc power
converters, de/ac inverters, high-frequency rectifiers, and lighting systems. He
has published more than 100 technical papers, more than 50 of which have
appeared in IEEE Transactions and Journals. He is an Associate Editor for
the Journal of Circuits, Systems, and Computers.

In 1991, Dr. Kazimierczuk received the IEEE Harrell V. Noble Award for
his contributions to the ficlds of aerospace, industrial, and power electronics.
He is also a recipient of the 1991 Presidential Award for Faculty Excellence
in Research and the 1993 Teaching Award from Wright State University.

Authorized licensed use limited to: Universita degli Studi di Firenze. Downloaded on April 26,2020 at 13:02:57 UTC from IEEE Xplore. Restrictions apply.



REATTI ez al: CLASS E FULL-WAVE 8S

Richard Redl received the diploma in telecom-
munications engineering and the Technical Doctor
degree from the Technical University of Budapest,
Hungary.

At the Technical University of Budapest, from
1969 to 1984, he taught electronic circuits, con-
ducted research in switching-mode power conver-
sion and power amplification, and designed and
managed design projects for numerous power sup-
plies and power supply systems for industrial and
space applications. From 1984 to 1989, he was a
consultant in the United States. Since 1990, he has been the Director of ELFI
SA, an electronics consulting company in Switzerland. He has written more
than 60 technical papers and is co-author of a book on dynamic analysis of
power converters.

Authorized licensed use limited to: Universita degli Studi di Firenze. Downloaded on April 26,2020 at 13:02:57 UTC from IEEE Xplore. Restrictions apply.



