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Class E Full-Wave Low d v / d t  Rectifier 
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Abstract- An analysis and experimental verification for a 
Class E full-wave current-driven low d z , / d t  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 d v l d t ,  yielding low switching 
noise and low switching losses. Diode parasitic capacitances do 
not adversely affect the circuit operation. The absolute value 
of d i / d t  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 5 V and 15 A. The theoretical and the experimental results 
were in good agreement. 

I. INTRODUCTION 
LASS E rectifiers are suitable for high-frequency, high- C efficiency, and low-noise rectification [ 11-[ti]. In Class 

E current-driven half-wave rectifiers, the diode tums on at 
low d v l d t  and turns off at low dvldt  and limited d i l d t  
[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 dc-dc 
converters operating with narrow-band frequency regulation 
over the entire load range 191-[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 
d v l d t  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]-1191. 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 1171-[22]. 

The rectifier description and the principle of circuit oper- 
ation are given in Section 11. Section I11 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. 

11. OPERATION OF THE RECTIFIER 

A. Circuit Description 
A circuit of a Class E full-wave current-driven low d v l d t  

rectifier [3], [22] is shown in Fig. l(a). It consists of two 
diodes D1 and Dz, two capacitors C1 and Cz with the same 
capacitance C, a single-pole low-pass output filter Cf-RL,  
and two transformers with a tums ratio n. Resistor R L  is a 
dc load. An equivalent circuit of the rectifier is shown in Fig. 
l(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 C1 and CZ connected in parallel with the 
diodes. The ac component of the current flowing into the 
Cf-RL circuit is ideally zero, resulting in a constant zero- 
ripple output voltage Vo. Actually, this is obtained with a 
small capacitor C f .  

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 i is sinusoidal with frequency f = w / 2 ~  and amplitude 
I,. Consequently, currents il = ni and i2 = -ni are 
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(b) Model of the rectifier. 
Fig. 1. Class E, full-wave current-driven, low d v / d t  rectifier. (a) Circuit. 

also sinusoidal. Since inductances L,  are equal, the current 
through each of them is 10/2.  As a result, the waveforms of 
the current through the parallel combinations of C1-D1 and 
C2-02 are two sine waves that are 180" out of phase and both 
are shifted upward by dc component I0/2. These waveforms 
are icl + i ~ 1  = I0 /2  + ni and icz + i ~ 2  = I 0 / 2  - ni, 
respectively. Since the current through the circuit C ~ - R L  is 
given by ZCI + i ~ 1  + ic2 + 2 ~ 2 ,  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 C f  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 = 4, 
when diode voltage V D 1  reaches the diode threshold voltage, 
tuming on diode D1. During this phase, the current I 0 / 2  + 
nI,sinwt flows through D1. Diode Dz is off and its voltage 
waveform is shaped by the shunt capacitor C2, according to 
Z c 2  = C2dv~z /d t .  The first mode ends at wt = + 27rD, 
when current 201 reaches zero, turning diode D1 off. 

The second topological mode of Fig. 2(b) begins at wt 
= 4 + 27rD. During this time interval, the current I 0 / 2  
+ nI,sinwt flows through C1 which shapes the waveform 
of the voltage across D1, according to icl = CIdwcl/dt. 
Since the capacitor current is zero when diode D1 tums off, 
the derivative of the voltage waveform V D ~  is also zero at 
wt = 4 + 2 x 0 .  After diode D1 turns-off, its voltage slowly 
decreases because icl is negative. Since icZ is positive, the 

CI 1. 
- 1 1  - 

CI 1. 
I 1  - - 

'cl 

(d) 

Fig. 2. Models of Class E, full-wave current-driven, low d i : / d t  rectifier for 
various time intervals. (a) Model with D1 ON and D2 OFF (b) Model with 
D1 OFF and Dz OFF. (c) Model with D1 OFF and 0 2  ON. (d) Model with 
D1 OFF and D20FF.  

voltage V D ~  increases and reaches the diode threshold voltage 
at wt = 4 + T ,  turning on diode D2. 

The third topological mode of Fig. 2(c) begins at wt = 4 + ~ ,  
when diode 0 2  turns on and ends at wt = 4 + 7r + 27r0, 
when it tums off. During this time interval, the current 
I 0 / 2  - nI,sinwt flows through diode D2. The waveform of 
the voltage across diode D1 is still shaped by CI. Therefore, 
it first decreases, reaches its minimum value VDRM when icl 
is zero, and then increases when icl is positive. 

The fourth mode of Fig. 2(d) begins, when the current Z D Z  
reaches zero. As in the first topological mode, C2 shapes the 
voltage waveform of Dz.  Hence, 2102 slowly decreases from 
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Fig. 3. Current and voltage waveforms in the Class E full-wave rectifier. 

zero because icz is zero at wt = q!I + K + 27rD. The current 
through capacitor C1 is positive and, therefore, voltage 7 / 0 1  

increases. Diode D1 turns on at wt = 4 + 27r, when V D 1  

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 i01 and VD1 and those of 202 and 2/02 are 
equal and 180" out of phase. 

The rectifier circuit takes advantage of the externally con- 
nected capacitances C1 and C2 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 tum on at a limited dvldt. 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 

p n  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 C ~ - R L  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]. 

111. ANALYSIS 
The analysis of the Class E rectifier of Fig. l(a) begins with 

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 
p n  junction diode. 

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

3) The C ~ - R L  circuit can be replaced by a dc voltage 
source. 

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

the following assumptions: 

where I ,  is the amplitude and w = 27rf 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 D1 tum-on delay angle 
is given by 

( 2 )  
~ ( 1  - D ) s i n ( 2 ~ D )  + sin2(.lrD) 

~ ( 1  - D)cos(27rD) + sin(rD)cos(rD) '  
tan$ = - 

Fig. 4 shows a plot of $ as a function of D. The phase q!I 
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 0 2  tum-on delay angle is q!I + K and 
its on-duty cycle is D. 

Fig. 5 shows the diode on-duty cycle D as a function of the 
load resistance RL normalized with respect to the reactance 
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Fig. 4. Initial phase of the inputvoltage q5 as a function of the diode ON 

Fig. 5. Diode ON duty ratio D as a function of normalizedload resistance duty cycle D. 
wCRL. 

of each parallel capacitor l / w C  
10 

s i n ( 4  + 2 ~ 0 )  - sin4 + 2 ~ ( 1  - D ) c o s ( ~  + 2 ~ 0 )  WCRL = 
47rsin(4 + 27rD) 8 

7r 

2 6  - -(I - D)2. (3) 

The duty cycle decreases from 0.5 to 0 when w C R L  is 

value of VO and an increasing RL, the output current IO 

bination of the diode and capacitor, causing the on4uty  cycle 
D to decrease. The amplitude of the sinusoidal input current is 0 .1 .2 .3 .4 .5 

--. 2 

3 4  
increased from ( W C R L ) ~ ~ ~  = 0.1756 to CO. With a constant 

decreases and so does the current through the parallel com- 
2 

0 

D 
-10 

2nsin(4 + 2nD) 
I ,  = (4) 

Hence. the waveforms of the currents through diodes D1 and 8 
D2, normalized with respect to the dc output current Io, are 
given by 

6 

= { ;[I - for 4 I wt  < 4 + 2 n ~  
H 0 

E ( 5 )  Y 

Io 0: for 4+2nO 5 wt < $+2n ‘4 

2 
and 

- n 5 wt < 4 + 7r 

0 
for $ + n 5 w t < q 5 + ~ + 2 7 r D  (6) 0 2 4 6 8 10 

0, for 4+27rD+7r 5 wt < 4 f 2 7 r .  w CRL 

The maximum value of iDl occurs at wt = 7r/2, if 4 5 n/2. 
However, 4 = n/2 represents a boundary condition. When 
4 is greater than w / 2 ,  the maximum of Z D ~  is not given by 
dzDl/dt = 0, but occurs at wt = 4. Since the rectifier behavior 
is symmetrical, the peak currents are the same for D1 and 0 2  

and are 

The peak value of the current normalized with respect to the 
output current I D M / l o  is shown in Fig. 6(a) as a function of 

(b) 

D and wCRL. (a) I ~ l ~ ~ / I o  versus D. (b) Iu l i l / Io  versus IJCRL.  
Fig. 6.  Normalized peak values of diode current IDl\f/IO as functions of 

D. Its value increases when D decreases. Using (3), the ratio 
ID,\~/Io is plotted versus WCRL in Fig. 6 (b). 

The voltages across diodes D1 and D2, normalized with 
respect to the output voltage VO, are given by 

for 6, < wt 5 6, + 27rD 
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Fig. 7. Normalized peak values of diode reverse voltage lbR,jr/l/b as 
functions of D a n d 4 C R L .  (a) \bR.!J/lb versusD. (b) 1 b ~ , ~ l / l b  versus 
~ C R L .  

and 

The reverse voltage across diode D1 reaches the peak value 
when the current through C1 is zero, i.e., at w t  = 37r-4-2nD. 
Substituting this value of w t  into (S), the normalized peak 
voltage across diode can be determined 

v, VDRM - - w ~ ~ , [ 1 - 4 - 2 7 r D - c o t ( $ + 2 ~ D )  1 37r 1 . (10) 

Using (2), (3), and (lo), the normalized peak reverse voltage 
of the diodes can be plotted as functions of D and WCRL as 
shown in  Fig. 7(a) and (b), respectively. 

The normalized power-output capability is 

Using (2) and (3), the factor cp was computed an& plotted 
versus D and W C R L  in Fig. 8(a) and (b), respectively. The 
maximum value of cp occurs at D = 0.5. 
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Fig. 8. Power-output power capability cp as functions of D and LJCRL. 

(a) cp  versusD. (b) c p  versus ~ C R L .  

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 Ri 
and a capacitance Ci. The component of the input voltage 'U; in 
phase with the input current i has the amplitude expressed by 

 COS^ -  COS(^ + ~ T D )  + (27rD - 7r)cos4 + 
tan($ + 27rD) 

(12) 

Substitution of (4) and (12) into Ri = V R ~ ~ / I ~  gives the 
rectifier input resistance 

C O S 2 ( $  + 27rD) - cos24 

- TITCOS(+ + ~ T D )  - (2rD - R ) C O S ~  

- (COS$ -  COS(^ + 27~D))cot(4 + 27~D) 
- cos2(#J + 27rD) - cos24 1. 

(13) 4sin(4 + 27rD) 

Using (2) and (3) ,  both R,In2RL and wCRiln2 are plotted as 
functions of D and WCRL in Fig. 9 and 10, respectively. 
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Fig. 9. Normalized input resistance R , / n L R L  as functions of D and Fig. 10. Normalized input resistancm,CR,/n2 as functions of D and 
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The component of the input voltage which is 90" out of 
phase with respect to the input current i has the amplitude 

Vc;, = ~ nVo [cos$ + (7r - 27rD)sin$ 
TWCRL 
- cot($ + 27rD)sinq!J - 7rsin($ + 2 x 0 )  

2(7rD - 7r )  

szn(4 + 27rD) 
C O S ( $  + 27rD) - 

2 + .  
+ (14) 

Since wCi = Im/Vcim, (4) and (14) give the rectifier in- 
put capacitance C; normalized with respect to the parallel 
capacitance C 

sin$cos$ 
2 4 4  + 27rD)l. 

7r 
- ci - - [cos$ + (7r - 27rD)sin$ c 2n2sin(4 + 27rD) 

- cot($ + 2 ~ D ) ~ i n $  -  in($ + 2rD)  

+ .  
+ 

2(T - TO) 
szn(fj + 2TD) 

2sin($ + 27rD) 

cos($ + 27rD) 
- 

2 

(15) 

Substituting (2) and (3) into (15), C;/C is expressed as 
functions of D and wCRL. Fig. l l (a)  and (b) show the plots 
of the normalized input capacitance n2C;/G versus D and 
wCRL, respectively. 

sin&os$ 
1-1. 

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

(16) 

where I,,, = I , / f i .  The current transfer function Kiln is 
plotted as functions of D and WCRL in Fig. 12(a) and (b), 
respectively. 

IO 
Irms 

K; = - = -2nJZsin(f$ + 27rD) 

The ac-to-dc voltage transfer function is 

where VI,,, = d(Viim + V&,)/2 is the rms value of the 
fundamental of the rectifier input voltage. Using (2) and (3), 
the ac-to-dc voltage transfer function nA4R is plotted in Fig. 
13 (a) and (b) as functions of D and wCRL,  respectively. 

The rectifier transconductance is 

(18) 

Substituting (2) and (3) into (18), the transconductance nGR 
is plotted in Fig.l4(a) and (b) as functions of D and wCRL, 
respectively. 

G R = & =  -1 
vo R1;2f insin($ + 27rD) ' 

The conduction loss in each diode is 
27rD + sin$cos$ 
47rsin2(4 + 27rD) 
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11. Normalized input capacitance n2C,/C as functions of D and 
~ C R L .  (a) n2C,/C versusD. (b) n2C,/C versus ~ C R L .  

cos$ - 3 
47rtan($ + 27rD) 7rsin($ + 27rD) 

+ 
where VF is the diode threshold voltage and r F  is the diode 
forward resistance. The loss in each parallel capacitor is 

27r( 1 - D )  - sin$cos$ 
47rsin2($ + 27rD) 

Pc = Po- [l - D + 
4RL 

] (20) 
3 cos$ - 

47rtan($ + 27rO) -k 7rsin($ + 27rD) 

where T E S R  is the ERS of the parallel capacitor. The power 
loss in the ESR of the filter capacitor is ideally zero. The 
rectifier efficiency is 

PO 
Po + 2PD + 2Pc' QR = 

The rectifier efficiency T~JR is plotted in Fig. 15 as a function 
of the normalized load conductance ~ / w C R L  for VF = 0.3 

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 

v, T F  = 0.033 0, and rESR = 0.04 0. With this choice Of 

Fig. 12. 
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Current transfer function lit / n  as functions of D and ~ ' R L .  (a) 

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

1 
pcu (23) 

The efficiency of the transformers ~ J T  is plotted in Fig. 15 as a 
function of the rectifier normalized load conductance ~ / w C R L  
for r,1 + n2r,2 = 0.4 0 and n = 6. The overall efficiency 
of the rectifier is 

7/T = 
+ PO+2pC+2pD 

(24) 
PO 

Po + 2Pc + 2PD + Pcu' 77 = 7 7 ~ 7 7 ~  = 

A plot of the rectifier efficiency 77 is depicted in Fig. 15. 
Fig. 16(a) and (b) show the waveforms of the voltage 'U; 

across the primary winding of the transformers for D = 0.5 
and D = 0.3, respectively. The waveform of the input voltage 
vi has low harmonic content and is almost sinusoidal for 
D 5 0.3. 

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

IV. DESIGN EXAMPLE 
Design a Class E full-wave rectifier with the following 

specifications: Vo = 5 V and lo(maz) = 15 A. The minimum 
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a high power-output capability and to avoid overlapping of - 
the diode conduction. Using (7), the maximum value of the % 90 
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Fig. 13. Voltage transfer function nh4R as functions of D and IJCRL. (a) 
~ M R  versusD. (b) ~ ~ Z ; I R  versus IJCRL.  Fig. 14. Normalized rectifier transconductance nGR as functions of D and 

u.CRL. (a) ~ G R  versusD. (b) nGR versus uCRL. 

l/wCRr, 
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 tums of litz wire with a total cross-sectional area 
of 0.47 mm2. 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 

Fig. 15. Transformer efficiency QT, rectifier efficiency 7 ~ .  and overall 
efficiency 1) as a function of ~ / u C R L .  

diode parasitic capacitances were included in the extemally 
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 TI; at Vo = 5 V, 10 = 8 A, and f = 0.922 MHz. 
Fig. 18 shows an experimental waveform of the diode voltage 
at VO = 5 V, IO = 15 A, and D = 0.45. The peak diode voltage 
was VDM = 18 V, while the predicted one was V0n.r = 16.7 
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Fig. 16. Waveform of the rectifier input voltage U , .  (a) At D = 0.5. (b) At 

D = 0.3. 

TABLE I 
PARAMETERS OF CLASS E FULL-WAVE Low dv/dr RECTIFIER 

0 180.00 m 
0.05 160.32 62.669 
0.1 143.85 14.982 
0.15 128.14 6 199 
0.2 113.10 3 165 
0.25 98.63 1.793 
0.3 84.63 1.247 
0.35 71.04 0.729 
0.4 57.78 0546 
0.45 44.80 0.241 
0.5 32.06 0.176 

m 
19.84 
9.702 
6.241 
4.459 
3.356 
2.731 
2.201 
1.857 
1.654 
1.458 

2 0 0 
2.022 2.OlxIO-' 1.3 x10V 
2.079 2.5x10-' 0.W04 
2.164 0.Wl 0.003 
2.273 0.003 0001 
2.406 0.015 0.027 
2.566 0.058 0.059 
2.154 0.163 0.109 
2.976 0.431 0.178 
3.241 1.032 0.266 
3.562 2.307 0.362 

0.251 
0.256 
0.264 
0 273 
0 286 
0.303 
0.327 
0.364 
0.420 
0.516 
0.703 

0 0  
0.022 0.025 
0.086 0.049 
0.189 0.074 
0.324 0.099 
0.488 0.124 
0.672 0.144 
0.873 0.167 
1.084 0.183 
1.301 0.193 
1.519 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. 

Fig. 17. Experimental waveform of the rectifier input voltage U, at I/o = 5 
V, IO = 8 A, and f = 0.922 MHz. Vertical: 10 V/div.; horizontal: 250 nddiv. 

200 ns/div. 

Fig. 18. Experimental waveform of the voltage across diode D1 at at 1'0 = 
5 V, IO = 15 A, f = 1.02 MHz, 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 tum on 
with low dvldt  and tum off at zero current with low dvldt 
and low d i l d t .  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 p n  junction diodes is reduced 
by the limited value of d i l d t  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 
VDR,14 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 o .  

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 

il = ni = nI,sinwt (25)  

and 

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

. I o  
aL = -. 

2 
Using (23, (261, and (27), one obtains the current flowing 

through the parallel combination Dl-C, 

(28) 
IO icl  + io1 = - + nI,sinwt 
2 

IO ic2 + i D 2  = - - nImsinwt. 
2 

and the current through the parallel combination D2-C2 

(29) 

A.  Mode I: $ < wt 5 $ + 27rD 
During this time interval, diode D1 is on and, therefore, the 

capacitor current icl is zero. Hence, the diode current is given 
by (28). Diode D1 turns off at the end of the first topological 
mode, when its current reaches zero, i.e., i ~ l ( $  + 27i-D) = 0. 
Thus, from (28) one arrives at (4). Substitution of (4) into (28) 
yields the diode current io1 given by (5).  During this phase, 
0 2  is off and the current through capacitor C2 is given by 

IO sinwt 
2 ic2 = - - nI,sinwt = - 1 + '2" [ sin($+27rD) 

Though the first topological mode begins at wt = $, the voltage 
across the parallel combination D2-C2 is zero when wt = 
$ + 27rD - 7r ,  i.e., V C ~ ( $  + 27rD - 7 r )  = 0. Thus, the voltage 
waveform across the combination c 2 - D ~  is 

1 - - & [ ( w t - $ - 2 n D + r ) -  coswt + cos($ + 27rD) 
2wC2 sin($ + 27rD) ' 

(31 ) 

Substitution of IO = VO/RL into (31) yields (9). 

B. Mode II: $ + 27rD < wt 5 $ + 7i- 

This topological mode begins with the turn-off of D1. The 
current flows through C1 and, according to (28) and (4), is 
given by 

Since wcl($ + 27rD) = 0,  as shown in Fig. 3, the voltage 
across the parallel combination D1-C1 is expressed by 

vC1 = V D l  = ~ Jut i c I ( w t ) d ( w t )  
wcl 6+27rD 

1 coswt - COS($ + 2aD) 
[(wt - $ - 27rD) - - - 

2wc2 sin($ + 2 x 0 )  
i 2  = -ni = -nI,sinwt. (26) (33) 
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which gives (8). In the lower section of the rectifier, diode 0 2  

is still off and the current through C2 is given by (30). 

C. Mode 111: 4 + 7r < wt 5 4 + 7r + 27rD 

At the beginning of mode 111, diode D2 is tumed on. Hence, 
(30) represents the current iD2, yielding (6). The current and 
voltage of C1 are still expressed by (32) and (33), respectively. 

D. Mode IV: 4 + 7r + 27rD < wt 5 4 + 271 
During this time interval D2 is off and, therefore, the current 

through C2 is given by (30). Since vD2(4 + 27r0 + 7 r )  = 
0, the equation of the voltage waveform across the parallel 
combination D2-C2 is 

I coswt + cos(q5 + 27rD) - - [ ( w t  - 4 - 27rD - 7 r )  - 
2wc2 sin(4 + 27rD) 

(34) 

which gives (9). The current and the voltage of D1 and C1 
are still given by (33) and (32). Diode D1 tums on at zero 
voltage at the end of this time. Using (8) and the fact that 
V D 1 ( 4  + 27r) = 0, one arrives at (2). 

The average reverse voltage across D1 is expressed by 

sin4 
szn(27rD + 4) - 2 ~ ( 1 -  D ) c o t ( 2 ~ D  + 4) + . 

(35) 

(38) for $ + 7 r  < wt 5 4+7r+ 27rD 

for 4 + 7r + 27rD < wt 5 4 + 27r. (39) 

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

vi1 = VR;,sinwt + V&,sin 

= VR;,sinwt - Vc;,coswt (40) 

and the amplitude VRim is expressed by 

Substitution of (36)-(38) into (41) gives (12). 
The amplitude Vcim is given by 

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

where I,,,, is the rms value of the diode current. From (51, 
the rms value of diode current is found as 

Simplifying (35) gives (3). 27rD + sin4cosd 3 ='"[o+ 47rsin2(4 + 27rD) + 47rtan(4 + 2 ~ 0 )  

pD - VFIO ; r& [ 

2 As stated before, the rectifier input impedance is given 
by a series connection of a resistance R; and a capacitance 
Ci. 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, 

vi 

- 7rsin(4 + 27rD) (44) r2 
Substitution of this into (43) gives 

D 
2 4 + 2sin2(4 + 2 7 ~ 0 )  = -nvD2 

-nVo [.t - 4 -  27rD + 7r - - 
c054 - 3 

sinq5cos4 
sin(4 + 27rD) 

coswt + cos($ + 27rD) 
' 

+ 47itan(4 + 27rD) 

+ 
7rsin(4 + 2 x 0 )  

(45) 1 47rsin2(4 + 27rD) ' 

1 - 
~ w C R L  

for q5 < wt 5 4 + 27rD (36) 

Using PO = Vola = RL I;, one obtains (19). The loss in each 
parallel capacitor is expressed by 2coswt 

vi = n(vD1 - vD2) = ~ 
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Using (5) ,  the rms Value Of the current through the parallel 
capacitance C1 is given by 

[I31 R. E. Zulinski, “A high-efficiency self-regulated Class h power in- 
verter/converter,” IEEE Trans. Ind. Electron., vol. IE-33, pp. 340-342, 
Aug. 1986. 

1 - D  

3 cos4 
- 

47rtan(4 + 27rD) + 7rsin,(4 + 2TD) 

sin(/)cos4 ’ I 2  1 - 
47rsiny4 + 27rD) (47) 

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

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

where Pro is the transformer output power and P T ~  is the 
transformer input power. Neglecting the core losses, we have 

Sub mstitution of this into (49) yields (23). 
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