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Abstract

An analysis of the junction capacitance in resonant rectifiers which has a significant impact on the operating point of
resonance circuits is studied in this paper, where the junction capacitance of the rectifier diode is to decrease the resonant current
and output voltage in the circuit when compared with that in an ideal rectifier diode. This can be represented by a simplified
series resonant equivalent circuit and a voltage transfer function versus the normalized operating frequency at varied values of
the resonant capacitor. A low voltage to high voltage push-pull DC/DC resonant converter was used as a design example.
The design procedure is based on the principle of the half bridge class-DE resonant rectifier, which ensures more accurate results.
The proposed scheme provides a more systematic and feasible solution than the conventional resonant push-pull DC/DC
converter analysis methodology. To increase circuit efficiency, the main switches and the rectifier diodes can be operated under
the zero-voltage and zero-current switching conditions, respectively. In order to achieve this objective, the parameters of the
DC/DC converter need to be designed properly. The details of the analysis and design of this DC/DC converter’s components are
described. A prototype was constructed with a 62-88 kHz variable switching frequency, a 12 Vpc input voltage, a 380 Vpc
output voltage, and a rated output power of 150 W. The validity of this approach was confirmed by simulation and experimental
results.
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: : Renewable VLVD(‘ DC/DC VIIVDC or Grid- Dv
The push-pull resonant converter topologies in [1]-[3] were Energy Sources Converter l Connected
used in front-end DC/DC converters for distributed power Inverters _1

generation based on battery-based energy storage or
renewable energy systems [4]-[8] such as photovoltaic, fuel Fig. 1. Power conditioning system for renewable energy.
cells, wind turbines, etc. The push-pull resonant converter ) ) o
topology is suitable for unregulated low-voltage, Vyypc, to and is depicted in Fig. 1. The advantages of the push-pull
resonant converters include their low component count and
their ability to operate under zero voltage switching (ZVS)
and zero current switching (ZCS) conditions [9], [10].
These advantages result in a higher overall system efficiency.

For higher power applications, paralleling DC/DC converters

high-voltage, Vyypc, power conversion systems, which feed
stand-alone and grid-connected inverters. The power
conditioning system architecture consists of a first stage
DC/DC converter and a second stage DC/AC inverter,
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Fig. 2. Proposed ZVS push-pull resonant converter and transformer model.

inductor to obtain a small ripple in the input current have
been presented [13], [14]. In reality, the junction capacitance
of the rectifier diode of a push-pull resonant DC/DC
converter cannot be neglected in high voltage and
high-frequency operations. This is because the junction

capacitance decreases the resonant current and output voltage.

Due to the effect of the junction capacitance, it is very
difficult to design all of the parameters for the converter
[15-16]. The objective of this paper is to introduce an
analysis of the junction capacitance in a half bridge rectifier
diode which has a significant impact on the operating point
of the resonance circuit. This is accomplished by using the
principle of a half bridge class-DE rectifier with a push-pull
resonant converter. The proposed scheme ensures more
accurate results and provides a more systematic and feasible
solution. The effects of the commutation of the transformer
magnetizing current, the drain-source junction capacitance,
the leakage inductance of the transformer, the resonant
capacitance, the power MOSFETs and the power diodes can
be turned on under the ZVS and turned off under the ZCS
conditions, respectively. In order to achieve this objective,
the parameters of the DC/DC converter need to be designed
properly and the details of analysis and design of this DC/DC
converter’s components need to describe.

This paper is divided into six sections. In Section II, the
circuit description is presented. In Section III, an analysis of
the junction capacitance in the half bridge class-DE resonant
rectifier for a ZVS push-pull resonant converter is presented.
The design procedure for the components is reported in
Section IV. Simulation and experimental results to support
the theoretical analysis are presented in Section V. Some
conclusions are given in Section VL.

II. CIRCUIT DESCRIPTION

Figure 2(a) illustrates the circuit of the proposed ZVS
push-pull resonant converter with a half bridge class-DE

resonant rectifier studied in this paper. It consists of a
high-frequency center-tapped transformer 7R, and has a
center-tap at the primary winding of the push-pull type
converter. The ZVS push-pull resonant converter is
composed of bidirectional two-quadrant switches, M, and M,,
with a duty ratio of nearly 0.5. Each switch is composed of a
transistor and an anti-parallel diode. The switch can conduct
either positive or negative current. The output voltage
regulation is controlled by varying the operating frequency.
The resonant inductor, L,, consists of the secondary leakage
inductor of the high-frequency transformer, L;;, and two
additional primary leakage inductors, L;p; and Lp,. It is:

2
n
L, =(Lipy + Lipy )(zj +Lg (D

The value of the leakage inductor of the high-frequency
transformer depends on the physical conditions [17] such as
the magnetic material, air gap size, winding, etc.
The equivalent circuit of the transformer is illustrated in Fig.
2(b), where the parameter values of the transformer are
measured by an LCR meter. However, the magnetizing
inductor of the transformer is very large. Thus the
magnetizing current can be neglected. The resonant capacitor,
C,, is relatively the series capacitor, C,, and the junction
capacitors, Cp = Cp; = Cp, of half bridge class-DE resonant
rectifier diode. L, and C, are employed to achieve soft
switching operation. The class-DE rectifier makes the output
voltage equal to twice the peak output of the transformer by a
two bulk-filter capacitors, Co = Cp; = Cp,, Where capacitor
Cy is large enough. Therefore, the output voltage, V,,, can be
considered as constant and is supplies a load resistor, R;. The
series circuit, L,—C;, is fed by the square-wave output voltage
of the secondary side of the high-frequency transformer and
converted to a high-frequency current source to drive the half
bridge class-DE resonant rectifier.
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Fig. 3. Key waveforms of the proposed push-pull converter.

III. ANALYSIS OF THE JUNCTION CAPACITANCE IN
HALF BRIDGE CLASS-DE RECTIFIER DIODES

The principle of operation of the half bridge class-DE
rectifier with a push-pull resonant converter is explained by
the waveforms shown in Fig. 3. The main switches and the
rectifier diodes can operate under ZVS and ZCS conditions,
respectively. It is reasonable to consider the transformer
secondary side as a sinusoidal current source #,, which is also
the input current source of the half bridge class-DE rectifier.
The operation of the proposed converter can be divided into
four modes. The circuit schemes of the operating modes are
depicted in Fig. 4. A detailed analysis of the complete
operation including the four modes is described as follows:

Mode I: In this mode, depicted in Fig. 4(a), the junction
capacitor voltage of switch M, is completely discharged and
vpg; decreases to zero. Then switch M, is turns on under the

ZVS condition by commutation of the transformer
magnetizing current and drain-source junction capacitance.
At the same time, the junction capacitor voltage vpg, of

switch M, is charged from zero to 2V,. In the secondary side,
diode D, turns off under the zero-current condition by current
ip, through the rectifier diode by the series resonant circuit
L.—C..

Mode 2: This mode is the commutation time of the
converter. Switches M; and M, are turned off. The junction
capacitor between the drain-source of switch M;, Cy,
charges voltage vpg until it is increased to 2V, and the

junction capacitor between the drain-source of switch M,
Cp, discharges voltage vjg, until it is reduced from 2V}, to

zero. Simultaneously, the half bridge rectifier junction
capacitor Cp,of diode D; discharges to zero and junction
capacitor Cp, of diode D, charges from zero until its voltage
reaches —V,,, as shown in Fig. 4(b).

Mode 3: Figure 4(c) shows that junction capacitor voltage
of switch M, is completely charged and vjq increases to 2V,.

Then M, is turned off under the zero-current condition.
Switch M, begins conducting. Current i), through switch M,
at primary side of the transformer operates at zero-voltage.
At the same time, diode rectifier D, of the class-DE rectifier
turns off under the zero-current condition by current ip,
through the rectifier diode.

Mode 4: In Fig. 4(d), both switches M, and M, are turned
off, the junction capacitor between the drain-source of switch
M,, C,,, discharges voltage vjg from 2V, until its

voltage reduces to zero. The junction capacitor between the
drain-source of switch M,, Cyp, charges voltage v, until it

is increased to 2V, Simultaneously, at the half bridge
rectifier, junction capacitor Cp; of diode D, is charged until
its voltage reaches —V,,, and junction capacitor Cp, of diode
D, discharges its voltage to zero. Then, D, turns off under
zero-current.

It should be noted that the circuits in Fig. 4(b) and (d),
effects the commutation of the transformer magnetizing
current and the drain-source junction capacitances, Cy; and
Cyp of switches, M; and M,. The power MOSFETs can be
turned on under ZVS, when the voltage of the parasitic
drain-source capacitor falls to zero. However, the switch must
be turned on before vg(¢) is increased to V,,/2. The parasitic

drain-source capacitor is charged again to exceed zero when
vg(?) is equal to V,,,/2. Thus the main switch is not operated

under ZVS. Therefore, the dead time in this proposed
push-pull resonant converter is largely from operating modes
2 and 4. The analysis of the junction capacitance in the half
bridge class-DE resonant rectifier for push-pull ZVS resonant



Journal of Power Electronics, Vol. 13, No. 4, July 2013 629

converters is demonstrated by the equivalent circuit, as
shown in Fig. 5. The diode, D;, of the half bridge class-DE
resonant rectifier operates during the positive half-cycle of
the high-frequency transformer secondary side square-wave
voltage, while the equivalent circuits of secondary side of
the high-frequency transformer are modeled by a square-
wave voltage source,vg. The fundamental component is
vg(#) = Vg sin wgt, Where w, is the switching angular frequency
and the diode, D,, operates during the negative half-cycle.
The equivalent circuit describing the impact of the junction
capacitance of the half bridge class-DE resonant rectifier
diode in high output voltage and high switching frequency

(d) Mode 4

Fig. 4. The operation mode of the proposed circuit.

Fig. 5. The equivalent circuit describing the impact of the
junction capacitance of the half bridge class-DE rectifier diode.

operations is shown in Fig. 5(a). Because the two dc
voltage sources, V,,/2, appears as a short circuit to the ac
component, the junction capacitors, Cp; and Cp,, are
interchangeable, as shown in Fig. 5(b).

In this circuit, capacitor Cpg; is connected in parallel with
capacitor Cp, and they can be combined into one capacitor
2Cp = Cp; + Cpy, as shown in Fig. 5(c). Figure 5(d) illustrates
the model of the half bridge class-DE rectifier with a
push-pull resonant converter. The input impedance of the
class-DE rectifier is represented by a parallel R,—C;, circuit,
which can then be converted into a series combination of the
input resistor, R, and the input capacitor, Cj, based on the
principle of the half bridge class-DE rectifier [18-20], as
shown in Fig. 5(e). However, the value of the input capacitor,
Cy, of the half bridge class-DE rectifier depends on the
junction capacitance in rectifier diode, Cp, which has a
significant impact on the operating point of the resonance
circuit, as shown in Fig. 5(f). Hence, the normalized input
impedance of the half bridge class-DE rectifier can be
described by:

Z; =w,2CpZ; = Rl!S - jX,Cis (2)

where Rj; and X, are the normalized resistance and reactance

which can be obtained by:



630 Journal of Power Electronics, Vol. 13, No. 4, July 2013

, 8R)
=t 3)
2z +R})
, 8R; 2r —R; 1 _1[ 27— R;
KXy = || L] =2k | ——cos [L) )
7T \2r+R}) z 2T+ Ry

The series capacitors C—C; circuit is replaced by
an equivalent capacitor, which is represented by C, =
C,Ci/(CtCyy), as shown in Fig. 5(f). As a result, the junction
capacitance in the half bridge class-DE resonant rectifier
diode is highly important because of the effects of the
resonance, which ensures more accurate results than the
push-pull resonant converters reported previously [13-14].
The plots of the magnitude of the AC/DC voltage transfer
function V,,/Vs versus the operating frequency f;/f. at varied
values of the resonant capacitor, C,, are shown in Fig. 6.
It can be seen the impact of the junction capacitance of the
rectifier diode cannot be neglected, because the junction
capacitance is to decrease the output voltage of the proposed
circuit. The range of Q; is from 1.5 to 0.02. With the above
design, the operating region of the converter is shown as the
shaded area in Fig. 7. It can be seen from the operating region
that under a light load, the switching frequency needs to
increase a great deal to keep the output voltage regulated.
This is a main drawback for series resonant converters.
Thus the push-pull DC/DC converter proposed in this paper
is suitable for a narrow load range.

IV. DESIGN PROCEDURE

The design of the proposed ZVS push-pull resonant
converter with a half bridge class-DE rectifier can be
functionally divided into two parts: the ZVS push-pull
converter and the ZCS half bridge class-DE rectifier.
The design procedure for the ZVS push-pull resonant
converter with the effect of the junction capacitance, by using
the principle of the class-DE resonant rectifier is determined
as follows:

1. Chooses the output voltage, V,,,, and the maximum output
power, P,,, and then calculate the minimum load, R;,,;,-

2. Find the loaded-quality factor, Q;, value by assuming that
the switching frequency, f;, is approximately equal to the
resonant frequency, f,, for full power.

3. Find the input impedance of the half bridge class-DE
resonant rectifier, Z; ;= R r— jXcy

4. Find the resonant inductor, L,, which is composed of the
secondary leakage inductor, L,, and two additional
primary leakage inductors, L;p; and L;p,.

5. Find the resonant capacitor, C..

Find the series capacitor, C,, which is related to the
resonant capacitor, C,, and the input capacitance, Cj, of
half bridge class-DE resonant rectifier.

7. Find the value of output capacitor, Cy, choose the ripple

1.0

1.5
[ 0,205
| 27=02
1.0} Operation Re-gu'm_’
e . ;
;5
0.5
0.1F , ‘ : :
00.03 0.1 0.3 1.1 3.4 11.3

ot

Fig. 7. V,./Vs versus f/f, at varied values of quality factor.

voltage and assume that the C, is large enough. Thus V,,,
can be considered as a constant.

8. Finally, the transformer design of the proposed ZVS
push-pull resonant converter with a half bridge class-DE
resonant rectifier is the same as the pulse-width
modulation (PWM) push-pull DC/DC converter.

A. DC/DC Converter Design

The equivalent circuit of the half bridge class-DE rectifier
with the ZVS push-pull converter is shown in Fig. 5.
For steady-state operation, where the operation at an 88 kHz
switching frequency, the input voltage is V;, = 12 Vpc, the
output voltage is V,,, = 380 Vpc and Ry,,,;, is:

2 2

vi, 380
Ripwin= " — = 7--=962.67Q.. 5
0 P 150 ©

where the maximum output power is 150 W, the output
voltage [18] can be described by (6) and the maximum value
of the resonant current, 7, is given by (19):

— 1 rRLmin
out
T+ wsCDRLmin
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~ 1.24%962.67
7+Q2rx88x10° x10x107!% x962.67)

=379.33V.  (6)

Assume that f; = f, at full power. The loaded-quality factor,
0, 1s then given by:

0 - CtCi 2L,
= =
Zn'eris Cs Cis R

is

2rx88? 0°x336? 07°
= =0.96. )
193.59

Under a full load, the input impedance of the half bridge
class-DE resonant rectifier can be expressed as:

Z; r=Riy r—jXcis £=193.59-/7.96Q, ®)
where:
2R]
iS: 1\2
7f,Cp2r +Ry)
2x0.0106
= 3 =0 5 =193.59Q.  (9)
(rx88x10°x10x10""“)(27 +0.0106)
and:
2C
™ [BR; ( 27-R, Dl 27— R
oL LLz ——cos”!| 22 0L
7 {2z +R}) V4 2w+ Ry
_ 2x10x107"
[8x0.0106( 27-0.0106 —icos‘l(z”_o'oméj
z (27 +0.0106)* ) = 27 +0.0106
=227.27nF. (10)

where R} =47 f,CpRy,,in = 0.0106 is the normalized effective

load resistance. Hence, the resonant inductor is given by:

_ QiR _ 0.96x193.59
"27f. 27x88x10°

=336.11yH. (11)

The resonant capacitor is obtained by:

27/, 0 Ris 27 x88x10° x0.96x193.59

=9.73nF. (12)

r

However, to compensating the decrease in the resonant
capacitance, C,, due to the junction capacitance, C;, with an
increase in the series capacitor, C, is given by:

o _ GG _22727x107x9.73x107
Y Cy-C 22727x1077 -9.73x107°

=10.16nF. (13)

Finally, the value of the output capacitor, Cp, is used for
energy storage and to achieve a ripple voltage, V.., of less
than 2%. Thus the value of the filter capacitor is given by:

V.

CO > out
2stLmin Vripple
380

 2x88x10°x967.67x7.6

=293.58nF. (14)

Therefore, a standard value of 1puF is selected for Co.

B. Conduction Loss Analysis

The proposed circuit is composed of three major
components. These three components are the power
MOSFET, power diode, and push-pull transformer. The
equivalent circuit of the proposed converter for conduction
loss analysis is shown in Fig. 8. The MOSFETs are modeled
by switches with the on-resistances, rpg and rpg. The
resistances, 7py, 'p, and rs represent the equivalent resistances
of the physical primary and secondary leakage inductors, L;p;,
Lip, and Ljg of the transformer, respectively. The power
diodes are modeled by switches with the constant voltage
source, V', and the on-resistances, 7p; and rp,. Therefore, the
maximum value of the drain current, 7, is given by (15). In
testing the efficiency of the push-pull transformer under full
power, it can be assumed that the total efficiency, 7, was

equal to 0.93. Consequently, the power loss in each MOSFET
forward resistance, rpg, is given by (16):

7P, 7 x150
out = ——=21.11A. 15
2x0.93%x12 (15

[iw:Im:
20V,

- Iyrps 21117 x4.5x107 solsamw. (16)

4 4
The converter employs (IRFP2907 International Rectifier)
MOSFETs, each with an on-resistance, rpg, of 4.5 mQ.
The power loss in the diodes, D—D,, due to the forward
voltage, Vp = Vp; = Vi, is obtained as:

VAP 1.3x150
Ppp=Vplp = ID/ out. = 380
out

=513.16mwW.  (17)

The half bridge rectifier was built using a (MUR840 Intersil)
fast-recovery diode with a pn junction diode (Vp = 1.3 V).
The ESR of the primary leakage inductor is 7p = rp; = rp, =
22.9 mQ. Therefore, the conduction loss in the resonant
inductor, Ly= Lp; = Lpy, is:

Iarp  21117x22.9x107
=7y 4

=2.48W. (18)
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TABLEI
CIRCUIT PARAMETERS OF THE PROTOTYPE

Value and
Parameter Symbol Part Number
Input voltage Via 12 Vpe
Output voltage Vot 380 Vpe
Maximum output power P,, 150 W
Switching frequency fs 62-88 kHz
Turns ratio Npi: Npy : Ng 1:1:17
MOSFETs M, M, IRFP2907
Fast recovery diodes Dy, D, MURS840
Series capacitor C 10.16 nF
Diode junction capacitors Cpi1, Cp 10 pF
Bulk-filter capacitors Coi, Con 1 uF
Resonant inductor L, 336 uH

The parasitic resistance of the secondary leakage inductor, rg,
is 640 mQ, and the maximum value of the resonant current, /.,
is given by (19). Thus the conduction loss in the inductor, L,
is obtained by (20):

_ Vout (7[ + 27TfrCDRLmin)
RLmin

r

380><(7r+27r><88><103><10><10_]2><962.67)

962.67
=1.24A. (19)

IPry  124*x640x107
P, = = =492.03mW. (20)
2 2
Conduction losses due to the parasitic resistance in the all of
capacitors are very small. Therefore, their affects were
neglected.

V. SIMULATION AND EXPERIMENTAL RESULTS

A. Simulation Results

The simulated output voltage versus the varied junction
capacitance of the rectifier diode and the varied switching
frequency are shown in Fig. 9 and 10, respectively. It can be
seen that the impact of the junction capacitance of the
rectifier diode cannot be neglected at high frequency and high
voltage conditions, where the large junction capacitance of
the rectifier diode and the high-frequency operation are to
decrease the output voltage in the circuit. These issues can be
solved by using the principle of the half bridge class-DE
rectifier with a push-pull resonant converter. The proposed
scheme can ensures more accurate results and provided a
more systematic and feasible solution than the conventional
resonant push-pull DC/DC converter analysis methodology.

out

T B T T 7
— + V,
— Ly,
Upsi Upss +1~ I
_S'bs1 "ps2$

Fig. 8. Equivalent circuit of the proposed circuit.

Figure 11 depicts the output voltage versus the varied load
resistance. It can be seen that the output voltage regulation
is controlled by the frequency modulation technique.
The simulated waveforms of the diode junction capacitance
voltage and current of diode D;, the drain-source voltage and
drain current of MOSFET M;, and the input current are
shown in Fig. 12. They roughly match the key waveforms of
the proposed push-pull converter shown in Fig. 3. Due to the
effects of the commutation of the transformer magnetizing
current and drain-source junction capacitances, C,;; and Cy,,
of switches, M;and M,, the power MOSFETs can be turned
on under the ZVS condition. The diode begins to turn
off when its current reaches zero. The current passing through

381
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Fig. 9. Simulated output voltage versus varied junction
capacitance of rectifier diode.
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Fig. 10. Simulated output voltage versus varied switching
frequency.
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the junction capacitances, Cp; and Cp,, shapes the voltage
across the diode in accordance with the equation

iCDl,Z = CDl,Zd(UCDl,Z) / dt. Because iCDl,Z is zero at turn—off,

the diode turns off at a low dv/dt. The diode turns off at a low
dv/dt to reduce the turn-off switching loss and noise.
Figure 13 shows the simulated resonant current waveforms of
the ideal diode and non-ideal diode of the half bridge
resonant rectifier. These waveforms show that the resonant
current in the non-ideal diode of the half bridge resonant
rectifier has to decrease the value when compared to the ideal
diode. The higher value for the junction capacitance is the
main drawback of this circuit.

B. Experimental Results
A prototype of the proposed half bridge class-DE resonant
rectifier with a ZVS push-pull resonant converter was

constructed using the component values obtained from the
design procedure given above. The circuit parameters are
presented in Table I. The switching frequency was varied at
about 62-88 kHz. The input voltage was set to 12 Vpc.
The waveforms of the input current and resonant current are
shown in Fig. 14. These waveforms show that the input and
resonant currents become close to sinusoidal. The waveforms
of the switch voltage and switch current of M, are depicted in
Fig. 15. Figure 16 illustrates the switch voltage and switch
current waveforms of D, of the half bridge class-DE rectifier.
It can be seen that the power MOSFETs and power diodes are

Ideal Diode

IO.SA

2
us

Fig. 13. Comparison of the simulated resonant current i,
waveforms of the ideal and non-ideal diodes of the half bridge
resonant rectifier.

T ainiaE 55

Chl 4

Ch24

2us

Fig. 14. Experimentations input current #;, and resonant current i,
waveforms.

Ous

Chz; _/\_B _._IIOA

Fig. 15. Experimentations switch voltage and current waveforms
of M;, with the lower two waveforms as zoomed-in views of the
top two waveforms.
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turned on under ZVS and turned off under ZCS conditions,
respectively. This is due to the effects of the commutation of
the transformer magnetizing current, the drain-source
junction capacitance, the leakage inductance of the
transformer, and the resonant capacitance. The measured
efficiency of the class-DE rectifier with a ZVS push-pull
converter was approximately 92.97% at full power, as shown
in Fig. 17. Figure 18 shows the conversion efficiency versus
the output power when the supplied load is changed from 30
to 150 W. The maximum conversion efficiency was 95.63 %.
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Fig. 19. Output voltage versus output power and varied
switching frequency.

Because the maximum efficiency occurred in the
high-frequency transformer, the core losses equal the copper
losses. The min and max values of efficiency are slightly
different. The relationship of the output power and the
conversion efficiency, when the switching frequency was
varied, is shown in Fig. 19. Thus the output voltage
regulation is controlled by the frequency modulation mean.
It can be shown that the low voltage to high voltage resonant
push-pull DC/DC converter proposed in this paper is suitable
for a narrow load range.

VI. CONCLUSION

In this paper, the junction capacitance in a half bridge
rectifier diode which has a significant impact on the operating
point of the resonance circuit at high-frequency and
high voltage conditions has been analyzed, by using the
principle of the half bridge class-DE resonant rectifier with a
push-pull resonant converter. The proposed scheme ensures
more accurate results and provided a more systematic and
feasible solution than the conventional resonant push-pull
DC/DC converter analysis methodology. All of the power
switches are operated under the soft switching condition.
The prototype front-end ZVS push-pull converter, operate at
a 62-88 kHz variable frequency, and has a 12-Vpc input
voltage, a 380-Vpc output voltage, and a rated output power
of 150 W. The designed ZCS class-DE rectifier with a ZVS
push-pull resonant converter had a measured efficiency of
approximately 92.97% at full power. The presented
simulation and experimental results verify the analysis.
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